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Preface

This book is the result of my experience teaching physical organic chemistry
at Davidson College. During this time I felt a need for a text that not only
presents concepts that are central to the understanding and practice of
physical organic chemistry but that also teaches students to think about
organic chemistry in new ways, particularly in terms of complementary
conceptual models. Because of this approach, the first edition of Perspectives
on Structure and Mechanism in Organic Chemistry attracted attention beyond
the chemistry community and was even quoted in a philosophy dissertation.

Soon after the first edition appeared, I received a telephone call from a
student of the philosophy of science, who asked how I came to write a book
with this emphasis. I did not have a ready answer, but as we talked I realized
that this was primarily due to the influences of George Hammond and Jacob
Bronowski. I was a graduate student with George Hammond. Although I
cannot recall ever discussing conceptual models with him, his views were
nonetheless imprinted on me—but in such a subtle way that I did not fully
recognize it at the time. Jacob Bronowski’s impact was more distinct because it
resulted from a single event—the film Knowledge or Certainty in a series titled
The Ascent of Man. That film offers a powerful commentary on both the limits
of human knowledge and the nature of science as “a tribute to what we can
know although we are fallible.”” ** Perhaps a hybridization of their influences
led me to emphasize that familiar conceptual models are only beginning
points for describing structures and reactions and that using complementary
models can provide a deeper understanding of organic chemistry than can
using any one model alone.

As with the first edition, the first five chapters of this book consider
structure and bonding of stable molecules and reactive intermediates. There
is a chapter on methods organic chemists use to study reaction mechanisms,
and then acid-base reactions, substitution reactions, addition reactions,
elimination reactions, pericyclic reactions, and photochemical reactions are
considered in subsequent chapters. In each case  have updated the content to
reflect developments since publication of the first edition.

It is essential for an advanced text to provide complete references. The
literature citations in this edition range from 1851 to 2009. They direct
interested readers to further information about all of the topics and also
acknowledge the researchers whose efforts produced the information sum-
marized here. A teaching text must also provide a set of problems of varying

1 Weisberg, M. When Less is More: Tradeoffs and Idealization in Model Building; Ph.D. Dissertation,
Stanford University, 2003. See also Weisberg, M. Philos. Sci. 2004, 71, 1071.

2 The quotations are from the book with the same title as the film series: Bronowski, J. The Ascent of
Man; Little, Brown and Company, Boston, 1973; (a) p. 374; (b) p. 353.
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PREFACE

difficulty. The nearly 400 problems in this edition do more than just allow
students to test their understanding of the facts and concepts presented in a
chapter. They also encourage readers to actively engage the chemical litera-
ture and to develop and defend their own ideas. Some problems represent
straightforward applications of the information in the text, but other pro-
blems can best be answered by consulting the literature for background
information before attempting a solution. Still other problems are open-
ended, with no one “‘correct’” answer. I have prepared a solutions manual
giving answers for problems in the first two categories as well as comments
about the open-ended problems.

In Knowledge or Certainty, Bronowski shows many portraits of the same
human face and observes that ““we are aware that these pictures do not so
much fix the face as explore it. . . and that each line that is added strengthens
the picture but never makes it final.” ?* So it is with this book. It is not a
photograph but is, instead, a portrait of physical organic chemistry. As with
thehuman face, it isnot possible to fix a continually changing science—we can
only explore it. I hope that the lines added in this edition will better enable
readers to develop a deeper and more complete understanding of physical
organic chemistry.

FELIX A. CARROLL

Davidson College
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Introduction

Every organic chemist instantly recognizes the drawing in Figure 1 as
benzene, or at least one of the Kekulé structures of benzene. Yet, it is not
benzene. It is a geometric figure consisting of a regular hexagon enclosing
three extra lines, prepared by marking white paper with black ink. When we
look at the drawing, however, we see benzene. That is, we visualize a colorless
liquid, and we recall a pattern of physical properties and chemical reactivity
associated with benzene and with the concept of aromaticity. The drawing in
Figure 1 is therefore only a macroscopic representation of a presumed
submicroscopic entity. Even more, the drawing symbolizes the concept of
benzene, particularly its structural features and patterns of reactivity.!

That all organic chemists instantly recognize the drawing in Figure 1 as
benzene is confirmation that they have been initiated into the chemical
fraternity. The tie that binds the members of this fraternity is more than a
collective interest. It is also a common way of viewing problems and their
solutions. The educational process that initiates members into this fraternity,
like other initiations, can lead to considerable conformity of thinking and of
behavior.” Such conformity facilitates communication among members of the
group, but it can limit independent behavior and action.

This common way of looking at problems was explored by T. S. Kuhn
in The Structure of Scientific Revolutions.> Kuhn described processes funda-
mental to all of the sciences, and he discussed two related meanings of the
term paradigm:

On the one hand, it stands for the entire constellation of beliefs, values,
techniques, and so on shared by the members of a given community. On the
other it denotes one sort of element in that constellation, the concrete puzzle
solutions which, employed as models or examples, can replace explicit rules
as a basis for the solution of the remaining puzzles of normal science. >**

! For a discussion of “’Representation in Chemistry,” including the nature of drawings of benzene
rings, see Hoffmann, R.; Laszlo, P. Angew. Chem. Int. Ed. Engl. 1991, 30, 1. For a discussion of the
iconic nature of some chemical drawings, see Whitlock, H. W. J. Org. Chem. 1991, 56, 7297.

2 Moreover, the interaction of these scientists with those who do not share their interests can be
inhibited through what might be called a “sociological hydrophobic effect.”

3 Kuhn, T. S. The Structure of Scientific Revolutions, 2nd ed.; The University of Chicago Press:
Chicago, 1970; (a) p. 175; (b) p. 37.

* The paradigm that we may think of chemistry only through paradigms may be an appropriate
description of Western science only. For an interesting discussion of “Sushi Science and
Hamburger Science,” see Motokawa, T. Perspect. Biol. Med. 1989, 32, 489.

Perspectives on Structure and Mechanism in Organic Chemistry, Second Edition By Felix A. Carroll
Copyright © 2010 John Wiley & Sons, Inc.
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The parallel with a fraternity is more closely drawn by Kuhn’'s
observation

..one of the things a scientific community acquires with a paradigm is a
criterion for choosing problems that, while the paradigm is taken for granted,
can be assumed to have solutions. To a great extent these are the only
problems that the community will admit as scientific or encourage its
members to undertake. Other problems. .. are rejected as metaphysical, as
the concern of another discipline, or sometimes as just too problematic to be
worth the time. A paradigm can, for that matter, even insulate the community
from those socially important problems that are not reducible to the puzzle
form, because they cannot be stated in terms of the conceptual and instru-
mental tools the paradigm supplies.>*>®

The history of phlogiston illustrates how paradigms can dictate chemical
thought. Phlogiston was said to be the ’ principle of combustibility—a
substance thought to be given off by burning matter.” The phloglston theory
was widely accepted and was taught to students as established fact.® As is the
case with the ideas we accept, the phlogiston theory could rationalize
observable phenomena (combustion) and could account for new observations
(such as the death of animals confined in air-tight containers).” As is also the
case with contemporary theories, the phlogiston model could be modified to
account for results that did not agree with its predictions. For example,
experiments showed that some substances actually gained weight when they
burned, rather than losing weight as might have been expected if a real
substance had been lost by burning. Rather than abandoning the phlogiston
theory, however, some of its advocates rationalized the results by proposing
that phlogiston had negative weight.

As this example teaches us, once we have become accustomed to thinking
about a problem in a certain way, it becomes quite difficult to think about it
differently. Paradigms in science are therefore like the operating system of a
computer: they dictate the input and output of information and control the
operation of logical processes. Chamberlin stated the same idea with a human
metaphor:

The moment one has offered an original explanation for a phenomenon
which seems satisfactory, that moment affection for his intellectual child
springs into existence. ... From an unduly favored child, it readily becomes
master, and leads its author whithersoever it will.'°

Recognizing that contemporary chemistry is based on widely (if perhaps
not universally) accepted paradigms does not mean that we should resist
using them. This point was made in 1929 in an address by Irving Langmuir,
who was at that time president of the American Chemical Society.

5 See also the discussion of Sternberg, R. ]. Science 1985, 230, 1111.

% The peer review process for grant proposals can be one way a scientific community limits the
problems its members are allowed to undertake.

7 White, J. H. The History of the Phlogiston Theory; Edward Arnold & Co.: London, 1932.

8 Conant, J. B. Science and Common Sense; Yale University Press: New Haven, 1951; pp. 170-171.
? Note the defense of phlogiston by Priestly cited by Pimentel, G. Chem. Eng. News 1989 (May 1),
p- 53.

10 Chamberlin, T. C. Science 1965, 148, 754; reprinted from Science (old series) 1890, 15, 92. For
further discussion of this view, see Bunnett, J. F. in Lewis, E. S., Ed. Investigation of Rates and
Mechanisms of Reactions, 3rd ed., Part I; Wiley-Interscience: Hoboken, NJ, 1975; p. 478-479.



INTRODUCTION

Skepticism in regard to an absolute meaning of words, concepts, models or
mathematical theories should not prevent us from using all these abstractions
in describing natural phenomena. The progress of physical chemistry was
probably set back many years by the failure of the chemists to take full
advantage of the atomic theory in describing the phenomena that they
observed. The rejection of the atomic theory for this purpose was, I believe,
based primarily upon a mistaken attempt to describe nature in some absolute
manner. That is, it was thought that such concepts as energy, entropy,
temperature, chemical potential, etc., represented something far more nearly
absolute in character than the concept of atoms and molecules, so that nature
should preferably be described in terms of the former rather than the latter.
We must now recognize, however, that all of these concepts are human
inventions and have no absolute independent existence in nature. Our choice,
therefore, cannot lie between fact and hypothesis, but only between two
concepts (or between two models) which enable us to give a better or worse
description of natural phenomena.'!

Langmuir’s conclusion is correct but, I think, incomplete. Saying that we
often choose between two models does not mean that we must, from the time
of that choice forward, use only the model that we accept. Instead, we must
continually make selections, consciously or subconsciously, among many
complementary models.'” Our choice of models is usually shaped by the need
to solve the problems at hand. For example, Lewis electron dot structures and
resonance theory provide adequate descriptions of the structures and reac-
tions of organic compounds for some purposes, but in other cases we need to
use molecular orbital theory or valence bond theory. Frequently, therefore,
we find ourselves alternating between these models. Furthermore, conscious-
ly using complementary models to think about organic chemistry reminds us
that our models are only human constructs and are not windows into reality.

In each of the chapters of this text, we will explore the use of different
models to explain and predict the structures and reactions of organic com-
pounds. For example, we will consider alternative explanations for the
hybridization of orbitals, the o,n description of the carbon—carbon double
bond, the effect of branching on the stability of alkanes, the electronic nature
of substitution reactions, the acid-base properties of organic compounds, and
the nature of concerted reactions. The complementary models presented in
these discussions will give new perspectives on the structures and reactions of
organic compounds.

" Langmuir, L. J. Am. Chem. Soc. 1929, 51, 2847.

12 For other discussions of the role of models in chemistry, see (a) Hammond, G. S.; Osteryoung,
J.; Crawford, T. H.; Gray, H. B. Models in Chemical Science: An Introduction to General Chemistry;
W. A. Benjamin, Inc.: New York, 1971; pp. 2-7; (b) Sunko, D. E. Pure Appl. Chem. 1983, 55, 375;
(c) Bent, H. A. J. Chem. Educ. 1984, 61, 774; (d) Goodfriend, P. L. J. Chem. Educ. 1976, 53, 74;
(e)Morwick,].].]. Chem. Educ.1978, 55, 662; (f) Matsen, F. A. J. Chem. Educ. 1985, 62, 365; (g) Dewar,
M. J. S. J. Phys. Chem. 1985, 89, 2145.
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CHAPTER 1

Fundamental
Concepts of
Organic Chemistry

1.1 ATOMS AND MOLECULES

Fundamental Concepts

Organic chemists think of atoms and molecules as basic units of matter. We
work with mental pictures of atoms and molecules, and we rotate, twist,
disconnect, and reassemble physical models in our hands."* Where do these
mental images and physical models come from? It is useful to begin thinking
about the fundamental concepts of organic chemistry by asking a simple
question: What do we know about atoms and molecules, and how do we
know it? As Kuhn pointed out,

Though many scientists talk easily and well about the particular individual
hypotheses that underlie a concrete piece of current research, they are little
better than laymen at characterizing the established bases of their field, its
legitimate problems and methods.’

The majority of what we know in organic chemistry consists of what we
have been taught. Underlying that teaching are observations that someone
has made and someone has interpreted. The most fundamental observations
are those that we can make directly with our senses. We note the physical
state of a substance—solid, liquid, or gas. We see its color or lack of color.
We observe whether it dissolves in a given solvent or whether it evaporates
if exposed to the atmosphere. We might get some sense of its density by
seeing it float or sink when added to an immiscible liquid. These are
qualitative observations, but they provide an important foundation for
further experimentation.

! For a detailed discussion of physical models in chemistry, see Walton, A. Molecular and Crystal
Structure Models; Ellis Horwood: Chichester, England, 1978.

2 For an interesting application of physical models to infer molecular properties, see Teets, D. E.;
Andrews, D. H. J. Chem. Phys. 1935, 3, 175.

3 Kuhn, T. S. The Structure of Scientific Revolutions, 2nd ed.; The University of Chicago Press:
Chicago, 1970; p. 47.

Perspectives on Structure and Mechanism in Organic Chemistry, Second Edition By Felix A. Carroll
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1 FUNDAMENTAL CONCEPTS OF ORGANIC CHEMISTRY

It is only a modest extension of direct observation to the use of some
simple experimental apparatus for quantitative measurements. We use a heat
source and a thermometer to determine melting and boiling ranges. We use
other equipment to measure indices of refraction, densities, surface tensions,
viscosities, and heats of reaction. Through classical elemental analysis,
we determine what elements are present in a sample and what their mass
ratios seem to be. Then we might determine a formula weight through
melting point depression. In all of these experiments, we use some equipment
but still make the actual experimental observations by eye. These limited experi-
mental techniques can provide essential information nonetheless. For exam-
ple, if we find that 159.8 grams of bromine will always be decolorized by
82.15 grams of cyclohexene, then we can observe the law of definite propor-
tions. Such data are consistent with a model of matter in which submicro-
scopic particles combine with each other in characteristic patterns, just as the
macroscopic samples before our eyes do. It is then only a matter of definition
to call the submicroscopic particles atoms or molecules and to further study
their properties. It is essential, however, to remember that our laboratory
experiments are conducted with materials. While we may talk about the
addition of bromine to cyclohexene in terms of individual molecules, we
really can only infer that such a process occurs on the basis of experimental
data collected with macroscopic samples of the reactants.

Modern instrumentation has opened the door to a variety of investiga-
tions, most unimaginable to early chemists, that expand the range of ob-
servations beyond those of the human senses. These instruments extend our
eyes from seeing only a limited portion of the electromagnetic spectrum to
practically the entire spectrum, from X-rays to radio waves, and they let us
“see” light in other ways (e.g., in polarimetry). They allow us to use entirely
new tools, such as electron or neutron beams, magnetic fields, and electrical
potentials or current. They extend the range of conditions for studying matter
from near atmospheric pressure to high vacuum and to high pressure. They
effectively expand and compress the time scale of the observations, so we can
study events that require eons or that occur in femtoseconds.**

The unifying characteristic of modern instrumentation is that we no
longer observe the chemical or physical change directly. Instead, we observe
it only indirectly, such as through the change in illuminated pixels on a
computer display. With such instruments, it is essential that we recognize the
difficulty in freeing the observations from constraints imposed by our
expectations. To a layperson, a UV-vis spectrum may not seem all that
different from an upside-down infrared spectrum, and a capillary gas
chromatogram of a complex mixture may appear to resemble a mass spec-
trum. But the chemist sees these traces not as lines on paper but as vibrating or
rotating molecules, as electrons moving from one place to another, as sub-
stances separated from a mixture, or as fragments from molecular cleavage.
Thus, implicit assumptions about the origins of experimental data both make
the observations interpretable and influence the interpretation of the data.®

4 A femtosecond (fs) is 10~ %°s. Rosker, M. J.; Dantus, M.; Zewail, A. H. Science 1988, 241, 1200
reported that the photodissociation of ICN to I and CN occurs in ca. 100 femtoseconds. See also
Dantus, M.; Zewail, A. Chem. Rev. 2004, 104, 1717 and subsequent papers in this issue.

5 Baker, S.; Robinson, J.8.; Haworth, C. A;; Teng, H.; Smith, R. A.; Chirla, C. C; Lein, M.; Tisch, J.
W. G.; Marangos, J. P. Science 2006, 312, 424; Osborne, 1.; Yeston, J. Science 2007, 317, 765 and
subsequent papers.

¢ “Innocent, unbiased observation is a myth.“—P. Medawar, quoted in Science 1985, 227, 1188.
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With that caveat, what do we know about molecules and how do we
know it? We begin with the idea that organic compounds and all other
substances are composed of atoms—indivisible particles which are the
smallest units of that particular kind of matter that still retain all its
properties. It is an idea whose origin can be traced to ancient Greek
philosophers.” Moreover, it is convenient to correlate our observation that
substances combine only in certain proportions with the notion that
these submicroscopic entities called atoms combine with each other only
in certain ways.

Much of our fundamental information about molecules has been ob-
tained from spectroscopy.® For example, a 4000V electron beam has a
wavelength of 0.06 A, so it is diffracted by objects larger than that size.’
Interaction of the electron beam with gaseous molecules produces character-
istic circular patterns that can be interpreted in terms of molecular dimen-
sions.'® We can also determine internuclear distance through infrared spec-
troscopy of diatomic molecules, and we can use X-ray or neutron scattering to
calculate distances of atoms in crystals.

“Pictures” of atoms and molecules may be obtained through atomic force
microscopy (AFM) and scanning tunneling microscopy (STM)."12 For ex-
ample, Custance and co-workers reported using atomic force microscopy to
identify individual silicon, tin, and lead atoms on the surface of an alloy."
Researchers using these technii{ues have reported the manipulation of in-
dividual molecules and atoms.'* There have been reports in which STM was
used to dissociate an individual molecule and then examine the fragments,*®
to observe the abstraction of a hydrogen atom from H,S and from H,0,"¢ and
to reversibly break a single N-H bond." Such use of STM has been
termed angstrochemistry.'® Moreover, it was proposed that scanning tunnel-
ing microscopy and atomic force microscopy could be used to image the
lateral profiles of individual sp® hybrid orbitals.'* Some investigators have

7 Asimov, L. A Short History of Chemistry; Anchor Books: Garden City, NY, 1965; pp. 8-14.

8 For a review of structure determination methods, see Gillespie, R. J.; Hargittai, I. The VSEPR
Model of Molecular Geometry; Allyn and Bacon: Boston, 1991; pp. 25-39.

 Moore, W. J. Physical Chemistry, 3rd ed.; Prentice-Hall: Englewood Cliffs, NJ, 1962; p. 575 ff.

1% For discussions of structure determination with gas phase electron diffraction, see Karle, J. in
Maksié, Z. B.; Eckert-Maksié, M., Eds. Molecules in Natural Science and Medicine; Ellis Horwood:
Chichester, England, 1991; pp. 17-27; Hedberg, K. ibid.; pp. 29-42.

1 Hou, J. G.; Wang, K. Pure Appl. Chem. 2006, 78, 905.

12 Goe Ottensmeyer, F. P.; Schmidt, E. E.; Olbrecht, A. J. Science 1973, 179, 175 and references
therein; Robinson, A. L. Science 1985, 230, 304; Chem. Eng. News 1986 (Sept. 1), 4; Hansma, P. K.;
Elings, V. B.; Marti, O.; Bracker, C. E. Science 1988, 242, 209; Parkinson, B. A. J. Am. Chem. Soc. 1990,
112, 1030; Frommer, J. Angew. Chem. Int. Ed. Engl. 1992, 31, 1298.

13 Qugimoto, Y.; Pou, P.; Abe, M.; Jelinek, P.; Perez, R.; Morita, S.; Custance, O. Nature (London)
2007, 446, 64.

'* Weisenhorn, A. L.; Mac Dougall, ]. E.;Gould, S. A.C.; Cox, S. D.; Wise, W.S.; Massie, J.; Maivald,
P.; Elings, V. B,; Stucky, G. D.; Hansma, P. K. Science 1990, 247, 1330; Whitman, L. J.; Stroscio, J. A.;
Dragoset, R. A.; Celotta, R. . Science 1991, 251, 1206; Leung, O. M.; Goh, M. C. Science 1992, 255, 64.

15 Dujardin, G.; Walkup, R. E.; Avouris, P. Science 1992, 255, 1232.
!¢ Lauhon, L. J.; Ho, W. . Phys. Chem. B, 2001, 105, 3987.
17 Katano, S.; Kim, Y.; Hori, M.; Trenary, M.; Kawai, M. Science 2007, 316, 1883.

'8 For areview of the application of scanning tunneling microscopy to manipulation of bonds, see
Ho, W. Acc. Chem. Res. 1998, 31, 567.

19 Chen, J. C. Nanotechnology 2006, 17, S195.



1 FUNDAMENTAL CONCEPTS OF ORGANIC CHEMISTRY

reported imaging single organic molecules in motion with a very different
technique, transmission electron microscopy,”® and others have reported
studying electron transfer to single polymer molecules with single-molecule
spectroelectrochemistry.?!

Even though “seeing is believing,” we must keep in mind that in all such
experiments we do not really see molecules; we see only computer graphics.
Two examples illustrate this point: STM features that had been associated
with DNA molecules were later assigned to the surface used to support the
DNA,* and an STM image of benzene molecules was reinterpreted as
possibly showing groups of acetylene molecules instead.?

Organic chemists also reach conclusions about molecular structure on the
basis of logic. For example, the fact that one and only one substance has been
found to have the molecular formula CH;Cl is consistent with a structure in
which three hydrogen atoms and one chlorine atom are attached to a carbon
atom in a tetrahedral arrangement. If methane were a trigonal pyramid,
then two different compounds with the formula CH3Cl might be possible—
one with chlorine at the apex of the pyramid and another with chlorine in
the base of the pyramid. The existence of only one isomer of CH3Cl does not
require a tetrahedral arrangement, however, since we might also expect only
one isomer if the four substituents to the carbon atom were arranged in a
square pyramid with a carbon atom at the apex or in a square planar
structure with a carbon atom at the center. Since we also find one and only
one CH,Cl, molecule, however, we can also rule out the latter two geometries.
Therefore we infer that the parent compound, methane, is also tetrahedral.
This view is reinforced by the existence of two different structures (enantio-
mers) with the formula CHCIBrF. Similarly, we infer the flat, aromatic
structure for benzene by noting that there are three and only three isomers
of dibromobenzene.**

Organic chemists do not think of molecules only in terms of atoms,
however. We often envision molecules as collections of nuclei and electrons,
and we consider the electrons to be constrained to certain regions of space
(orbitals) around the nuclei. Thus, we interpret UV—vis absorption, emission,
or scattering spectroscopy in terms of movement of electrons from one of
these orbitals to another. These concepts resulted from the development of
quantum mechanics. The Bohr model of the atom, the Heisenberg uncertainty
principle, and the Schrodinger equation laid the foundation for our current
ways of thinking about chemistry. There may be some truth in the statement
that

The why? and how? as related to chemical bonding were in principle
answered in 1927; the details have been worked out since that time.?

We will see, however, that there are still uncharted frontiers of those details to
explore in organic chemistry.

20 Koshino, M.; Tanaka, T.; Solin, N.; Suenaga, K.; Isobe, H.; Nakamura, E. Science, 2007, 316, 853.
2! Palacios, R. E.; Fan, F.-R. F.; Bard, A. J.; Barbara, P. F. . Am. Chem. Soc. 2006, 128, 9028.

2 Clemmer, C. R.; Beebe, T. P., Jr. Science 1991, 251, 640.

2 Moler, J. L; McCoy, J. R. Chem. Eng. News 1988 (Oct 24), 2.

** These examples were discussed in an analysis of “topological thinking” in organic chemistry by
Turro, N. J. Angew. Chem. Int. Ed. Engl. 1986, 25, 882.

% Ballhausen, C. J. J. Chem. Educ. 1979, 56, 357.
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TABLE 1.1 Bond Lengths and Bond Angles for Methyl Halides

Molecule re-n (A) rex (A) /HcH /Hcx
CH3F 1.105 1.385 109°54/ 109°2
CH,Cl 1.096 1.781 110°52 108°0/
CH;Br 1.10 1.939 111°38 107°14'
CHaI 1.096 2.139 111°50 106°58'

Source: Reference 29.

Molecular Dimensions

Data from spectroscopy or from X-ray, electron, or neutron diffraction
measurements allow us to determine the distance between atomic centers
as well as to measure the angles between sets of atoms in covalently bonded
molecules.”® The most detailed information comes from microwave spectro-
scopy, although that technique is more useful for lower molecular weight
than higher molecular weight molecules because the sample must be in the
vapor phase.”” Diffraction methods locate a center of electron density instead
of a nucleus. The center of electron density is close to the nucleus for atoms
that have electrons below the valence shell. For hydrogen, however, the
electron density is shifted toward the atom to which it is bonded, and bonds to
hydrogen are determined by diffraction methods to be shorter than are bond
lengths determined with spectroscopy.?® With solid samples, the possible
effect of crystal packing forces must also be considered. Therefore, the various
techniques give slightly different measures of molecular dimensions.

Table 1.1 shows data for the interatomic distances and angles of the
methyl halides.” These distances and angles only provide geometric infor-
mation about the location of nuclei (or local centers of electron density) as
points in space. We infer that those points are connected by chemical bonds,
so that the distance r_g is the length of a C-H bond and the angle /4y ¢_yis the
angle between two C-H bonds.

We may also define atomic dimensions, including the ionic radius (r;), the
covalent radius (r.), and the van der Waals radius (r,qw) of an atom.*® The
ionic radius is the apparent size of the electron cloud around an ion as
deduced from the packing of ions into a crystal lattice.>’ As mightbe expected,
this value varies with the charge on the ion. The ionic radius fora C*™ ion is
0.15 A, while that for a C*~ ion is 2.60 A.>° The van der Waals radius is the
effective size of the atomic cloud around a covalently bonded atom as

% A tabulation of common bond length values was provided by Allen, F. H.; Kennard, O.;
Watson, D. G.; Brammer, L.; Orpen, A. G; Taylor, R. . Chem. Soc. Perkin Trans. 2 1987, S1.

27 Wilson, E. B. Chem. Soc. Rev. 1972, 1, 293 and references therein; see also Harmony, M. D. Acc.
Chem. Res. 1992, 25, 321.

28 Clark, T. A Handbook of Computational Chemistry; John Wiley & Sons: New York, 1985; chapter 2.
? (a) Tabulations of bond length and bond angle measurements for specific molecules are
available in Tables of Interatomic Distances and Configuration in Molecules and Ions; compiled by
Bowen, H. J. M.; Donohue, J.; Jenkin, D. G.; Kennard, O.; Wheatley P. J.; Whiffen, D. H.; Special
Publication No. 11, Chemical Society (London): Burlington House, W1, London, 1958. (b) See also
the 1965 Supplement.

30 Pauling, L. Nature of the Chemical Bond, 3rd ed.; Cornell University Press: Ithaca, NY, 1960.

31 For an extensive discussion of ionic radii, see Marcus, Y. Ion Properties; Marcel Dekker: New
York, 1997.



FIGURE 1.1

Radii values for chlorine.

1 FUNDAMENTAL CONCEPTS OF ORGANIC CHEMISTRY

(a) (b)

perceived by another atom to which itis not bonded, and it also is determined
from interatomic distances found in crystals. Note that the van der Waals
radius is not the distance at which the repulsive interactions of the electrons
on the two atoms outweigh the attractive forces between them, as is often
assumed. Rather, it is a crystal packing measurement that gives a smaller
value.*>?* The covalent radius of an atom indicates the size of an atom when it
is part of a covalent bond, and this distance is much less than the van der
Waals radius.* Figure 1.1 illustrates these radii for chlorine. The computer-
drawn plots of electron density surfaces represent the following: (a) ; for
chloride ion; (b) r. and #.qw for chlorine in Cly; (c) r. and r,qw for chlorine in
CH,CL ¥

Table 1.2 lists ionic and covalent radii values for several atoms. Note that
the covalent radius for an atom depends on its bonding. A carbon atom with
four single bonds has a covalent radius of 0.76 A. The value is 0.73 A for a
carbon atom with one double bond, while the covalent radius for a triple-
bonded carbon atom is 0.69 A. The covalent radius of hydrogen varies
considerably. The value of . for hydrogen is calculated to be 0.30 A in
H,0 and 0.32 A in CH,.*>° We can also a551gn an ryqw to a group of atoms.
The value for a CHj or CH, group is 2.0 A, while the van der Waals thickness
of half the electron cloud in an aromatic ring is 1.85 A.** Knowledge of van der
Waals radii is important in calculations of molecular structure and reactivity,
particularly with regard to proteins.*

We may use the atomic radii to calculate the volume and the surface area
of an atom. Then using the principle of additivity (meaning that the proper-
ties of a molecule can be predicted by summing the contributions of its
component parts), we may calculate values for the volumes and surface areas
of molecules. Such calculations were described by Bondi, and a selected set of
atomic volume and surface areas is given in Table 1.3. For example, we
estimate the molecular volume of pro]gane by counting 2 x 13.67 cm®/mol for
the two methyl groups plus 10.23 cm”/mol for the methylene group, giving
a total volume of 37.57 cm®/mol. Similarly, we calculate that the volume of the
atoms in hexane is 2 x 13.67cm>/mol for the two methyl groups plus
4 x 10.23 cm®/mol for the four methylene groups, making a total volume of
68.26 cm® /mol. The volume of one mole of liquid hexane at 20° is 130.5mL,

52 Bondji, A. J. Phys. Chem. 1964, 68, 441.

3 The difference is that distances between atoms in a crystal are determined by all of the forces
acting on the molecules containing those atoms, not just the forces between those two atoms alone.

34 Cordero, B.; Gémez, V.; Platero-Prats, A. E.; Revés, M.; Echeverria, J.; Cremades, E.; Barragan,
F.; Alvarez, S. Dalton Trans. 2008, 2832.

% The images were produced with a CAChe™ WorkSystem (CAChe Scientific).
36 For example, see Proserpio, D. M.; Hoffmann, R.; Levine, R. D. J. Am. Chem. Soc. 1991, 113, 3217.
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TABLE 1.2 Comparison of van der Waals, lonic, and Covalent Radii for
Selected Atoms (A)

Ionic Radius Covalent Radii (r.)

van der Waals Single Double Triple

Atom Radius (Fyqw)” Ion 1 Bonded® Bonded Bonded
111 A H- 2.08 A 031A

C 1.68 Cct 2.60 0.76 0.73° 0.69°
N 1.53 N3 1.71 0.71
o) 1.50 0>~ 1.40 0.66
F 1.51 F 1.36 0.57
Cl 1.84 Cl- 1.81 1.02 0.89
Br 1.96 Br~ 1.95 1.20 1.04
I 2.13 I 2.16 1.39 1.23
P 1.85 P 212 1.07 1.00 0.93
S 1.82 S 1.64 1.05 0.94 0.87
Si 2.04 Sit~ 2.71 1.11 1.07 1.00

Source: Reference 30.

“Reference 37.
bReference 34.

TABLE 1.3 Group Contributions to van der Waals Atomic Volume (Vy)
and Surface Area (Ayw)

Vw (cm3/ Aw (cm?/
Group mole) mole x 10%)
Alkane, C bonded to four other carbon atoms 3.33 0
Alkane, CH bonded to three other carbon atoms 6.78 0.57
Alkane, CH, bonded to two other carbon atoms 10.23 1.35
Alkane, CH; bonded to one other carbon atom 13.67 2.12
CH, 17.12 2.90
F, bonded to a 1° carbon atom 5.72 1.10
F, bonded to a 2° or 3° carbon atom 6.20 1.18
Cl, bonded to a 1° carbon atom 11.62 1.80
Cl, bonded to a 2° or 3° carbon atom 12.24 1.82
Br, bonded to a 1° carbon atom 14.40 2.08
Br, bonded to a 2° or 3° carbon atom 14.60 2.09
I, bonded to a 1° carbon atom 19.18 2.48
I, bonded to a 2° or 3° carbon atom 20.35 2.54

Source: Reference 32.

which means that nearly half of the volume occupied by liquid hexane
corresponds to space that is outside the boundaries of the carbon and
hydrogen atoms as defined above.

Increasingly, values for atomic and molecular volume are available from
theoretical calculations. The calculated values vary somewhat, depending on

% Many sets of van der Waals radii are available in the literature. The data shown are values
reported by Chauvin, R. . Phys. Chern. 1992, 96, 9194. These values correlate well with—but are
sometimes slightly different from—values given by Pauling (reference 30), Bondi (reference 32),
and O’Keefe, M.; Brese, N. E. J. Am. Chem. Soc. 1991, 113, 3226. A set of van der Waals radii of atoms
found in proteins was reported by Li, A.-].; Nussinov, R. Proteins 1998, 32, 111.



FIGURE 1.2

Contour maps and van der Waals
radii arcs for methane (left) and
propane (right). (Reproduced from
reference 38.)
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the definition of the surface of the atom or molecule. Usually the boundary of
an atom is defined as a certain minimum value of electron density in units of
au (1.00 au = 6.748 e/ A%). Bader and co-workers determined that the 0.001 au
volumes of methane and ethane are 25.53 and 39.54 cm®/mol, respectively,
while the corresponding 0.002 au volumes are 19.58 and 31.10 cm®/mol.*®
Thus, it appears that the 0.002 au values are closer to, but still somewhat larger
than, those calculated empirically using the values in Table 1.3. The relation-
ships between atomic volumes and van der Waals radii are illustrated for
cross sections through methane and propane in Figure 1.2. The contour lines
represent the electron density contours, and the intersecting arcs represent
the van der Waals radii of the atoms.

1.2 HEATS OF FORMATION AND REACTION

Experimental Determination of Heats of Formation

Thermochemical measurements provide valuable insights into organic
structures and reactions. The heat of formation (AHf) of a compound is
defined as the difference in enthalpy between the compound and the starting
elements in their standard states.’® For a hydrocarbon with molecular
formula (C,,H,,), we define AH} as the heat of reaction (AH?) for the reaction

m C(graphite) + (n/z)HZ(gas) — C,H, (1 1)

We usually determine the heat of formation of an organic compound indir-
ectly by determining the heat of reaction of the compound to form other
substances for which the heats of formation are known, and the heat of
combustion (AH®.ombustion) Of @ substance is often used for this purpose.
Consider the combustion of a compound with the formula C,H,. The

%8 Bader, R.F. W.; Carroll, M. T.; Cheeseman, J. R.,; Chang, C. J. Am. Chem. Soc. 1987, 109, 7968. See
the discussion of the theory of atoms in molecules in Chapter 4.

3® Mortimer, C. T. Reaction Heats and Bond Strengths; Pergamon Press: New York, 1962; Clark, T.;
McKervey, M. A. in Stoddart, J. F., Ed. Comprehensive Organic Chemistry, Vol. 1; Pergamon Press:
Oxford, England, 1979; p. 66 ff. For a discussion of the experimental techniques involved in
calorimetry experiments, see (a) Wiberg, K. in Liebman, J. F.; Greenberg, A., Eds. Molecular
Structure and Energetics, Vol. 2; VCH Publishers: New York, 1987; p. 151; (b) Sturtevant, ]. M. in
Weissberger, A.; Rossiter, B. W., Eds. Physical Methods of Chemistry, Vol. 1, Part V; Wiley-
Interscience: New York, 1971; p. 347.
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balanced chemical equation is
CuH, + (m +n/4)0; — mCO, + (n/2)H,0 (1.2)
We know the heats of formation of CO, and H,O:

For the reaction Cgraphite) T O2(gas) — COx(gas) (1.3)
AH? = AH{ (CO3) (1.4)

And for the reaction  Hy(gas) + 3 O2(gas) — H2O(tiquiq) (1.5)
AH? = AHZ (H,0) (1.6)

Combining the above equations, we obtain
AHF (CmHﬂ) =m AH;”J (CO2) + (n/z)AH?(Hzo)_AHzombustion (CmH”) (17)

As an example, the heat of combustion of 1,3-cyclohexanedione was found to
be —735.9 kcal/mol.*04! Taking —94.05 kcal /mol and —68.32 kcal/mol as the
standard heats of formation of CO, and H,O, respectively, gives a standard
heat of formation for crystalline 1,3-cyclohexanedione of 6(—94.05) + 4
(—68.32) — (—735.9) = —101.68 kcal /mol. It is sometimes necessary to correct
heats of reaction for the heats associated with phase changes in the reactants
or products. To convert from a condensed phase to the gas phase (e.g., for
comparison with values calculated theoretically) the relevant terms are the
heat of vaporization (AH;) of a liquid or heat of sublimation (AH;) of a
solid.*** Correcting for the standard heat of sublimation of 1,3-cyclohex-
anedione, +21.46kcal/mol, gives its standard heat of formation in the gas
phase of —80.22kcal /mol.

If we are interested only in the difference between the heats of formation
of two compounds, we may be able to measure their relative enthalpies more
accurately by measuring the heat of a less exothermic reaction. That is, we
measure very accurately the AH of a reaction in which the two different
reactants combine with identical reagents to give the same product(s).
Figure 1.3 illustrates how the difference in enthalpy of reactants A and B
can be calculated in this manner. If the reaction of A and C to give D has a AH,
of —X kcal/mol, and if the reaction of B and C to give D has a AH, of —Y kcal/
mol, then the difference in energy between A and B mustbe (X — Y) kcal /mol.
For example, Wiberg and Hao determined that AH, values for the reaction of
trifluoroacetic acid with 2-methyl-1-butene and with 2-methyl-2-butene were

40 pilcher, G.; Parchment, O. G.; Hillier, . H.; Heatley, F.; Fletcher, D.; Ribeiro da Silva, M. A. V.;
Ferrao, M. L. C. C. H.; Monte, M. ]. S;; Jiye, F. J. Phys. Chem. 1993, 97, 243.

41 The reported value (converted from kJ/mol) was —735.9 =0.2kcal/mol. Experimental un-
certainties will not be carried through this discussion because the emphasis is on the calculation
procedure and not the precision of the experimental method.

42 Determination of heats of sublimation was discussed by Chickos, J. S. in Liebman, J. F.;
Greenberg, A., Eds. Molecular Structure and Energetics, Vol. 2; VCH Publishers: New York, 1987;
p- 67.

*3 The enthalpy associated with transformation of a solid to a liquid is the heat of fusion. For a
discussion, see Chickos, J. S.; Braton, C. M.; Hesse, D. G.; Liebman, J. F. . Org. Chem. 1991, 56, 927.
* Data for heat capacity can be used to correct AH values measured at one temperature to another
temperature. See Orchin, M.; Kaplan, F.; Macomber, R. S.; Wilson, R. M.; Zimmer, H. The
Vocabulary of Organic Chemistry; Wiley-Interscience: New York, 1980; pp. 255-256.
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FIGURE 1.3

Calculation of the enthalpy differ-

ence of isomers.
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—10.93 kcal/mol and —9.11 kcal/mol, respectively.* Therefore, the 2-alkene
was judged to be 1.82kcal /mol lower in energy than the 1-alkene. Heats of
hydrogenation are also used to determine the difference in heats of formation
of alkenes even though heats of combustion may be measured much more
precisely than heats of hydrogenation. Because heats of hydrogenation are
smaller in magnitude than are heats of combustion, small enthalpy differences
between isomers may be determined more accurately by hydrogenation.*®

Bond Increment Calculation of Heats of Formation

Table 1.4 shows experimental AH values for some linear alkanes.”” Thereis a
general trend in the data: each homolog higher than ethane has a AH; value
about 5 kcal/mol more negative than the previous alkane. This observation
suggests that it should be possible to use the principle of additivity (page 6) to
predict the heat of formation of an organic compound by summing the
contribution each component makes to AH;.*® Extensive work in this area
was done by Benson, who published tables of bond increment contributions
to heats of formation and other thermodynamic properties.**>> A portion of
one such table is reproduced as Table 1.5.

The heats of formation of some linear alkanes calculated by the bond
increment method are shown in Table 1.4. As an example of such calculations,
let us determine the AH} values for methane and ethane. For methane, there

> Wiberg, K. B.; Hao, S. J. Org. Chem. 1991, 56, 5108.
* Davis, H. E.; Allinger, N. L.; Rogers, D. W. J. Org. Chem. 1985, 50, 3601.

47 Experimental data for AH{ at 298 K are from tabulations in Stull, D. R.; Westrum, E. F., Jr.; Sinke,
G. C. The Thermodynamics of Organic Compounds; John Wiley & Sons: New York, 1969; pp. 243-245.

48 Benson, S. W. Thermochemical Kinetics, 2nd ed.; Wiley-Interscience: New York, 1976; p. 24.
4° Benson, S. W.; Buss, J. H. J. Chem. Phys. 1959, 29, 546.

%% Benson, S. W.; Cruickshank, F. R.; Golden, D. M.; Haugen, G. R.; O’Neal, H. E.; Rodgers, A. S.;
Shaw, R.; Walsh, R. Chem. Rev. 1969, 69, 279.

5! For a discussion of the development of bond increment and group increment calculations, see
Schleyer, P. v. R.; Williams, ]. E.; Blanchard, K. R. . Am. Chem. Soc. 1970, 92, 2377.

32 Calculation of group increments to heats of formation of linear hydrocarbons was reported by
Pitzer, K. S. J. Chem. Phys. 1940, 8, 711 and to nonlinear hydrocarbons by Franklin, J. L. Ind. Eng.
Chem. 1949, 41, 1070.

53 Cohen, N.; Benson, S. W. Chem. Rev. 1993, 93, 2419.
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TABLE 1.4 Experimental and Calculated Heats of Formation of Linear
Alkanes at 298K

Compound AH; (kcal/mol) obs. AH; (kcal/mol) calc.”
Methane —17.89 —15.32
Ethane —-20.24 —20.25
Propane —24.82 —-25.18
Butane -30.15 -30.11

“Calculations are based on bond increment values in Table 1.5.

are four C-H bonds, each contributing —3.83 kcal/mol, so the AHf value is
—15.32 kcal /mol. For ethane, the AH{ value is 6 x (—3.83) + 1 x (2.73) for the
six C—H and one C—C bonds, respectively, and the total is —~20.25 kcal /mol. As
the chain is extended, each additional CH; group contributes 2 x (—3.83) + 1
x (2.73) = —4.93 kcal/mol to the AH} value.

There is a problem with the AHf values obtained from the simple bond
increment data in Table 1.5. The five isomers of hexane listed in Table 1.6 all
have five C-C bonds and fourteen C-H bonds. Using the bond increment
values in Table 1.5, we would predict each to have the same heat of formation
(—39.97 kcal/mol). As shown in Table 1.6, however, the experimental heats of
formation become more negative as the branching increases. Specifically, the
structure with a quaternary carbon atom is more stable than an isomeric
structure with two tertiary carbon atoms, and the structure with two tertiary

TABLE 1.5 Bond Increment Contributions to AH;

Bond AH{ (kcal/mol) Bond AHE (kcal/mol)
C-H -3.83 N-H -2.6
C-D —4.73 S-H -0.8
C-C 2.73 S-S -6.0
C-F -52.5 C-S 6.7
C-Cl1 -74 Cq—C 6.7
C-Br 2.2 Cg4-H 3.2
C-I 14.1 Cy-F -39.0
Cc-0 -12.0 Cyq—Cl -5.0
O-H -27.0 Cyq-Br 9.7
O-D —27.9 Cg-1 21.7
0-0 215 Ca—Cyq 7.5

Source: Reference 48.

TABLE 1.6 Heats of Formation (kcal/mol) of Isomeric CgHq4 Structures

Compound AH, obs.” AH?, cale? AH;, corr.’
Hexane —39.96 -39.96 —39.96
2-Methylpentane —41.66 —42.04 —-41.24
3-Methylpentane —41.02 —42.04 —41.24
2,2-Dimethylbutane —44.35 —44.77 —43.16
2,3-Dimethylbutane —42.49 —44.12 —42.52

“Experimental data for AHP at 298K are from reference 47, pp. 247-249.

b . . . . . .
Calculated from group increments in Table 1.7 without correcting for gauche interactions.
‘Data from the previous column corrected for gauche interactions. See Table 1.7 and Figure 1.4.
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carbon atoms is more stable than structures with only one tertiary carbon
atom, even though all isomers have the same number of C—C and C-H bonds.
Thus, we must conclude that the heat of formation of a compound depends
not only on the number of carbon-carbon bonds, but also on the nature of the
carbon—carbon bonds.

One way to describe the extent to which heats of formation depend on
bonding patterns is to consider an isodesmic reaction—a reaction in which
both the reactants and the products have the same number of bonds of a given
type, even though there may be changes in the relationship of one bond to
another.>*™ For example, consider the hypothetical conversion of n-hexane to
2,2-dimethylbutane. Both the reactant and the product have five C-C and
fourteen C-H bonds. The simple bond increment approach would calculate
that the heat of the reaction should be 0, but the data in Table 1.6 indicate that
the heat of the reaction should be —4.4kcal/mol. Therefore, the heat of an
isodesmic reaction is an indication of deviation from the additivity of bond
energies.”*>*

Group Increment Calculation of Heats of Formation

An alternative to the bond increment method is the group increment ap-
proach, which allows calculation of enthalpy differences that result from
different arrangements of bonds within molecules. We consider not the
bonds holding atoms together but the groups that result from these bonds.
Table 1.7 lists the group increment values for a series of organic functional
groups.”® Using these data, we can closely approximate the heats of
formation of the isomeric hexanes. Consider 2-methylpentane. Three methyl
groups [C~(H)3(C) in the table] contribute —10.08 kcal/mol each to the heat of
formation, two methylene units [C-C(H)»(C),] contribute —4.95kcal/mol
each, and one methine unit [C—~(H)(C)s] contributes —1.90kcal/mol. Thus,
estimated heat of formation is

AH? =3 x (—10.08) +2 x (—4.95) + 1 x (—1.90) = —42.04 kcal/mol  (1.8)

The experimental value is (—41.66 kcal/ mol).¥

Note that the estimated heats of formation calculated in this way assign
the same contribution to each group without regard to its position in the
molecule and without regard to strain. In branched acyclic alkanes,
the major form of strain to consider is van der Waals repulsion due to
unavoidable butane gauche interactions, which may be assigned 0.8 kcal /mol
each.”Figure 1.4 shows a Newman projection and gives the number of

5 Hehre, W. J.; Ditchfield, R.; Radom, L.; Pople, J. A. J. Am. Chem. Soc. 1970, 92, 4796. See also
Ponomarev, D. A; Takhistov, V. V. J. Chem. Educ. 1997, 74, 201.

5 A homodesmotic reaction is a reaction in which not only are the number of bonds of each type
conserved, but the number of carbon atoms with zero, one, two, or three hydrogen atoms is also
conserved. For details, see George, P.; Trachtman, M.; Bock, C. W.; Brett, A. M. Tetrahedron 1976,
32, 317. Isomers interconverted by homodesmotic reactions are termed isologous (cf. Engler,
E. M.; Andose, ]. D.; Schleyer, P. v. R. J. Am. Chem. Soc. 1973, 95, 8005).

% Isodesmic reactions are widely used in theoretical studies because errors in the energies of
reactants and products are more likely to cancel, thereby allowing simple computational
approaches to give accurate estimates of heats of reactions. For a discussion, see Hehre, W. J.;
Radom, L.; Schleyer, P. v. R.; Pople, J. A. Ab initio Molecular Orbital Theory; Wiley-Interscience:
New York, 1986.

57 Molecular conformation and van der Waals strain will be discussed in Chapter 3.



1.2 HEATS OF FORMATION AND REACTION

TABLE 1.7 Group Increment Contributions to Heats of Formation

Group AHZ 594 (kcal/mol) Group AHE 545 (kcal/mol)
C-(H)5(C) —10.08 Ca—(Cp)(C) 8.64
C—(H)x(C), —4.95 C—HCg)(C)(H), —4.86
C-(H)(C)3 -1.90 C—Ce)(C)(H) —0.98
C—C)s 0.50 C—H) 26.93
Ca—(H), 6.26 C—O) 27.55
Ca—H)C) 8.59 C—(Cq) 29.20
Caq~C), 10.34 Ce-(H) 3.30
Ca—(Ca)(H) 6.78 Cs—(C) 5.51
Ca—~(Ca)(C) 8.88 Ce—(Cq) 5.68
[Ca~(Cp)(H)] 6.78

Source: Reference 50.

gauche interactions for each of the isomers of hexane. Correcting the initial
AH{ of 2-methylpentane for one such interaction gives —41.24 kcal/mol,
which is closer to the experimental value. Angle strain corrections must be
applied for ring compounds. For example, cyclopropane, cyclobutane, and
cyclopentane rings add 27.6, 26.2, and 6.3 kcal/mol, respectively, to a heat of
formation calculated from the data in Table 1.7.°°®

The origin of the increased stability of branched alkanes relative to
nonbranched isomers has been the subject of some debate. Benson and Luria
proposed that alkanes have polarized C°"—H®* bonds and that the sum of the
electrostatic interactions of a branched compound is lower in energy than the
sum of electrostatic interactions in a linear structure.” Laidig calculated that
branched hydrocarbons have overall smaller distances between atoms than
do linear isomers and that the resulting increase in nucleus—electron attrac-
tion in a branched compound outweighs the increase in nuclear—nuclear and
electron—electron repulsion.®” More recently, the stabilization of branched
alkanes has been attributed to attractlve interactions involving alkyl groups
bonded to the same carbon atom.®

S G AT

CH,CH, CH,CH,

3-methylpentane 2-methylpentane 2,3—d1methylbutane
1 gauche interaction 1 gauche interaction 2 gauche interactions

2,2-d1methy1butane
2 gauche interactions

%8 These examples only hint at the analysis of heats of formation of organic compounds that is
possible. Benson and co-workers summarized the methods and data for calculations for the major
functional groups in organic chemistry.***° In addition, the data allow calculation of heat
capacities and entropies of these compounds in the same manner in which heats of formation
are determined. Heats of formation are valuable reference points in discussing the stabilities of
various isomers or products of reactions, whether they are calculated by bond increments or
group increments or are derived as part of a theoretical calculation.

% Benson, S. W.; Luria, M. J. Am. Chem. Soc. 1975, 97, 704.

% Laidig, K. E. J. Phys. Chem. 1991, 95, 7709.

61 Schreiner, P. R. Angew. Chem. Int. Ed. 2007, 46, 4217.
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FIGURE 1.4

Gauche interactions in hexane
isomers.
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TABLE 1.8 Calculation of Gas Phase AH; Values® of Alkanes Assuming Geminal
Interactions Are Repulsive

Compound He_c e H fy.ccH Macc Hccec NC ng  AH¢ (calculated) AH; (literature)
Methane 0 4 6 0 0 1 4 -17.2 -17.9
Ethane 1 6 6 6 0 2 6 -204 -20.0
Propane 2 8 7 10 1 3 8 -25.3 -25.0
Butane 3 10 8 14 2 4 10 -30.2 -30.4
2-Methylpropane 3 10 9 12 3 4 10 -31.9 -32.1
n-Pentane 4 12 9 18 3 5 12 -35.1 -35.1
2-Methylbutane 4 12 10 16 4 5 12 -36.8 —-36.7
2,2-Dimethylpropane 4 12 12 12 6 5 12 —40.3 —40.1
Hexane 5 14 10 22 4 6 14 —40.0 —40.0
Cyclohexane 6 12 6 24 6 6 12 -294 -29.4
Ecc Ecy Eucu Eucc Eccc Ec Eu

—146.00 —-124.20 6.64 9.29 1020 60.70 52.10

Source: Reference 62.
“Energies are in kcal/mol.

Gronert proposed a very different explanation.®” He noted that van der
Waals interactions between nonbonded groups that are closer than the sum of
their van der Waals radii, such as C1 and C4 in the gauche conformation of
butane,areknowntoberepulsive. Since C1and C3inneopentaneare evencloser
to each other than are C1 and C4 in gauche butane, he argued that their
interaction should be repulsive as well. Moreover, the interactions between
two hydrogen atoms bonded to the same carbon as well as those between
hydrogen and carbon atoms bonded to the same carbon were also said to be
repulsive. The effect of branching (e.g., conversion of butane to isobutane) is to
reduce the number of H-C-C interactions while increasing the number of
H-C-H and C—C-C interactions. Gronert proposed that the steric energy of an
H-C—C interaction is less than the average of those for the H-C-H and C-C-C
interactions, so the effect of the branching is to decrease overall intramolecular
repulsion and produce amorestableisomer. Using equations 1.9and 1.10, along
with the interaction values (E) for C-H and C-C bonding and specific values for
repulsive 1,3 interactions shown in Table 1.8, Gronert was able to reproduce the
observed gas phase AHY values of a series of alkanes. For example, the AH; of n-
pentane in kcal/mol is calculated as shown in equation 1.11.

AH¢ = ne_cEc_c +nc_uEc—u+nc-—c_cEc-c—c + nc_c-nEc-c-un
+ny_c-uEu_c-u+f(C,H) (1.9)
where

£(C,H) = (170.6 + Ec)nc + 52.1 ny (1.10)

AH; = 4 (—146) + 12 (—124.2) + 9 (6.64) + 18 (9.29) 4 3 (10.2)

+5(231.3) + 12 (52.1) = —35.1 keal /mol (1.11)

2 Gronert, S. J. Org. Chem. 2006, 71, 1209; 9560. The literature values in Table 1.8 are from this
source. The values of the E parameters at the bottom of the table are shown to two decimal places,
while those in the sources cited here were reported to one decimal place.



1.2 HEATS OF FORMATION AND REACTION 15

TABLE 1.9 Calculation of Gas Phase AH; Values® of Alkanes Assuming Geminal Methyl
Interactions Are Stabilizing

AH? AH?

f
Alkane ACH, Hprimary branches ntertiary branches nquartenary branches (Calculated) (literature)
Methane 0 0 0 0 -17.89 -17.89
Ethane 1 0 0 0 —-20.04 -20.04
Propane 2 1 0 0 —25.02 —25.02
Butane 3 2 0 0 —30.00 -32.07
Isobutane 3 0 1 0 -32.08 -2.07
Pentane 4 3 0 0 —34.98 -35.08
Isopentane 4 1 1 0 —-37.06 —36.73
Neopentane 4 0 0 1 —39.98 —40.14
Hexane 5 4 0 0 —39.96 —39.96

Source: Reference 64.
“ Energies are in kcal/mol.

Gronert’s explanation for the stability of branched alkanes was
supported by some investigators, but disputed by others.*®> In particular,
Wodrich and Schleyer pointed out that comparable results could be obtained
by assuming that the interactions of geminal methyl groups are stabilizing
(equation 1.12).°*% Here ncy, is the number of methylene units conceptually
added to methane to form the alkane, #1primary branches is the number of C-CH,~C
UNitS, Miertiary branches i the number of 3° carbon units, and 71guaternary branches iS
the number of 4° carbons in the structure. Some results obtained with this
approach are shown in Table 1.9, and a calculation of AH{ for n-pentane is
shown in equation 1.13.

AHp = —~17.89~2.15 ncy, —2.83 Hprimary branches — 7 - 74 Rertiary branches

-13.49 Rguartenary branches ( 1. 12)

AHy = —17.89+4(—2.15) +3(—2.83)+0(-7.74)
+0(—13.49) = —35 kcal/mol (1.13)

We will explore the nature of geminal interactions more fully in the
context of radical stabilities (Chapter 5). The points to be made here are (i) two
very different models can be used to predict the heats of formation of alkanes,
and (ii) a good correlation does not necessarily establish a cause and effect
relationship. As Wodrich and Schleyer noted, the fact that the number of
births in some European countries correlates with the number of storks in
those countries does not demonstrate that babies are delivered by storks. It

%3 Mitoraj, M.; Zhu, H.; Michalak, A.; Ziegler, T. J. Org. Chem. 2006, 71, 9208.
% Wodrich, M. D.; Schleyer, P. v. R. Org. Lett. 2006, 8, 2135.

% Wodrich, M. D.; Wannere, C.S.; Mo, Y.; Jarowski, P. D.; Houk, K. N.; Schleyer, P. v.R. Chem. Eur.
J. 2007, 13, 7731 proposed the concept of protobranching to explain the energy-lowering effect of
geminal interactions.
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TABLE 1.10 DH° Values (kcal/mol) for Bonds to Hydrogen

Compound DH® (kcal/mol) Compound DH° (kcal/mol)
H-H 104.2 H-F 136.3
H-CN 126.3 H-Cl 103.2
H-NH, 107.6 H-Br 87.5
HO-H 118.8 H-1 71.3
H-CH,OH 96.1 HS-H 91.2
CH;0-H 104.6 H-ONO, 101.7
CH,S-H 87.4 CH;CH,O-H 104.7
H-CH,SH 94 (CH;),CHO-H 105.7
HOO-H 87.8 (CHj3);CO-H 106.3
CH;00-H 88 Ce¢HsO-H 90
H-CHO 88.1 CH5;CH,OO0-H 85
CH5C(O)-H 89.4 (CH,3);COO-H 84
HCOO-H 112 CH;COO-H 112
H-COOH >96 CsHsCOO-H 111

Source: Reference 69.

will be useful to remember this comment as we consider explanations for
other chemical phenomena in later chapters.®®

Homolytic and Heterolytic Bond Dissociation Energies

Heats of reaction are important values for processes that involve reactive
intermediates. For example, the standard homolytic bond dissociation
enthalpy of compound A-B, denoted DH°(A-B) or DHy9g(A-B), is the heat
of reaction (AH;) at 298K for the gas phase dissociation reaction in equa-
tion 1.14.

A = Bg = A*g) +Beg) (1.14)

DH°(A-B) values can be calculated from the relationship67’68

DHO(A - B) = AI-Il?(equation].]4) = AH?(A') +AHfO(B')_AHF(A - B) (115)
Here AH; (A-) is the heat of formation of radical As, AH; (B) is the heat of
formation of radical B+, and AH? (A-B) is the heat of formation of A-B. DH°®
(A-B) is also called the bond dissociation energy of A-B. Table 1.10 gives a
list of standard bond dissociation enthalpies for bonds involving
hydrogen atoms, and Table 1.11 gives a list of DH® values for bonds between
carbon atoms in various alkyl groups and a number of common organic
substituents.®”

% See also Stanger, A. Eur. J. Org. Chem. 2007, 5717.

57 Benson, S. W. J. Chem. Educ. 1965, 42, 502.

% A standard bond dissociation energy is different from an average bond dissociation energy.
The latter is just the value obtained by calculating the heat of atomization of a compound (the
enthalpy change on converting the molecule to individual atoms) divided by the number of bonds
from one atom to another in the molecule. For more details on this distinction, see reference 67.

69 Blanksby, S. J.; Ellison, G. B. Acc. Chem. Res., 2003, 36, 255. This reference provides the
uncertainties for the values in Tables 1.10 and 1.11.



‘69 IOUDIDJIY :90410G

"J[qE[TRAR JOU SURIA — "AIJUD JURPUNDAI B SULd 1230
Tqer! W punp: W « 910N

vz — — 759 16 — — — * * * HDH®D
886 €66 * * 811 — * * * * * SH®D
— — — — — — — — — L 8/ THDD=DH
— — — — — — — wad 74 rsel G'9z1 D=DH
— — — — — 479 * * * * * CHOHD*HD
|57 — — — 911 €8 911 * * * * HO=*HD
6L — * — €86 €L 8L6 98/ * * * D¥(*HD)
618 1'¢8 * ¥z 0101 8L 766 T8 9'68 * * HDY*HD)
S8 £¢s * 9/ rardi)s ¥as 0001 9°G8 148 6.8 * CHDFHD
S¥8 878 * 9L Se01 59/ ¥ 101 S/8 9'g8 068 106 ¢HD
— — ré §08 S — — 879 679 919 019 ‘ON
— — — — 2 £'80T €El 811 6021 9121 a4 ND
1°66 -— — L1L rA71)! — — LS8 098 88 S8 HN
001 966 8¢ — 101 — — ¥8 8'G8 8 Tes OfHD
6601 §601 — 978 ¥ZI1 108 — 866 g6 0v6 1'Z6 OH
8¢S — — 15 /9 9GP — 9°Gq L5 699 948 I
LT1L — — €9 8 65 808 9L 6€L v 2L g
L8 — — 74 126 — 16 678 788 898 £'€8 D
T — — 486 rAIx4) — el — 9011 — GIT A
768 'S8 901 £'68 6711 888 2011 G996 9'86 1’101 6101 H
(OHD*HD (ODH  OfHD  'HDSH®D  SH?D THDOHD=*HD HD=HD DftHD) HDYtHD)  “HDHD fHD A\uamusang

sdnouo |K|v 01 spuog pa1d3|as 104 (jow/|ed)) senjep HAG LL'L 318VL

17



18

1 FUNDAMENTAL CONCEPTS OF ORGANIC CHEMISTRY

Values of AH; for dissociation reactions can be combined to allow
prediction of heats of reaction. A familiar example is the calculation of
AH? for the reaction of chlorine with methane to produce HCl plus methyl
chloride. Using Table 1.11 and the bond dissociation enthalpies of Cl, and
HCl,”® we can write the following reactions:

CH;~H — CH;*+ He AH? = 4+ 104.9 kcal /mol (1.16)
Cl-Cl - Cl-+Cl- AH; = -+ 58.0kcal/mol (1.17)
Cl» + CH3* — CH;Cl AH? = —83.7 kcal/mol (1.18)
Cl»+Hs— H-Cl AH? = —103.2 kecal/mol (1.19)

Summing these four equations and canceling the radicals that appear on
both sides gives

CH;—-H +Cl-Cl — CH;Cl+ HCl AH; = —24.0 kcal/mol (1.20)

Note that the calculation of AH; does not presume that the reaction takes place
by a radical pathway. Rather, according to Hess’ law, the difference in
enthalpy between reactants and products is independent of the path of the
reaction.*®

If a bond dissociation occurs so that one of the species becomes a cation
and the other becomes an anion, then the energy of the reaction is termed a
standard heterolytic bond dissociation energy:

A—Byy —»A(“;) + By, (1.21)
Therefore,
DH(A*,B:") = AH®, = AHJ(A*) + AHZ (B:™)—AH? (A—B) (1.22)

As will be discussed in Chapter 7, it is possible to relate homolytic and
heterolytic reaction enthalpies by using data for ionization potential (the
energy required to remove an electron from a species) and electron affinity
(the energy gained by adding an electron to a species).”!

In the gas phase, heterolytic bond dissociation enthalpies are much
higher than homolytic bond dissociation enthalpies because energy input is
needed to separate the two ions as well as to break the bond. For example, the
heterolytic bond dissociation energy of HClin the gas phase is 333.4 kcal /mol,
which is more than three times the 103.2 kcal/mol homolytic bond dissocia-
tion energy.”? Solvation of the ions can reduce the value of AH?, dramatically,
however, and HCI readily ionizes in aqueous solution. Similarly, the
calculated homolytic dissociation energy of a C—Cl bond in 2,2'-dichloro-
diethyl sulfide (1) decreases only slightly from the gas phase to a solvent with
£=>5.9, while the heterolytic dissociation energy of that bond decreases from

70 Lide, D.R,, Jr. CRC Handbook of Chemistry and Physics, 84th ed.; CRC Press: Boca Raton, FL, 2003,
Section 9.

71 Arnett, E. M.; Flowers, R. A. Il Chem. Soc. Rev. 1993, 22, 9.
72 Berkowitz, J.; Ellison, G. B.; Gutman, D. J. Phys. Chem. 1994, 98, 2744.
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154.8 kcal/mol in the gas phase to 138.5kcal/mol in the same solvent.”>”>

Even carbon—carbon o bonds can dissociate heterolytically. One hydrocarbon
was reported to exist as a covalently bonded compound in benzene, as a
mixture of molecules and ions in acetonitrile, and as an ionic species in
dimethyl sulfoxide.”®

Cl \/\S/\/Cl

1

1.3 BONDING MODELS

The preceding discussion implicitly assumed the simple view of chemical
bonding developed by G. N. Lewis.”” Atoms are represented by element
symbols with dots around them to indicate the number of electrons in the
valence shell of the atom. Covalent bonds are formed by the sharing of one or
more pairs of electrons between atoms so that both atoms achieve an electron
configuration corresponding to a filled outer shell.”® For example, combina-
tion of two chlorine atoms can produce a chlorine molecule, as shown in
Figure 1.5.

This elementary description of bonding assumes some knowledge of
electron shells of the atoms, but it does not presume a detailed knowledge of
the results of quantum mechanics. The representation of Cl, does not specify
what orbitals are populated, the geometric shapes of these orbitals, or the
distribution of electrons in the final molecule of chlorine. This approach to
describing chemical bonding might be adequate for some purposes, but it
leaves many questions unanswered. In particular, this bonding description is
purely qualitative. It would be desirable to have a mathematical description of
bonding so that quantitative predictions about bonding can be compared
with experimental observations.

It is helpful to distinguish here two types of information that we wish to
acquire about organic molecules. The first type is physically observable data

73 Politzer, P.; Habibollahzadeh, D. J. Phys. Chem. 1994, 98, 1576.

7% The effects of solvent are thought to be negligible when carbon-centered radicals are formed,
but solvent effects can be significant in the case of oxygen-centered radicals. Borges dos Santos,
R. M,; Cabral, B. J. C.; Martinho Simdes, J. A. Pure Appl. Chem. 2007, 79, 1369.

" In one case merely adding ether to a pentane solution of a compound was seen to
produce heterolytic dissociation: Arnett, E. M.; Amarnath, K.; Harvey, N. G.; Cheng, ] -P. Science
1990, 247, 423.

76 Kitagawa, T.; Takeuchi, K. J. Phys. Org. Chem. 1998, 11, 157.

77 The Lewis concept has been called “the most widely used model in contemporary chemistry.”
Frenking, G.; Shaik, S. J. Comput. Chem. 2007, 28, 1.

78 Lewis, G.N. J. Am. Chem. Soc. 1916, 38, 762. It is interesting to note that Lewis proposed a model
for bonding in which electrons were positioned at the corners of a cube, so an octet meant an
electron at every corner. Single bonds were constructed by allowing two cubes to share one edge
(and thus one pair of electrons). In the case of a double bond, the two cubes shared a face (and
therefore two pairs of electrons). The cubical model offered no simple representation for triple
bonds, but a model based on tetrahedral arrangement of carbon valences was able to do so. Fora
discussion of the role of G. N. Lewis in the development of structural theory in organic chemistry,
see Calvin, M. J. Chem. Educ. 1984, 61, 14; Zandler, M. E; Talaty, E. R. ]. Chem. Educ. 1984, 61, 124;
Saltzman, M. D. . Chem. Educ. 1984, 61,119; Stranges, A. N. J. Chem. Educ. 1984, 61, 185; Pauling, L.
J. Chem. Educ. 1984, 61, 201; Shaik, S. . Comput. Chem. 2007, 28, 51.
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il +:Cl —— :C1—Cl:
FIGURE 1.5

A representation of bonding
in C|2
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that are characteristic of entire molecules or samples of molecules. A mole-
cular dipole moment belongs to this category. The second kind of information
includes those nonobservable constituent properties of a structure that, taken
together, give rise to the overall molecular properties. Partial atomic charges
and bond dipole moments belong to this category.

A dipole moment is a vector quantity that measures the separation of
electrical charge. Dipole moments have units of electrical charge (a full plus or
minus charge corresponding to 4.80 x 107'° esu) times distance, and they are
usually expressed in units of debye (D), with 1 D =10""®esu cm.”®*’ Thus, a
system consisting of two atoms, one with a partial charge of + 0.1 and the other
a partial charge of —0.1, located 1.5 A apart would have a dipole moment of

0.1 x (4.8 x 10 %esu) x (1.5 x 1078cm) =0.72 x 10~ 8esu-cm=0.72D  (1.23)

Molecular dipole moments can be measured by several techniques, including
the determination of the dielectric constant of a substance as a gas or in a
nonpolar solution and the study of the effect of electrical fields on molecular
spectra (Stark effect).

Molecular dipole moments are useful to us primarily as a source of
information about molecular structure and bonding. While the center of
charge need not coincide with the center of an atom, that is a convenient first
approximation. For example, the dipole moment of CH3F is 1.81 D.*""** We
associate the charge separation with the bonding between C and F. Since those
atoms are 1.385 A apart (Table 1.1), the partial charge can be calculated to be
+0.27 on one of the atoms and —0.27 on the other.

If there is more than one bond dipole moment in a molecule, then the
molecular dipole moment is the vector sum of the individual moments. This
idea can be useful in determining the structures and bonding of molecules.
For example, Smyth determined that the three isomers of dichlorobenzene
have dipole moments of 2.30, 1.55, and 0 D.*> The dipole moment of
chlorobenzene was known to be 1.61 D. Smyth reasoned that two C—Cl bond
dipole moments add to each other in one isomer of dichlorobenzene, that they
cancel each other partially in a second isomer, and that they cancel each other
completely in the third isomer. Using the relationship

w=2 x 161 x 1078 x cos(0.54) (1.24)

where A is the angle between the two bond dipole moments, Smyth
calculated that the three isomers of dichlorobenzene had A values of 89°,
122°, and 180° and that these values corresponded to the ortho, meta,
and para isomers of dichlorobenzene, respectively. The expected angle for

7 For background on the theory and measurement of dipole moments, see Minkin, V. 1; Osipov,
0O.A.;Zhdanov, Y. A.inHazzard, B.]., trans. Dipole Moments in Organic Chemistry; Vaughan, W. E.;
Plenum Press: New York, 1970.

80 Smyth, C. P. in Weissberger, A.; Rossiter, B. W., Eds. Physical Methods of Chemistry, Vol. 1, Part
IV; Wiley-Interscience: New York, 1972; pp. 397-429.

81 McClellan, A. L. Tables of Experimental Dipole Moments, Vol. 2; Rahara Enterprises: El Cerrito,
CA, 1974; p. 167.

8 A value of 1.857 D is given in reference 29b. That is a more recent value and may be more
accurate than the number used here. The values for the other methyl fluorides there are very
similar to those given in reference 81.

83 Smyth, C. P.; Morgan, S. O. . Am. Chem. Soc. 1927, 49, 1030.
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o-dichlorobenzene is 60°, but Smyth argued that the apparent angle is
larger because repulsion of the two adjacent chlorines enlarges the angle
between the dipoles but does not appreciably alter the geometry of the
benzene ring.**

Toaccount for the dipole moment associated with a covalentbond, we say
that the electrons in the bond are not shared equally between the two atoms.
One atom must have a greater ability to attract the pair of shared electrons
than the other. Asaresult, abond can be described as having a mixture of both
ionic and covalent bonding. It is useful to define a weighting parameter, 4, to
indicate how much ionic character is mixed into the covalent bond. Thus, we
may write

Polar Bond = [Covalent Bond] + A[lonic Bond] (1.25)

The percentage ionic character® in the bond is related to 4 by equation 1.26:

2

% Tonic Character = /172 x 100 % (1.26)
(1 +49)

In an HCI molecule with partial charges of +0.17 on the hydrogen atom and
—0.17 on the chlorine atom, the value of A is 0.45.

Electronegativity and Bond Polarity

The polarity of covalent bonds is attributed to electronegativity, which
Pauling defined as “the power of an atom in a molecule to attract electrons
to itself.”® It is generally the case that the bond dissociation energy of a polar
diatomic molecule A-B is greater than one-half of the sum of the bond
dissociation energies of A-A and B-B.*” For example, the average of the
bond strengths of H, and Cl; is 81.1 kcal /mol, but the homolytic dissociation
energy of H-Cl is 103.2 kcal/mol.***° We ascribe the increased bond dis-
sociation energy to the ionic character of the polar bond because the bond
dissociation must overcome Coulombic effects in addition to the covalent
bonding interaction. Pauling obtained a set of electronegativity values (xp)
by correlating standard bond dissociation energies between different atoms
(A-B) with the average of the standard bond dissociation energies of
identical atoms (A-A and B-B) as shown in equation 1.27, where Ay is the
difference in y values of A and B.?® The electronegativity of fluorine was

8 Not only did this study identify which isomer of dichlorobenzene was which, but it also
reinforced the view that benzene is a planar molecule. Alternative structures, such as Baeyer,
Kérner, or Ladenburg benzene, would have given different molecular dipole moments.

85 Coulson, C. A. Valence; Clarendon Press: Oxford, England, 1952; p. 128.

8 Pauling, L. ]. Am. Chem. Soc. 1932, 54, 3570.

¥ This idea was called the “postulate of the additivity of normal covalent bonds” by Pauling
(reference 30).

% The premise that covalent bonds between atoms with different electronegativity values are
stronger than the corresponding bonds between identical atoms is not always found to be true.
Benson (reference 67) pointed out that the reaction of Hg, with Cl, to produce 2 HgCl, is
endothermic by at least 10 kcal/mol.

8 Reddy, R. R.; Rao, T. V. R.; Viswanath, R. J. Am. Chem. Soc. 1989, 111, 2914.
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TABLE 1.12 Comparison of Electronegativity Values®

Atom Xp M Xspec Ko Vi
H 2.20 3.059 2.300 2.27 2.70
Li 0.91 1.282 0.912 0.94 0.75
Be 1.57 1.987 1.576 1.55 2.08
B 2.04 1.828 2.051 2.02 3.66
C 2.55 2.671 2.544 2.56 5.19
N 3.04 3.083 3.066 3.12 6.67
O 3.44 3.215 3.610 3.62 8.11
F 3.98 4.438 4.193 4.23 9.915
Na 0.93 1.212 0.869 0.95 0.65
Mg 1.31 1.630 1.293 1.32 1.54
Al 1.61 1.373 1.613 1.55 2.40
Si 1.90 2.033 1.916 1.87 3.41
P 2.19 2.394 2.253 222 4.55
S 2.58 2.651 2.589 2.49 5.77
@l 3.16 3.535 2.869 2.82 7.04
K 0.82 1.032 0.734 0.84 0.51
Ca 1.00 1.303 1.034 1.11 1.15
Br 2.96 3.236 2.685 2.56 6.13
I 2.66 2.880 2.359 2.27 5.25

“Values for yp, ym, and yspec are taken from the compilation of Allen (reference 95). Values for y,
are taken from reference 94. Values of V, are from reference 100.

arbitrarily set to 4.0, and the electronegativities of other atoms were then
determined (Table 1.12).

Da_p = vVDa_aDp_p +30 (AX)Z (1.27)

On the one hand, the concept of electronegativity has been called
“perhaps the most popular intuitive concept in chemistry.” * On the other
hand, it is difficult to determine precise values for electronegativity because a
set of electronegativity values amounts to “a chemical pattern recognition
scheme which is not amenable to direct physical measurement.” * Therefore,
a great variety of other approaches have been taken in describing and
quantifying electronegativity.

The Pauling electronegativity scale is inherently dependent on measure-
ments made on molecules, but there have been many attempts to define
electronegativity as an atomic property. Sanderson’s definition of electro-
negativity as “the effectiveness of the nuclear charge as sensed within an outer
orbital vacancy” of an atom suggests that some atomic properties should be
related to electronegativity.”? Mulliken introduced an electronegativity scale
(;xm) based on the average of the jonization potential (I) and electron affinity
(A) of atoms; that is, y=(I + A)/2.° (A greater electron affinity means a
greater attraction of an atom for an electron from outside the atom; a greater

0 Sen, K. D. in the Editor’s Note to reference 97.

1 Allen, L. C.; Egolf, D. A.; Knight, E. T.; Liang, C. J. Phys. Chem. 1990, 94, 5602 (quotation from
p. 5605).

%2 Sanderson, R. T. ]. Chem. Educ. 1988, 65,112, 227. See also Pauling, L. ]. Chem. Educ. 1988, 65, 375.
% Mulliken, R. S. J. Chem. Phys. 1934, 2, 782; 1935, 3, 573.
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ionization potential means a greater affinity of an atom for a nonbonded
electron localized on the atom.) Nagle introduced an electronegativity value
based on atomic polarizability.”* Allen proposed electronegativity values
based on the average ionization potential of all of the p and s electrons on an
atom.”>™” Domenicano and co-workers developed a set of group electro-
negativities based on the effect of a substituent on a benzene ring.”® Building
on a suggestion of Yuan,” Benson proposed another measure of electro-
negativity, V,, which is calculated by dividing the number of valence
electrons about an atom by its covalent radius.!® Thus, seven electrons in
the valence shell of a fluorine atom, divided by 0.706 A, gives a V, value of
9.915 for fluorine. Values of V, correlate well with a number of physical
properties.'®

Table 1.12 compares the electronegativity values reported by Pauling (yp),
Mulliken (ym), Allen (yspec), Nagle (3,), and Benson (V,)."°" The Pauling,
Allen, and Nagle values are usually quite similar, suggesting that the proper-
ties of atoms in molecules may indeed be related to the properties of isolated
atoms. However, while the Mulliken values are similar to the other values,
there are some differences, particularly for hydrogen. The Benson values are
likewise larger in magnitude, but (except for hydrogen) they generally
correlate well with the Pauling values.

Theoretical studies have offered additional perspectives on electronega-
tivity. Parr and co-workers'™ defined a quantity, u, as the “electronic
chemical potential,” which measures “the escaping tendency” of the electrons
in the system.'® The value of u is approximately the same as (I + A)/2, the
Mulliken electronegativity, so the value y\ has been termed absolute electro-
negativity.'® Closely related to the concept of electronegativity is the concept
of chemical potential, which is also given the symbol u and which is defined
as 0E/ON, where E is the energy of the system and N is the number of

% Nagle, J. K. J. Am. Chem. Soc. 1990, 112, 4741.

% Allen,L.C. J. Am. Chem. Soc. 1989, 111, 9003. Allen called this definition of electronegativity “the
third dimension of the periodic table.” For a summary, see Borman, S. A. Chem. Eng. News 1990
(Jan 1), 18. Also see Politzer, P.; Murray, J. S.; Grice, M. E. Collect. Czech. Chem. Commun. 2005, 70,
550; Murphy, L. R.; Meek, T. L.; Allred, A. L.; Allen, L. C. . Phys. Chem. A 2000, 104, 5867.

% For other treatments of electronegativity, see Boyd, R. J.; Edgecombe, K. E. J. Am. Chem. Soc.
1988, 110,4182; Bratsch, S. G. |. Chem. Educ. 1988, 65, 223; 11, K.; Wang, X.; Xue, D. J. Phys. Chem. A
2008, 112, 7894.

%7 For a summary of these electronegativity scales, see Mullay, J. in Sen, K. D.; Jorgensen, C. K.,
Eds. Electronegativity; Springer-Verlag: Berlin, 1987.

% Campanelli, A. R.; Domenicano, A.; Ramondo, F.; Hargittai, I ]. Phys. Chem. A. 2004, 108, 4940.
% Yuan, H. C. Acta Chim. Sin. 1964, 30, 341; cf. reference 100; Chem. Abstr. 1965, 62, 2253h.

10 1 yo, Y.-R.; Benson, S. W. J. Phys. Chem. 1988, 92, 5255; ]. Am. Chem. Soc. 1989, 111, 2480; ]. Phys.
Chem. 1989, 93, 3304. See also Luo, Y.-R.; Pacey, P. D. J. Am. Chem. Soc. 1991, 113, 1465 and
references therein; Luo, Y.-R.; Benson, S. W. Acc. Chem. Res. 1992, 25, 375.

191 Table 1.12 lists y values for atoms only, but it is also possible to calculate “group electro-
negativities” to take into account the net effect of a group of atoms. For a tabulation of group
electronegativities calculated by a variety of methods, see Bratsch, 5. G. J. Chem. Educ. 1985, 62,101.
As an example, the group electronegativity of the CH; group is about 2.3, while that for CF; is
about 3.5.

102 parr, R. G; Donnelly, R. A,; Levy, M.; Palke, W. E. J. Chem. Phys. 1978, 68, 3801.

1% Pearson, R. G. Acc. Chern. Res. 1990, 23, 1.
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electrons.'®1% Parr and co-workers defined
x=—H=—0E/dp (1.28)

where the energy is related to a theoretical treatment of electron density.'”
As a result of the many theoretical treatments, chemists now find them-
selves using one term to mean different things, since “the electronic chemical
potential, y, . .. is an entirely different chemical clluantity” from the concept of
electronegativity as the origin of bond polarity.'® As Pearson noted:

The fact that there are two different measures both called (electronegativity)
scales creates considerable opportunity for confusion and misunderstanding.
Since the applications are so different, it is not a meaningful question to ask
which scale is more correct. Each scale is more correct in its own area of use.'®

Usually we will use the term electronegativity in the sense originally
proposed by Pauling, but we must recognize the alternative meanings in
the literature. Moreover, we see that a simple idea that is intuitively useful in
understanding some problems of structure and bonding (e.g., dipole mo-
ments) may become more difficult to use as we attempt to make it more
precise. The next section will further illustrate this theme.

Complementary Theoretical Models of Bonding

The Lewis model for forming a chemical bond by sharing an electron pair
leads to a theoretical description of bonding known as valence bond theory
(VB theory).!” The key to VB theory is that we consider a structure to be
formed by bringing together complete atoms and then allowing them to
interact to form bonds. In molecular orbital theory (MO theory), on the other
hand, we consider molecules to be constructed by bringing together nuclei (or
nuclei and filled inner shells) and then placing electrons in orbitals calculated
for the entire array of nuclei.*® Therefore, MO theory does not generate
discrete chemical bonds. Rather, it generates a set of orbitals that allow
electrons to roam over many nuclei, perhaps an entire molecule, so it does
not restrict them to any particular pair of nuclei.

Both VB and MO theories utilize mathematical expressions that can
rapidly become complex, even for simple organic molecules. Moreover, VB
theory and MO theory are usually described with different symbols, so it can
be difficult to distinguish the similarities among and differences between
them. Therefore, it may be useful to consider first a very simple bonding
problem, the formation of a hydrogen molecule from two hydrogen atoms.
The principles will be the same as for larger molecules, but the comparison of
the two approaches will be more apparent in the case of H,.

The discussion that follows has been adapted from several
introductory texts on bonding, which may be consulted for more

104 pritchard, H. O.; Sumner, F. H. Proc. R. Soc. (London) 1956, A235, 136.
195 Jezkowski, R. P.; Margrave, J. L. . Am. Chem. Soc. 1961, 83, 3547.
106 Allen, L. C. Acc. Chem. Res. 1990, 23, 175.

%7 Here p is actually a functional, and the approach is known as density functional theory. For an
introduction, see (a) Parr, R. G.; Yang, W. Density-Functional Theory of Atoms and Molecules; Oxford
University Press: New York, 1989; (b) March, N. H. Electron Density Theory of Atoms and Molecules;
Academic Press: New York, 1991.

198 A summary of the development of VB theory and a discussion of the merits of VB and MO
theories was given by Klein, D. J.; Trinajsti¢, N. J. Chem. Educ. 1990, 67, 633.
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H,

details.'” Webegin with two isolated hydrogen atoms, as shown in Figure 1.6.
Each atom has one electron in a 1s orbital. We can write a wave equation for
the 1s orbital, since the hydrogen atom can be solved exactly in quantum
mechanics. Electron 1 is initially associated with hydrogen nucleus 4, and
electron 2 is associated with hydrogen nucleus b. Bringing the two atoms
together allows bonding to occur, as shown in Figure 1.6.

Now we want to write a wave equation that will mathematically
describe the electron distribution in the hydrogen molecule. The valence
bond method initially used by Heitler and London described one possible
wave function as'"’

¥, = ca(1)b(2) (1.29)

inwhich cis a constant, a(1) is the wave function for electron 1 in a 1s orbital on
hydrogen nucleus 4, and b(2) is the wave function for electron 2 in a 1s orbital
on hydrogen nucleus b. Since the electrons are indistinguishable, it should be
equally acceptable to write

W, = ca(2)b(1) (1.30)

Both descriptions are possible, so both need to be included in the wave
function for the molecule. Therefore, Heitler and London wrote that

Yvig = ca(1)b(2) +ca(2)b(1) (1.31)

In this case the constants are chosen so that the overall wave function is
properly normalized and made antisymmetric with respect to spin.

The molecular orbital approach to describing hydrogen also starts with
two hydrogen nuclei (7 and b) and two electrons (1 and 2), but we make no
initial assumption about the location of the two electrons.!® We solve (at least
in principle) the Schrodinger equation for the molecular orbitals around the
pair of nuclei, and we then write a wave equation for one electron in a
resulting MO:

Y, = C10(1)+C2b(1) (132)
Note that electron 1 is associated with both nuclei. Similarly,

¥, = cla(2)+czb(2) (133)

The combined MO wave function, then, is the product of the two one-electron
wave functions:

Ymo = V1 W2 = cia(1)a(2) + Sb(1)b(2) + creala(1)b(2) +a(2)b(1)]  (1.34)

1% For examples, see reference 9, p. 517 ff; Eyring, H.; Walter, ].; Kimball, G. E. Quantum Chemistry;
John Wiley & Sons: New York, 1944; p. 212 ff. The mathematics is described in some detail in
Slater, J. C. Quantum Theory of Molecules and Solids, Vol. 1. Electronic Structure of Molecules; McGraw-
Hill: New York, 1963.

% Heitler, W.; London, F. Z. Physik 1927, 44, 455.
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FIGURE 1.6

Formation of a hydrogen molecule
from two hydrogen atoms.
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We see that Wy is more complex than Wyg, and that, in fact, Wyg is
incorporated into Wuo. Specifically, the third term of Wyo is the same as Wyp
if the constants are made the same. What is the physical significance of the
differences in ¥y and ¥pmo? Pumo includes two terms that Wyg does not: a(1)
a(2) and b(1)b(2). Each of these terms represents a configuration (arrangement
of electrons in orbitals) in which both electrons are formally localized in
what had been a 1s orbital on one of the hydrogen atoms. Therefore,
these terms describe ionic structures. In other words, a(1)a(2) represents
a: b*, and b(1)b(2) represents a " b:". We now see that the MO treatment
appears to give large weight to terms that represent electronic configurations
in which both electrons are on one nucleus, while the VB treatment ignores
these terms.

Which approach is correct? Usually our measure of the “correctness” of
any calculation is how accurately it reproduces a known physical property.
In the case of H, a relevant property is the homolytic bond dissociation
energy. The simple VB calculation described here gives a value of 3.14eV
(72.4kcal/mol) for H, dissociation.'” The simple MO calculation gives
a value of 2.70eV (62.3kcal/mol). The experimental value is 4.75eV
(109.5kcal/mol).'% Obviously, neither calculation is correct unless one takes
order of magnitude agreement as satisfactory; in that case, both calculations
are correct.

It may seem reasonable that the MO method gives a result that under-
estimates the bond dissociation energy because the wave equation includes
patterns of electron density that resemble ionic species suchasa ™ b:~. Butwhy
is the VB result also in error? The answer seems to be that, while the MO
approach places too much emphasis on these ionic electron distributions, the
VB approach underutilizes them. A strong bond apparently requires that both
electrons spend a lot of time in the region of space between the two protons.
Doing so must make it more likely that the two electrons will, at some instant,
be on the same atom.''’ Thus, we might improve the accuracy of the VB
calculation if we add some terms that keep the electrons closer together
between the nuclei.

Similarly, we could improve the MO calculation by adding some terms
that would decrease the ionic character of the bonding orbital. If we include a
description of the hydrogen atoms in which the electron in each case has some
probability of being in an orbital higher than the 1s orbital, then excessively
repulsive interactions will become less significant in the final molecular
orbital."'? There are other changes we can make as well. Table 1.13 shows
how the calculated stability of H, varies according to the complexity of the
MO calculation.*!* Including 13 terms makes a major improvement. From
that point on almost any change decreases the stability of the calculated
structure almost as much as it increases it, but small gains can be won. An MO

! Colloquial terminology is used here to be consistent with the level of presentation of the
theory.

2 This procedure is called configuration interaction; cf. Coffey, P.; Jug, K. . Chem. Educ. 1974, 51,
252. See also Coulson, C. A.; Fischer, I. Philos. Mag. 1949, 40, 386.

13 (a) Data from McWeeny, R. Coulson’s Valence, 3rd ed.; Oxford University Press: Oxford,
England, 1979; p. 120 and references therein. (b) See also Davis, J. C., Jr. Advanced Physical
Chemistry; Ronald Press: New York, 1965; p. 426.

1% For additional references, see King, G. W. Spectroscopy and Molecular Structure; Holt, Rinehart
and Winston: New York, 1964; p. 149.
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TABLE 1.13 Calculated Values for H, Stability

Calculation Method DE (calc.)
Simple valence bond theory 3.14 eV
Simple molecular orbital theory 270 eV
James—Cooledge (13 parameters) 472 eV
Kolos—Wolniewicz (100 terms) 4.7467 eV
Experimental value 4.7467 eV

Source: Reference 113.

equation with 50 terms does quite well. Similarly, a VB calculation with alarge
number of terms can also produce an answer that is within experimental error
of the measured value. If enough terms are included, therefore, the two

methods can produce equivalent results.

85,115

There are several conclusions to be drawn from this analysis:

1.

2.

Neither simple VB theory nor simple MO theory produces a value for the
dissociation energy (DE) that is very close to the experimental value.

Both VB and MO theories can be modified to produce more accurate
results. Even for a simple molecule such as H,, however, many terms
may be required to produce an acceptable value for the property of
interest.

More important for our purposes here are the following conclusions:

3.

Asboth simple VB theory and simple MO theory are modified to give a
more accurate result, they must necessarily produce more nearly
equivalent results. In that sense they must become more like each
other, and the modifications may make their theoretical bases more
nearly equivalent as well.

. Both simple VB theory and simple MO theory should be regarded only

as approaches for the calculation of molecular properties, not as final
answers. They should be viewed as complementary initial models for
computational chemistry, not as depictions of reality.

This last point was emphasized by Shaik and Hiberty:

A modern chemist should know that there are two ways of describing
electronic structure. . . [that are] not two contrasting theories, but rather two
representations or two guises of the same reality. Their capabilities and

insights into chemical problems are complementary.. ..

116

Why then don’t we just talk about high level theoretical calculations and
ignore the simple theories? The elementary theories are useful to us because
they provide good conceptual models for the computational process. We can
visualize the interactions represented by equation 1.34, as well as the physical
situation suggested by equation 1.31. It is much more difficult for us to
envision the interactions involved in a 50- or 100-term wave function,
however. As the accuracy of the model is increased, its simplicity is decreased.

15 Kolos, W.; Wolniewicz, L. J. Chem. Phys. 1968, 49, 404.
18 Shaik, S.; Hiberty, P. C. Helv. Chim. Acta 2003, 86, 1063.
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FIGURE 1.7
Combination of atomic hydrogen

orbitals to produce molecular

hydrogen.
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H,

We must choose the model that is sufficiently accurate for our computational
purposes, yet still simple enough that we have some understanding of what
the model describes. Otherwise the model is a black box, and we have no
understanding of what it does. Perhaps we do not even know whether the
answers it produces are physically reasonable.

Pictorial Representations of Bonding Concepts

The MO and VB methods described above illustrate the use of mathematical
models in chemistry. Chemists often use other, nonmathematical models
to depict the results of calculations in schematic or pictorial form. Continuing
the example of H,, we represent the combination of two atomic hydrogen
1s orbitals to make two new molecular orbitals, the familiar ¢ and ¢*
orbitals (Figure 1.7). The vertical arrow on the left in Figure 1.7 indicates
that the o and ¢* orbitals differ in energy, the e MO being lower in energy than
the original hydrogen 1s orbitals, and the ¢* orbital being higher in energy.'"”
The o orbital is a bonding orbital, and population of the ¢ MO with two
electrons produces a stable H, molecule. On the other hand, ¢* is an anti-
bonding orbital, and population of this orbital with an electron destabilizes
the molecule.

Let us apply this pictorial representation of bonding to one of the
fundamental concepts in organic chemistry—the bonding of methane. We
usually begin with the atomic orbitals of the carbon atom and then consider

Y7 This figure is somewhat stylized, since it shows the o and ¢* orbitals symmetrically displaced
above and below the energy of the initial hydrogen 1s orbitals. In fact, the ¢* should be more
antibonding than the o orbital is bonding. For details, see Albright, T. A.; Burdett, J. K.; Whangbo,
M.-H. Orbital Interactions in Chemistry; Wiley-Interscience: New York, 1985; p. 12 ff. In addition,
Willis, C.J. J. Chem. Educ. 1988, 65, 418 calculated that the H-H bond energy is only about 19% of
the energy gained by moving two electrons from hydrogen 1s orbitals to the H, ¢ bonding orbital.
The other 81% of that energy is consumed in offsetting electrical repulsion within the molecule.
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the four hydrogen atoms. We represent the energies of the orbitals of atomic
carbon as shown in Figure 1.8. Each horizontal line represents the energy
associated with a particular atomic wave function calculated from quantum
mechanics. The small arrows represent electrons, and the direction of
each arrow indicates the spin quantum number of the electron it
represents. We know that we may put no more than two arrows on
each horizontal line (i.e., two electrons in the same atomic orbital), and
then only if the arrows point in opposite directions (meaning that the two
electrons have paired spins).

If we combine the energy level diagram for carbon with the bonding
model shown schematically in Figure 1.7, we can construct a representation
of a one-carbon hydrocarbon in which each unpaired electron in a 2p orbital
on carbon is paired with an electron from a hydrogen atom to form a C-H
bond (Figure 1.9). While this result is the logical extension of the bonding
model illustrated in Figure 1.8, it clearly is not correct. There is abundant
experimental data indicating that methane has the molecular formula CHy,,
not CH,.

The sp® Hybridization Model for Methane

Once a model is fixed in our minds, we find it almost impossible to discard
or ignore it unless another model is available to take its place. Instead,
models are almost always modified to fit new data—and that is what
we do here. We use the concept of hybridization to change our mental
picture of the atomic orbitals of carbon to a more useful one. The procedure
was described by Pauling and has been discussed by a number of
authors. %121

Beginning with the unhybridized carbon orbitals in Figure 1.10(a), we
promote an electron from a 2s orbital to a 2p orbital, as shown in Figure 1.10(b).
Then we combine the s and p orbitals to produce four sp hybrid orbitals that
are equal in energy, as shown in Figure 1.10(c)."**"*** Promotion of the
electron requires about 96kcal/mol, but this is more than offset by the
additional stabilization (about 200 kcal/mol) gained by forming two addi-
tional C-H bonds.'® The wave functions of the hybrid orbitals (where Cy;
represents the wave function for a 2s orbital on carbon, etc.) are shown in
equations 1.35-1.38.1%

18 (a) Pauling, L. . Am. Chem. Soc. 1931, 53, 1367; reference 30, p. 118; (b) See also Slater, J. C. Phys.
Rev. 1931, 37, 481.

119 Compare Hsu, C.-Y.; Orchin, M. J. Chem. Educ. 1973, 50, 114.
120 Root, D. M.; Landis, C. R.; Cleveland, T. J. Am. Chem. Soc. 1993, 115, 4201.

12! For a reconsideration of the concept of hybridization, see Magnusson, E. J. Am. Chem. Soc. 1984,
106, 1177.

122 Matteson, D. S. Organometallic Reaction Mechanisms of the Nontransition Elements; Academic
Press: New York, 1974; p. 5.

123 Ogilvie, J. F. J. Chem. Educ. 1990, 67, 280.

'** Strictly speaking, there are hybridized orbitals but not hybridized atoms. However, organic
chemists frequently use the term “sp®-hybridized carbon” to refer to a carbon atom with sp® hybrid
orbitals.

125 Gee the discussion in Hameka, H. F. Quantum Theory of the Chemical Bond; Hafner Press: New
York, 1975; p. 216 ff.

126 Bernett, W. A. J. Chem. Educ. 1969, 46, 746.
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FIGURE 1.8

Energy levels of atomic carbon
orbitals.
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FIGURE 1.9

A bonding model of “methane”
as CH,.
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Hybridization of carbon orbitals to T1 1 1
produce sp? hybridized orbitals. l s H ‘ s H ' s H
¢Sp?]) = %(C2s + Czpv‘_ + Czpv\b + Czp:) (1 35)
d)Sp?z) = ;(CZS + CZP«\'_C2PV —Czp:) (136)
qbspf]) = %(CzAv—Czpv\ + C2py_C2p:) (1.37)
¢sp?A) = %(Czs—csz-Cbpy + Czp:) (1.38)

Figure 1.11 shows the contours of one of the sp® orbitals as well as those of
carbon 2s, 2p, sp, and sp* hybrids."”” Each of the sp® orbitals in equations
1.35-1.38 has a large lobe and a small lobe. The two lobes have a different
mathematical sign, and the four large lobes point toward the corners of a
regular tetrahedron.'*® Now we can describe methane as CH, by combining
each of the four carbon sp® hybrid orbitals with a 1s orbital on hydrogen. A
qualitative energy diagram for the process is shown in Figure 1.12. The four

2p

FIGURE 1.11

Sizes and shapes of carbon atomic
and hybrid orbitals.

177 The orbital contours were generated with CAChe™ visualization software.

128 The shapes of these orbitals are quite different from the representations shown in many
chemistry textbooks. Compare Allendoerfer, R. D. J. Chem. Educ. 1990, 67, 37.
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sp° hybrid orbitals point to the corners of a tetrahedron, which is consistent

with CH, having tetrahedral geometry (Figure 1.13).%1% H
It is important to note in this discussion that we hybridize the atomic /k’
orbitals to produce a different model. As Ogilvie noted, H éH
According to Coulson’s Valence, “hybridization is not a physical effect but loy=1.091 A
merely a feature of [a] theoretical description”. . .. Despite the fact that many
authors of textbooks of general chemistry have written that CHy has a FIGURE 1.13

tetrahedral structure because of sp® hybridization, there neither exists now,
nor has ever existed, any quantitative experimental or theoretical justification
of such a statement.'****’

In addition, Matteson noted that

Hybridization is not something that atoms do or have done to them. It is
purely a mental process gone through by the chemist, who wants to group
atomic orbitals according to their symmetry properties so he can talk about
one localized bond and ignore the rest. Hybridization does not change the
shape of the electron distribution in any atom.'??

Are There sp® Hybrid Orbitals in Methane?

The hybridization concept is so ingrained in organic chemistry that we
often use the concepts of sp> hybridization and tetrahedral geometry inter-
changeably."® We will now discuss one important experimental technique
that will cause us to rethink what we have said about methane. The technique

122 We usually write the bond angle as 109.5°. Mathematically, it is 109° 28/, which corresponds to
109.47°. A method for the calculation of sp, sp?, and sp° interorbital angles was given by Duffey, G.
H. J. Chem. Educ. 1992, 69, 171.

130 Eor a rebuttal of this view, see Pauling, L. ]. Chem. Educ. 1992, 69, 519.

Experimental geometry of
methane.
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FIGURE 1.14

Energy relationships in photoelec-
tron spectroscopy.
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is photoelectron spectroscopy (PES), which is used to probe the energy levels
that electrons occupy within molecules.®'®? The essence of PES is the
measurement of the energies of electrons that have been ejected from mo-
lecules or atoms by high energy photons (light). As shown in Figure 1.14, the
difference between the energies of the electrons (energy out) and the energy of
the photons causing the displacement (energy in) is taken to be a measure of
the binding energy holding the electrons in the molecule or atom. The higher
the energy level from which an electron is removed, the less is its binding
energy, and the greater will be its kinetic energy. This relationship is shown in
equation 1.39, where hv is the energy of the photon, T is the kinetic energy of
the electron ejected from the molecule, and Eg is the binding energy of the
electron in the molecule. Based on Koopmans’ theorem, we associate the
number and position of binding ener§y levels in a structure with the energies
of its atomic or molecular orbitals."

hv = T+ Eg (1.39)

Figure 1.15 shows a PES spectrum of methane.’* One peak at very high
binding energy (>290eV) is characteristic of molecules with electrons in
carbon 1s orbitals. However, there are two peaks at lower energy: one at
23.0eV and one at 12.7eV. Therefore, we are led to the conclusion that the
electrons in methane are in three different energy levels, one energy level
corresponding to the carbon 1s electrons, and two different energy levels
corresponding to the other electrons in the molecule. It is somewhat difficult
to reconcile this experimental result with an intuitive bonding model in which
methane is constructed of four equivalent C(sp*)-H(1s) bonds produced by
overlap of four equivalent sp® hybrid orbitals on a carbon atom with four
hydrogen 1s orbitals (Figure 1.12).

1 A related procedure is called electron spectroscopy for chemical analysis (ESCA). For a
discussion of PES, ESCA, and similar techniques, see Baker, A. D.; Brundle, C. R;; Thompson, M.
Chem. Soc. Rev. 1972, 1, 355; Baker, A. D. Acc. Chem. Res. 1970, 3, 17. Another technique, Auger
spectroscopy, is discussed in reference 133.

132 Bock, H.; Mollere, P. D. J. Chem. Educ. 1974, 51, 506; Baker, A. D. Acc. Chem. Res. 1970, 3, 17;
Ballard, R. E. Photoelectron Spectroscopy and Molecular Orbital Theory; John Wiley & Sons:
New York, 1978.

133 For a discussion of the application of Koopmans’ theorem in PES, see Albridge, R. G. in
Weissberger, A.; Rossiter, B. W., Eds. Physical Methods of Chemistry, Vol. I, Part IlID; Wiley-
Interscience: New York, 1972; p. 307.

134 Hamrin, K.; Johansson, G.; Gelius, U.; Fahiman, A.; Nordling, C.; Siegbahn, K. Chem. Phys. Lett.
1968, 1, 613.
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One important aspect of MO theory—the concept of symmetry-correct
molecular orbitals—not only makes it possible to explain this experimental
result but, in fact, requires it. A fundamental property of molecular orbitals
is that they have the full symmetry of the basis set of atomic orbitals used
to generate the molecular orbitals.'*® This means that the molecular
orbitals must be either symmetric or antisymmetric with respect to the
symmetrg operations provided for by the symmetry group of the atomic
orbitals.’* If we consider each C-H o bond formed by overlap of an sp® orbital
on a carbon atom with a 1s orbital on a hydrogen atom to be an MO, then
clearly each of these MOs lacks the full symmetry of the basis set of s and p
atomic orbitals.

There are two ways to correct our treatment of methane by inclusion of
symmetry-correct MOs. The first approach is to consider the descriptions of
C-H bonds to be localized molecular orbitals (LMOs)—that is, molecular
orbitals that have electron density on only a portion of a molecule. We can
then consider these LMOs to be the basis set of orbitals for a new MO
calculation to determine the symmetry-correct, delocalized MOs for the

135 The term basis set refers to the set of atomic orbitals used to construct the molecular orbitals.

136 The terms symmetric and antisymmetric mean that the result of any symmetry operation will be
an orbital of the same type and in the same location as before the transformation. If the orbital is
symmetric with respect to that transformation, then the orbital produced will also have + and —
lobes in the same locations as before; if the orbital is antisymmetric, then the resulting orbital will
have + lobes where — lobes were, and vice versa. All MOs must be either symmetric or
antisymmetric. If a symmetry operation that corresponds to an element of symmetry of the
basis set of atomic orbitals transforms a lobe to a position in space in which there was not a lobe
beforehand, that MO is said to be asymmetric (without symmetry) and is not allowable as a
symmetry-correct MO for the molecule. These topics will be discussed in more detail in Chapters
4 and 11.

FIGURE 1.15

PES spectrum of methane.
(Adapted from reference 134.)
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FIGURE 1.16

Mixing of atomic orbitals on car-
bon with hydrogen 1s orbitals
to make molecular orbitals of
methane. (Adapted from reference
138.)
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molecule. 2137713 The second, more direct approach is to calculate deloca-
lized methane molecular orbitals directly from the unhybridized orbitals: a
carbon 2s orbital, three carbon 2p orbitals, and four hydrogen 1s orbitals. Both
procedures produce four delocalized molecular orbitals, each of which has
the full symmetry of the original basis set of tetrahedral methane.'*

The resulting molecular orbitals for methane are listed in equa-
tions 1.40-1.43, where H, is the hydrogen 1s orbital on hydrogen 1, and so
on.'*® Figure 1.16 shows a qualitative MO energy level diagram, and Fig-
ure 1.17 represents the three-dimensional electron contour plot for the
orbitals.'*! We see that one MO (¢;) represents a bonding interaction of the
carbon 2s orbital with all four of the hydrogen 1s orbitals, while the other
orbitals each have both bonding and some antibonding interactions. There-
fore, ¢, is lower in energy than the other three. These figures make clear that
there are two different energy levels for the bonding electrons, so two PES
bands would be predicted. We conclude, therefore, that the customary view
of sp® hybridization, while useful for predicting geometries, does not provide
the most direct explanation for the PES results.

137 Flurry, R. L., Jr. J. Chem. Educ. 1976, 53, 554; Cohen, L.; Del Bene, J. J. Chem. Educ. 1969, 46, 487.
138 Hoffman, D. K.; Ruedenberg, K.; Verkade, J. G. J. Chem. Educ. 1977, 54, 590.

3% Dewar, M. J. S.; Dougherty, R. C. The PMO Theory of Organic Chemistry; Plenum Press: New
York, 1975; p. 21 ff.

0 Note that the four molecular orbitals are not tetrahedral in shape. Rather, each is either
symmetric or antisymmetric with respect to the symmetry operations of the T, point group.
! Graphics with semiempirical MO calculations using a CAChe"™ WorkSystem. For a more
complete discussion of the molecular orbitals of methane, see Jorgensen, W. L.; Salem, L. The
Organic Chemist’s Book of Orbitals; Academic Press: New York, 1973; p. 68.
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¢, = 0.545 Cp, +0.272(H, + H, + H; + Hy) (1.40)
¢ = 0.545 Cyp, +0.272 (H, + H,—H; —H,) (1.41)
3 = 0.545 Cyp, +0.272(H; —H, + H;—Hy) (1.42)
¢4 = 0.545 Cop_+0.272(H,~H, —H; + Hy) (1.43)

We must now address a fundamental question. Are there C-H bonds in
methane? The answer from MO theory is clearly no. Population of the four
bonding molecular orbitals with four pairs of electrons leads to a bonding
interaction among the carbon atom and all of the hydrogen atoms (not just
between carbon and the individual hydrogens). Thus, we should say that there
is bonding in MO theory, but there are not distinct bonds formed by separate
electron pairs localized between two atoms.

It is important to recognize that this conclusion is not a repudiation of
valence bond theory.!*? As Shaik and Hiberty pointed out, a correct valence
bond theory description of the bonding in methane produces a result that is
entirely consistent with the PES result.''® Rather, the PES result is a reminder
that illustrations of C—H bonds formed by overlap of hydrogen 1s and carbon
sp® orbitals should not be considered pictures of reality.

Valence Shell Electron Pair Repulsion Theory

We have seen that the tetrahedral shape of methane is consistent with a
bonding model based on sp® hybrid orbitals on carbon. We should not
conclude, however, that the geometry is a result of sp® hybridization. We

142 Pauling argued that the photoelectron spectrum of methane is consistent with sp® hybridiza-
tion for methane. Pauling, L. . Chem. Educ. 1992, 69, 519. See also the discussion by Simons, J. J.
Chem. Educ. 1992, 69, 522.

FIGURE 1.17

Bonding MOs for methane.
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FIGURE 1.18

Experimental geometry of
ethane.
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could have predicted the geometry just as well from the Lewis structure of
methane simply by using valence shell electron pair repulsion (VSEPR)
theory.'**% The VSEPR method does not require the use of atomic or
molecular orbitals; it is simply a solution to a problem in which the mutually
repulsive points (electron pairs) are arranged as far apart from each other as
possible on the surface of a sphere.'*

To use the VSEPR theory to predict the geometry of methane, we simply
ask the following question: What is the most stable arrangement for four
pairs of electrons bonded to a central atom? The tetrahedral arrangement
provides for the maximum distance between each electron pair and the
other three electron pairs, so we expect this arrangement to be the most
stable.'*” A simple method to calculate the bond angles of the resulting
regular tetrahedron was pointed out by Ferreira.'*® Methane does not have a
molecular dipole moment, even though each C-H bond might be slightly
polar. Any bond dipole moment corresponding to one C-H bond aligned
with the x-axis must therefore be canceled by the vector sum of the
projections of the other three C-H bond dipole moments along the x-axis.
Thus, the cosine of an H-C-H bond angle must be 1/3, so the bond angle
must be 109°28'.

The VSEPR approach can easily be extended to ethane. Since each carbon
atom has four substituents and since the electronegativity of carbon is close to
that of hydrogen, we would predict the local geometry about each carbon
atom to be tetrahedral as in methane. The H-C-H bond angles at each carbon
atom should remain 109.5°, as should the H-C—C bond angles. The C-C bond
would be longer than the C-H bonds because the covalent radius of a carbon
atom is greater than that of a hydrogen atom. This prediction is consistent
with the experimental geometry reported for ethane, as shown in
Figure 1.18.%

Now let us consider methyl chloride. The covalent radius of chlorine
(Table 1.2) is about 0.22A greater than that of carbon, so the C—Cl bond
distance should be about 1.76 A. Thus, we predict the molecular geometry of
methyl chloride to be as shown in Figure 1.19(a). Spectroscopic data suggest,
however, that the structure is like that shown in Figure 1.19(b). 29149 While the
C—Clbond length is reasonable, the H-C-H bond angle is greater than 109.5°,
and the H-C—CI angle is smaller than 109.5°.

We can rationalize the difference between prediction and experiment
with VSEPR theory by noting that the electronegativity of chlorine is
greater than that of carbon (Table 1.12). In a methane C-H bond, the carbon
atom and the hydrogen atom attract the electron pair approximately equally.
In CH;Cl, however, the electrons in the C—Cl bond will be pulled toward the

3 For a discussion of VSEPR, see Gillespie, R.J. ]. Chem. Educ. 1963, 40, 295; Bent, H. A. Chent. Rev.
1961, 61, 275; Burdett, J. K. Chem. Soc. Rev. 1978, 7, 507. See also reference 8.

4% Gillespie, R. J. Chem. Soc. Rev. 1992, 21, 59.
145 Hall, M. B. J. Am. Chem. Soc. 1978, 100, 6333.

146 The model may be more intuitively useful if we visualize the electron points as three-
dimensional objects with shapes similar to those calculated for hybrid atomic orbitals. See
Gillespie, R. J. ]. Chem. Educ. 1963, 40, 295.

47 The origin of the repulsion is thought to result from the Pauli exclusion principle and not from
Coulombic repulsion of the electron pairs. For a discussion, see Allen, L. C. Theor. Chim. Acta
(Berlin) 1972, 24, 117.

18 Ferreira, R. J. Chem. Educ. 1998, 75, 1087.

149 Gee also Wiberg, K. B. J. Am. Chem. Soc. 1979, 101, 1718 and references therein.
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(a) Predicted (b) Experimental
Cl Cl1
fe—1.76 A 1781 A
H \H 1004 H' (H 1004 FIGURE 1.19
<H—C—H=ca 1095° <H—C—H=10%52 (a) Qualitative prediction of CH3Cl
<H—C—Cl = ca. 109.5° <H—C—Cl = 108°0’ geometry. (b) Experimental data.

chlorine atom and away from the carbon atom. In terms of VSEPR theory,
points on a sphere representing pairs of electrons used for bonding to
electronegative groups can be considered less repulsive to other points
(electron pairs) than are points corresponding to bonds to less electronegative
atoms.** This should decrease the C1-C—H bond angle, as is observed. In turn,
the carbon atom will pull electron density from the hydrogen atoms attached to
it. Since electron density associated with the C—H bonds has been increased
near the carbon nucleus, the repulsion between pairs of C-H bonds is now
increased, at least by comparison with C—H bond repulsion by the C—Cl bond.
Therefore, the H-C-H bond angle is expanded relative to that of methane.

Variable Hybridization and Molecular Geometry

The qualitative VSEPR explanation of the geometry of methyl chloride can
be made quantitative by a modification of the concept of hybridized atomic
orbitals (Figure 1.20). Because methyl chloride is less symmetric than
methane, we envision the hybrid orbitals on carbon to be different in
energy.'” Carbon 2p orbitals are higher in energy than 2s orbitals (Figure 1.8)
because electrons in a 2p orbital are further from the carbon nucleus than
electrons in a 2s orbital. Because the chlorine will pull some electron density
away from the less electronegative carbon atom, these electrons will be
further from the carbon nucleus and will best be described as being in an
orbital having less s character and more p character than sp.'>'™1%% As
a result, there must be more s character in the carbon orbitals used for
the three C—H bonds, so the H-C-H bond angles are expanded from 109.5°
to 110.5°.

To make this bonding description quantitative, it is useful to describe an
sp” orbital in terms of its hybridization index, n, and its hybridization
parameter, A, defined as 4>=n. Now the fractional s character of the ith
orbital is given by the expression 1/(1 + 47).2**!%° For example, the fraction of

150 Eor further reading, see (a) Breslow, R. Organic Reaction Mechanisms, 2nd ed.; W. A. Benjamin:
Menlo Park, CA, 1969; p. 3; (b) Coulson, C. A;; Stewart, E. T. in Patai, S., Ed. The Chemistry of
Alkenes, Vol. 1; Wiley-Interscience: London, 1964; p. 98 ff.

'*! The fundamental principle is that the more s character in a carbon orbital, the more electro-
negative is that orbital: Walsh, A. D. Discuss. Faraday Soc. 1947, 2, 18; . Chem. Soc. 1948, 398.
52 Bent, H. A. Chem. Rev. 1961, 61, 275.

153 The lower energy of s orbitals results because their average distance from the nucleus is less
than is the average distance from the nucleus for p orbitals of the same principal quantum number.
See reference 118a.

1% Coulson, C. A. J. Chem. Soc. 1955, 2069.

155 (a) Mislow, K. Introduction to Stereochemistry; W. A. Benjamin: New York, 1966; pp. 13-23; (b)
reference 113a, p. 195 ff.
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lsH

FIGURE 1.20

Hybridization of carbon pro-
posed for CHsCl.
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s character of an sp® hybrid orbital is 1/(1 + 3)=1/4. Since the total s
character of all the hybrid orbitals must sum to 1, equation 1.44 holds:

1
Zl——qzl (1.44)
+ 3

i

Similarly, the total p character of the hybrid orbitals must equal the number of
p orbitals involved in the hybridization. For an sp>-hybridized carbon,
equation 1.45 applies, where 4°/(1 + 47) is the fractional p character of the
ith hybrid orbital.

> 4 =3 (1.45)
(1+2) '

i

Hybridization parameters can be related to molecular geometry. The
interorbital angle 6,, between hybrid orbitals from carbon to atom 2 and to
atom b can be determined from equation 1.46."* If atoms a and b are identical,
then equation 1.47 applies.

1+ AApco80, =0 (1.46)

14 42cosf,, =0 (1.47)

Note that these equations predict that the interorbital angle will increase with
greater s character, which is consistent with the increase in bond angle from
109.5° to 120° to 180° as the hybridization changes from sp® to sp® to sp,
respectively.

For a monosubstituted methane such as methyl chloride, denoted here as
CA;B, there are only two differentbond angles: 8,,, and 8,,,.. They are related by
the expression'®”

3sin?0,, = 2 (1—cosf,,) ‘ (1.48)
so knowledge of only one of these bond angles is sufficient to calculate the
other. In the case of methyl chloride, the H-C-Cl bond angle is 108°, so we can
calculate the H-C-H bond angle.

3sin%6,
2

COSBaa =1- (149)

We find that 6,, =110.5°. The value of )tf, can now be calculated from the
formula
2 1

A== =2.8 .
“ cos 8y, 0 (1.50)

15 For strained molecules, such as those with small rings, the interorbital bond angle may not be
the same as that of the internuclear bond angle. See the discussions of bent bonds later in this
chapter.

157 1f there are two sets of identical ligands, CA,B,, there will be three bond angles: 8,4, 8.5, and 6.
They are related by the formula cos 8., = — cos 28,, cos 26y, For further details and examples, see
reference 155a.
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Thus, the orbitals used to bond hydrogen to carbon in methyl chloride are
spz'so. Since the total s character in all four orbitals to carbon must sum to 1.00,
equation 1.51 holds.

1 1
3 =1 1.51
<1+2.80)jL 1+ 4} (151)

Rearranging equation 1.51 and solving for 12 gives a value of 3.75. Therefore,
the C-Cl bond uses a sp>”” hybrid orbital on carbon.

The association of tetravalent carbon with sp® hybridization is so en-
trenched in organic chemistry that it may be surprising that C—-C-C bond
angles are 109.47° only for carbon atoms with four identical substituents. The
C-C-Cangle of propane is 112.4°,'*® and the C-C-C angles in pentane, hexane,
and heptane are similar.'® A survey of 3431 X-ray crystallography measure-
ments by Boese, Schleyer, and their co-workers revealed a range of C-C-C
bond angles from 74.88° to 159.66°, with the mean being 113.5° +4.5°.'¢°
These researchers also demonstrated that the mean angle C—C-X in a series
of ethyl derivatives varies with the electronegativity of the group X, with
compounds having a more electronegative X (e.g., F, OH) having smaller
c-c_;é—lx angles than compounds with less electronegative X groups (e.g., Na,
Li).

Now let us consider CH,Cl,. Myers and Gwinn determined from the
microwave spectra of isotopically substituted methylene chloride that the
C-Cl distance is 1.772 A and the C-H distance is 1.082 A. The CI-C—Cl angle
was determined to be 111°47', while the H-C-H angle was found to be
112°0".1%? Using equation 1.50, we calculate 12, to be 2.69, so the C-Clbonding
uses a carbon orbital that is an sp>® hybrid. Using equation 1.44, we calculate
J4; to be 3.37. That corresponds to an H-C~H angle of 107°, but the experi-
mental value is 112°. Clearly, there is an inconsistency between the experi-
mental values and our expectation based on the principles of variable
hybridization.

One approach to this problem is to reexamine our intuitive model of a
covalent bond as a straight line between two atoms. We must consider the
possibility that the C-Cl or C-H bonds (or both) may actually be curved.'®®
Figure 1.21 shows the proposed curved bond structure for CH,Cl,. We can
reconcile the apparent conflict between geometry and hybridization para-
meters if we define the internuclear bond angle to be the angle measured by
the shortest distance between pairs of nuclei and define the interorbital bond
angle to be the angle the hybrid orbitals make as they leave the carbon atom.
The experimental geometry provides internuclear bond angles, while the

%8 Lide, D. R., Jr. J. Chem. Phys. 1960, 33, 1514.

1% Bonham, R. A.; Bartell, L. S.; Kohl, D. A. J. Am. Chem. Soc. 1959, 81, 4765.

160 Boese, R;; Blaser, D.; Niederpriim, N.; Nisse, M.; Brett, W. A.; Schleyer, P. v. R;; Buhl, M,;
Hommes, N. J. R. v. E. Angew. Chem. Int. Ed. Engl. 1992, 31, 314.

161 Because the C—C—X bond angle also varied with rotation about the C-Xbond, electronegativity
was judged not to be the only determinant of bond angles. A role was also described for
hyperconjugation, a concept that will be discussed in later chapters.

162 Myers, R. J.; Gwinn, W. D. J. Chem. Phys. 1952, 20, 1420.

163 Analternative possibility is that the hybrid orbitals in CH,Cl, involve some d orbital character,
but Myers and Gwinn (reference 162) discounted this possibility because of the much higher
energy of d orbitals.

39

Cl
P
H-..» ~Cl
(
H
FIGURE 1.21

Curved bond representation of

CHCl,.



40
H
N
C——F
H-/
H
FIGURE 1.22

Curved bond paths suggested
for CHsF. (Reproduced from re-
ference 167.)

FIGURE 1.23

Relationship between internuc-
lear and interorbital angles in
cyclopropane. (Adapted from
reference 150a.)
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variable hybridization analysis considers interorbital bond angles. Thus, the
H-C-H and CI-C-Cl internuclear angles could both be greater than 109°, but
the interorbital angles could still be 107°.

Curved bonds have also been proposed for CH3F. Because of the greater
electronegativity of fluorine than chlorine, we might expect the C-F bond to
utilize even more p character on carbon than does the C—Cl bond in CH3CL
This should decrease the H-C-F bond angle even more than the H-C-Cl
angle in CH;Cl. However, the H-C-F bond angle in CH3F is found to be
108.9°.'%* Wiberg and co-workers have explained this apparent anomaly by
suggesting that there is considerable curvature in the C-H bonds, as shown in
Figure 1.22.'6%1% The H-C-F angle made by the C-F bond path and by one
of the C-H bond paths as they leave the carbon atom is estimated to be 106.7°,
which is, as expected, smaller than the H-C-Cl bond angle in methyl
chloride.'®”1%®

The idea of curved bonds in methylene chloride and methyl fluoride
may seem unfamiliar, but this exglanation has long been invoked to
describe bonding in cyclopropanoe.l6 The experimental values for the C-C
and C-H bond lengths are 1.510 A and 1.089 A, respectively, and the H-C-H
angle is 115.1°."7° The hybridization of the orbital on carbon used for C~-H
bonding is computed to be sp*>¢, making the hybridization used for C-C
bonds sp2'69. In turn, that value predicts a C-C-C interorbital value of 111 80171
Since this is considerably larger than the 60° internuclear angle required for an
equilateral triangle, we conclude that the orbitals used for C-C bonding
overlap considerably outside the internuclear lines (the dashed lines in
Figure 1.23).

The hybridization parameter is useful as a tool to describe molecular
bonding, but it is not a parameter that can be measured directly. It can be
determined indirectly, however, through the study of physically observable
values that correlate with it.'”* It is generally accepted that NMR coupling
constants involving hydrogen depend on the close approach of an electron to
the nucleus and so provide a measure of the density of bonding electrons at
the nucleus.'”® Since s orbitals but not p orbitals have electron density at the
nucleus, the coupling constant is a probe of the s character of the bond at the
two nuclei in the C-H bond. Equation 1.52 shows a useful empirical relation-

164 Clark, W. W.; De Lucia, F. C. J. Mol. Struct. 1976, 32, 29.

16% The curved bond line follows the path of maximum electron density from one atom to another
and is known as a bond path. See Runtz, G. R.; Bader, R. F. W.; Messer, R. R. Can. |. Chem. 1977, 55,
3040. For a discussion, see Krug, J. P.; Popelier, P. L. A.; Bader, R.F. W.]. Phys. Chem. 1992, 96, 7604.

166 Wiberg, K. B. Acc. Chem. Res. 1996, 29, 229.

167 Wiberg, K. B.; Hadad, C. M.; Breneman, C. M.; Laidig, K. E.; Murcko, M. A.; LePage, T.]. Science
1992, 252, 1266.

198 For a discussion of theories concerning the stability and geometry of carbon atoms with two,
three, or four fluorine substituents, see Wiberg, K. B.; Rablen, P. R. ]. Am. Chem. Soc. 1993, 115, 614.

'%° For a leading reference to some theoretical treatments for the bonding in cyclopropane, see
Hamilton, J. G.; Palke, W. E. J. Am. Chem. Soc. 1993, 115, 4159.

170 Bagtiansen, O.; Fritsch, F. N.; Hedberg, K. Acta Crystallogr. 1964, 17, 538.

'7! The bond path angle for the C-C-C bonds in cyclopropane was determined to be 78° on the
basis of the theory of atoms in molecules (reference 38).

172 For a discussion and references, see Ferguson, L. N. Highlights of Alicyclic Chemistry, Part 1;
Franklin Publishing Company: Palisade, NJ, 1973; p. 52 ff.

173 Craciun, L.; Jackson, J. E. J. Phys. Chem. A 1998, 102, 3738.
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TABLE 1.14 Correlation of Rate Constants of Proton Exchange with J;3_,

Compound Relative Rate” Ji3e_y
Cyclopropane 7.0 x 10* 161
Cyclobutane 28.0 134
Cyclopentane 5.7 128
Cyclohexane 1.00 123,124
Cycloheptane 0.76 123
Cyclooctane 0.64 122

“See reference 172.

ship between the NMR cougling constant for *C and H (/;3. ) and the
hybridization parameter.'*>17417

500

—_— 1.52
1442 (1.52)

i3 (CpS) =

We expect electron density at hydrogen to be related to the acidity of a C-H
bond, and Streitwieser and co-workers demonstrated a correlation between
Ji3., and the kinetic acidities (the rates of exchange of C-H protons for
tritium catalyzed by cesium cyclohexylamide). The data in Table 1.14 show a
good correlation of log k.. (rate constant relative to that of cyclohexane) with
J13c_ s shown in equation 1.53.172

10gkrel = 0.129J13C_H——15.9 (153)

An explanation for the correlation of acidity with Jj3__, is that both are
related to the hybridization of the carbon orbital used for C-H bonding.
Because s orbitals are lower in energy than p orbitals, a hybrid orbital with
more s character will be lower in energy and thus have electron density closer
to the nucleus than will a hybrid with less s character. This lower energy
orbital will be more electronegative and will be better able to stabilize a
negative charge when a proton is removed in an acid-base reaction.'*?

It must be reemphasized that hybridization is only a conceptual and
a mathematical model that allows us to calculate molecular parameters.
Changing hybridization is simply modifying that original model to suit a
current need, just as the concept of hybridization represents only a change to
the model of atomic energy levels. Variable hybridization should not be
considered more fundamental than the VSEPR model, just more mathemat-
ical. The ability to make quantitative predictions of molecular geometry and
physical properties makes the variable hybridization model quite useful for
some problems. On the other hand, the VSEPR model is also valuable as an
intuitive basis for qualitatively correct predictions. As is so often the case, we
need not decide which of two complementary models to adopt for all
situations; we need only to determine which best serves our purposes in a
particular case.

174 Muller, N.; Pritchard, D. E. J. Chem. Phys. 1959, 31, 1471 found that better correlations were
obtained when calculated atomic charges were included in the equation.

175 Liberles, A. J. Chem. Educ. 1977, 54, 479 used hybridization parameters to show that lone pairs
in sp hybrid orbitals have a greater local dipole moment than do lone pairs in any other hybrids.

41



42

+ 2
+ —+ + 2p°

_H_ls

FIGURE 1.24

Depiction of carbon with sp?
hybridization.

1 FUNDAMENTAL CONCEPTS OF ORGANIC CHEMISTRY

1.4 COMPLEMENTARY DESCRIPTIONS OF THE
DOUBLE BOND

The o, Description of Ethene

Let us next consider alternative descriptions of the carbon-carbon double
bond. Nearly all introductory organic chemistry textbooks describe the
double bond in terms of the g,% formulation.'”® The simplest example of
such bonding is ethene, in which one of the two carbon—carbon bonds is said
tobe a o bond formed through overlap of an sp> hybrid orbital (Figure 1.24) on
each of the carbon atoms, while the second carbon—carbon bond is described
as a 7 bond, made by overlap of two parallel 2p orbitals on the carbon atoms
(Figure 1.25). To be more complete, we say that overlap of the two sp* hybrids
produces both a ¢ bonding and a ¢* antibonding orbital. Similarly, overlap of
the two p orbitals produces both a = bonding and a n* antibonding molecular
orbital, with energies shown qualitatively in Figure 1.25. A pictorial repre-
sentation of the carbon—carbon ¢ and n bonds is shown in Figure 1.26. This
description of the carbon—carbon double bond is very familiar, but is it
correct? Frenking and Krapp described 7 bonding as one of the “unicorns
in the world of chemical bonding models.””” By that they mean that everyone
knows what a unicorn looks like even though no one has ever seen one.

The o,m model does have qualitative utility because it correctly predicts
the carbon—carbon bond length of ethene to be shorter than the carbon—carbon
bond length of ethane. The reason is that the overlap of sp* orbitals (which
have more s character and are therefore closer to the carbon nucleus than are
sp” hybrids) makes a shorter bond, and the two atoms should be pulled even
closer by the 7 bond. On the other hand, the interorbital angle between two sp”
hybrid orbitals on the same carbon atom is 120°, so the simple o,n
model predicts the H-C-H and H-C—C bond angles to be 120° (Figure 1.27).
Figure 1.28 shows the geometry of ethene determined from spectroscopic
measurements, and the H-C-H bond angles are 117°, not 120°.° Most organic
chemists are not bothered by this discrepancy between prediction and
experiment. We usually argue that the geometry of ethene is an anomaly
and that other alkenes would obey our predicted bond angles. We will return
to the ethene geometry shortly, but first let us consider another model for the
bonding of ethene.

The Bent Bond Description of Ethene

A much older description of ethene is known as the bent bond formulation.'”®
The double bond is described as the result of overlap of two sp” hybrid orbitals
on each of the two carbon atoms, as shown in Figure 1.29. This model also
predicts that ethene should be a planar molecule, but it predicts H-C—H bond
angles of 109.5°—which is even further from the observed 117° than was the
prediction based on sp? hybridization. Furthermore, except for cyclopropane,
we feel uncomfortable about drawing molecular pictures with bonds that

176 One text that presented the bent bond formulation was Roberts, J. D.; Stewart, R.; Caserio, M.
C. Organic Chemistry; W. A. Benjamin: Menlo Park, CA, 1971.

177 Frenking, G.; Krapp, A. J. Comput. Chem. 2007, 28, 15.

178 Bent bonds are also known as banana bonds or 7 (tau) bonds. For a discussion of the utility of

this model in explaining molecular conformation and reactivity, see Wintner, C. E. J. Chem. Educ.
1987, 64, 587 and references therein.
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(- FIGURE 1.25
Energies of ethene nand n* orbitals.

curve in space as do those in Figure 1.29. Nevertheless, one advocate of the
bent bond description was Linus Pauling, who wrote:

There may be chemists who would contend that one innovation of great
significance has been made—the introduction of the o,n description of the
double bond and the triple bond and of conjugated systems, in place of the
bent bond description. I contend that the ¢,7 description is less satisfactory
than the bent bond description, that this innovation is only ephemeral, and
that the use of the ¢,7 description will die out before long. . 7

Predictions of Physical Properties with the Two Models
Geometry of Alkenes

Although Pauling’s prediction has not yet come true, there are advantages in
using the bent bond formulation. One advantage is conceptual simplicity. If
the sp® hybridization model can give the correct answer, why use a whole
family of explanations (sp®, sp°, and sp) for bonding questions? A practical
advantage is the ease of construction of physical models. Some molecular
model kits designed for introductory organic chemistry courses use bent
bonds as the physical model of the double bond. Such models give acceptable
structural geometries, require fewer parts in the model set, and are easier for
novices to use than are model kits that attempt to represent 7 bonds. Still
another advantage is that the bent bond formulation seems to provide more
quantitative answers than does the o,7 formulation. Consider the measure-

17% Pauling, L. in Theoretical Organic Chemistry, The Kekulé Symposium; Butterworths Scientific
Publications: London, 1959; p. 1.

FIGURE 1.26
The o,n formulation for ethene.

H..,, weH

<H—C—H = 120°

<Hem C—C = 120°
FIGURE 1.27
Predicted geometry of ethene.



FIGURE 1.28

Experimental geometry of ethene.

FIGURE 1.29

Overlap of sp® hybrid orbitals
in the bent bond description
of ethene.

FIGURE 1.30

Quantitative predictions of the
bent bond formulation.
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H.. 137A ..H C—H=1.0864
H NH  <H—C—H=1178°

<H—C—C =121.3°
(calculated from<H—C—H)

ment of the carbon—carbon distances illustrated in Figure 1.30. Taking the C-C
bond length of ethane, 1.54 A, as the length of an arc formed by overlap of sp>
orbitals outside the internuclear line, Pauling calculated that ethene should
have an internuclear distance of 1.32 A, quite close to the experimental
value.®® Similarly, three bent bonds arranged as 1.54 A arcs directed
109.47° apart produce a C-C internuclear distance of 1.18 A for ethyne, which
is essentially the same as the experimental value.'® The o,n formulation
makes no quantitative prediction about the length of the double or triple
bond.

77N RN
H,C—CH, H,C CH, HC~_CH
N N
1.54 A 1324 1.18A

Acidities of Hydrocarbons

The alkanes, alkenes, and alkynes are not usually considered to be acidic, but
itis possible to measure rates and equilibria of proton removal in solution and
in the gas phase (Chapter 7). Table 1.15 shows some experimental data for
acidities as indicated by AH.,,, the enthalpy change for detachment of a
proton from the hydrocarbon in the gas phase, showing that the ethyne is
more acidic than ethene, which in turn is more acidic than ethane.

We explain these results by considering the relative stabilities of the
carbanions formed by removal of a proton from each structure. In the o,
formulation, the hybridization of the carbon orbital with the nonbonded
electron pair changes from sp® to sp” to sp as a proton is removed ethane to
ethene to ethyne, respectively (Figure 1.31). Again, the more s character in an

TABLE 1.15 Gas Phase Acidities of C; Hydrocarbons

Compound AHj 4 (kcal/mol)
Ethane 420.1+£2.0
Ethane 409.4+0.6
Ethyne 378.5+0.2

Source: Reference 181.

180 Robinson, E. A; Gillespie, R.]. J. Chem. Educ. 1980, 57, 329 described these calculations as well
as the use of molecular models with bent bonds to measure the internuclear distances.

181 Data from the compilation by Bartmess, J. E. in Mallard, W. G.; Linstrom, P. ., Eds. NIST
Webbook, NIST Standard Reference Database Number 69; National Institute of Standards and
Technology: Gaithersburg, MD (http:/ /webbook.nist.gov).
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H3C—Q nonbonded electrons
H

in sp3 hybrid orbital

H
}___@ nonbonded electrons
H H in sp? hybrid orbital

nonbonded electrons
H—=C) |, sp hybrid orbital

atomic orbital, the greater is the electron attracting power of that orbital, and
the more stable should be an anion produced by removing a proton and
leaving a nonbonded pair of electrons in that orbital.'">* Thus, the order of
carbanion stability should be (sp)C:™ > (spz)C:” > (sp3)C:_, which is the same
as the ranking of hydrocarbon acidities: (sp)C-H > (spz)C—H > (sp3)C—H.

The same phenomena can be rationalized with the bent bond formulation
by noting the effect of curved C-C bonds on the electron pair repulsions
around each carbon atom. As Figure 1.32 shows, formation of bent bonds in
ethene pulls the electrons closer to the center of the C-C internuclear line; in
turn, this decreases the repulsion between the electron pair comprising the
C-H bond in question and the electron pairs comprising the bent C—C bonds.
That means that the C—H electrons see a less shielded carbon nucleus, so they
are attracted more strongly to the carbon nucleus. An unshared pair of
electrons left behind by removal of a proton from ethene, as shown in
Figure 1.32(b), is much more stable than is a pair of electrons left behind by
removal of a proton from ethane, as shown in Figure 1.32(a). For the same
reason, a nonbonded pair of electrons is more stable on a triple bonded
carbon, as shown in Figure 1.32(c), than on a double bonded carbon. Thus, the
bent bond formulation can rationalize these experimental observations, at
least qualitatively, as well as can the ¢,n description.

(a) Ethane

@ & >———— electron-electron repulsion

decreased repulsion due to
greater angle

(c) Ethyne

even more decrease in repulsion
/ p

EDEO

\ electrons pulled closer to nucleus
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FIGURE 1.31

o,n rationalization of carbanion
stabilities. (Charges are not
shown.)

FIGURE 1.32

Bent bond rationalization of acid-
ities. (Charges are not shown.)
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FIGURE 1.33

Conformations of propene: o,
description. (Adapted from
reference 182.)

1 FUNDAMENTAL CONCEPTS OF ORGANIC CHEMISTRY

Conformations of Propene

Let us now consider which bonding model is more amenable to qualitative
predictions of molecular conformation. Specifically, what should be the
preferred conformation of propene? Walters noted that two conformers of
propene (designated as I and II) can be visualized as Newman projections
observed by sighting down the C3-C2 bond (Figure 1.33)."**'® In conformer
I, a C-H bond eclipses a carbon—carbon double bond. In conformer II, a C-H
bond eclipses a C—H bond. Assuming that there is greater electron density ina
double bond than in a C-H single bond, we would expect conformer II to be
more stable. Experimentally, however, conformer I was found to be more
stable by about 2 kcal/mol.'**

If we depict the same Newman projections with bent bonds, as shown in
Figure 1.34, we see that conformer II now represents essentially an all-
eclipsed conformation. Thus, it is easily predicted to be less stable than I,
which is an all-staggered arrangement. If utility is the main criterion for
adopting conceptual models, then this result would seem to argue persua-
sively for using the bent bond formulation.'®>'¢ The bent bond model leads
directly to a correct prediction of conformational stability, but the ¢,m model
does not.'®”

Pauling’s prediction that the use of the ¢,7 description will wane may yet
come true. In recent years some theoreticians have determined that calcula-
tions of molecular structure are in better agreement with the bent bond
description than with the g,7 description. Figure 1.35(a) shows calculated
contour lines of a carbon orbital in a plane that is perpendicular to
the molecular plane of ethene, and Figure 1.35(b) shows contour lines for
an orbital in a plane containing the carbon atoms of cyclopropane. Clearly,
much of the orbital lies outside the internuclear bond line in each case. It
is generally agreed that the bonds in cyclopropane are bent; the picture
from this theoretical calculation reinforces the view that they are bent in
ethene also.

This conclusion was reinforced by a number of investigations. The title of
one publication was “Double Bonds Are Bent Equivalent Hybrid (Banana)
Bonds.”'® Another study concluded that “the GVB description of the double
bond in (C,F,) is not the traditional picture of ¢ and n bonds but rather a
representation in terms of two bent bonds.”*® Still another paper comparing

182 Walters, E. A. J. Chem. Educ. 1966, 43, 134.
183 Newman projections and other stereochemical representations will be discussed in Chapter 2.
184 Herschbach, D. R.; Krisher, L. C. J. Chem. Phys. 1958, 28, 728.

185 The emphasis in the present discussion is on the application of two very simple conceptual
models to a particular problem. High level calculations provide a much deeper analysis of the
conformations of propene and other molecules. For a discussion, see Bond, D.; Schleyer, P.v.R. .
Org. Chem. 1990, 55, 1003.

186 Proponents of the ¢,n formulation could argue that taking additional factors into account
would correct the initial prediction that conformer II is more stable. When faced with discre-
pancies between prediction and experiment, the proponents of a particular conceptual model
often take the position that consideration of additional factors would favor their model.

187 This discussion implicitly treats the methyl group as interacting with the vinyl group only
through steric interactions. This assumption ignores the electronic interactions inherent in any
molecular entity. See, for example, Mo, Y.; Peyerimhoff, S. D. |. Chem. Phys. 1998, 109, 1687.
188 Palke, W. E. J. Am. Chem. Soc. 1986, 108, 6543.

1% GVBisa type of theoretical calculation. Schultz, P. A.; Messmer, R. P. J. Am. Chem. Soc. 1988,
110, 8258.
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the bent bond and ¢,7 models concluded that “. . . from an energetical point of
view, both constructions provide an equally good starting point for the
treatment of correlation effects beyond the one-electron configuration.”'?
Another study concluded that “our results yield bent bonds as the favored
bonding description, showing that the ¢,m bond descriptions of multiple
bonds are artifacts of approximations to the full independent-particle equa-
tions.” '! For systems that exhibit resonance, such as benzene and the allyl
radical, these authors stated the conclusion even more succinctly: “bentbonds
are better.”!%>1%?

The distinction between the bent bond and ¢,n formulations of the double
bond is not as clear-cut as the discussion above might suggest. Although the
results depend on the level of theory used, the two models predict essentially
the same result at higher levels of analysis.'”* As Schultz and Messmer put it,
“no experiment can possibly distinguish between a o,7 double bond and
double bent bonds in any system, and therefore neither can be proven to be
‘right’ in an absolute sense; both are approximate descriptions.”'”! The ¢,n
model for the double bond and the bent bond description should each be
taken as viable starting points to describe molecular structure but not as
complete descriptions.””!*> Each approach has its advantages and disad-
vantages. It is important that we consider both methods and that we know
why we choose one over the other when we talk about organic chemistry.

(a) (b)

19 Karadakov, P. B.; Gerratt, J.; Cooper, D. L.; Raimondi, M. J. Am. Chem. Soc. 1993, 115,
6863.

191 Schultz, P. A.; Messmer, R. P. J. Am. Chem. Soc. 1993, 115, 10925.
192 Schultz, P. A.; Messmer, R. P. J. Am. Chem. Soc. 1993, 115, 10943.

193 For a different view, see Carter, E. A.; Goddard W. A. IIL J. Am. Chem. Soc. 1988, 110,
4077.

194 Gallup, G. A. J. Chem. Educ. 1988, 65, 671 and references therein.
195 England, W. J. Chem. Educ. 1975, 52, 427; Palke, W. E. J. Am. Chem. Soc. 1986, 108, 6543.
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FIGURE 1.34

Conformations of propene: bent
bond formulation. (Adapted from
reference 182.)

FIGURE 1.35

Contour lines for a bonding orbital
onone carbonin (a) ethene and (b)
cyclopropane. (Adapted from re-
ference 169.)
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1.5 CHOOSING MODELS IN ORGANIC CHEMISTRY

Conceptual, mathematical, and physical models are essential tools in organic
chemistry because they help rationalize the results of experiments (observa-
bles) with theory (nonobservables). Yet the paradox is that these models may be
mostuseful to us when they are oversimplified to the point of being incorrectin
some way. Without a straight line or pair of dots to represent a chemical bond,
we would find it difficult to describe chemistry in a practical way. Yet in some
cases we find itadvantageous todraw thoselines curved instead of straight,and
sp° hybrid orbitals cannot be relied on even to predict all of the properties of
methane. A more detailed description of that line and of those orbitals can be
made only with the help of computers and high level mathematics.

If any one of our models is asked to give a more correct answer to a
problem, it quickly becomes more complex. Electronegativity is useful in a
qualitative sense, but attempts to make it more quantitative lead to different
conclusions about what it means and how it should be determined. Elemen-
tary VB theory and MO theory are intuitively reasonable, but further devel-
opment obscures the simple mental pictures each provides. We feel a need to
retain these simple pictures, therefore, even when we know that they cannot
be totally accurate.

One solution to the use of oversimplified models in organic chemistry is
to hybridize complementary conceptual models, just as we hybridize the two
Kekulé structures for benzene in our minds in order to understand and
describe aromaticity. The o,7 and bent bond descriptions represent a pair of
models that serve as useful beginning points or approaches to the description
of the double bond. Visualizing a hybrid of these two mental pictures may be
more nearly correct than is thinking in terms of either model alone.

Perhaps another metaphor may be useful. In the end, our models must be
described in a language of some kind, but having a language to describe
something does not necessarily make that explanation complete.'” If we view
complementary models as different languages to describe chemistry, we find
it better to be multilingual—to be able to converse in many languages, to
translate from onelanguage toanother, and to think in more than one language.
If we have only one approach, then we are only computers doing what we have
been programmed to do. Progress in chemistry requires the ability to see
relationships in a new way, and that requires education, not just training."”’

Problems

1.1. Kuhn (reference 3) wrote that scientists “are little better than laymen at char-
acterizing the established bases of their field.” Briefly summarize the physical
phenomena that support your belief in atomic and molecular theory.

19 For provocative comments on language and models, see Bent, H. A.]. Chem. Educ. 1984, 61,774,
In particular, Bent noted that “indeed, to be useful, a model must be wrong, in some respects—else it
would be the thing itself. The trick is to see—with the help of a teacher—where it's right.”

197 One aspect of this idea is what Turro (reference 24) called “organic thinking,” which is one of
the ways that the study of organic chemistry transfers to other areas:

An important value of learning organic chemistry is the mastering of “organic
thinking,” an approach to intellectual processing whereby the “sameness” of many
families of structures and reactions is revealed.



PROBLEMS

1.2

1.3.

1.4.

1.5.

1.6.

1.7.

1.8.

1.9.

Find a popular or scientific article that refers to observations of a single atom or
atoms.

a. What is the nature of the experiment?
b. What observations are made directly with the human senses?

a. Consider two geometries for methane other than the regular tetrahedron.
Show how each alternative geometry is inconsistent with the known number
of isomers of some derivative of methane.

b. Consider at least four structures with the molecular formula C¢Hg and show
how each is inconsistent with the known number of isomers of benzene
substitution products having a given molecular formula.

. Inpartsaandb of this problem, you assumed that the structure of a derivative
(e.g., bromobenzene) is essentially the same as that of the parent structure (e.
g., benzene). Is that assumption valid? For example, how can we know that
methane is not planar, even though chloromethane is roughly tetrahedral?

Use the values in Table 1.3 to determine the van der Waals volume and surface
area for each of the pentanes. Verify that for n-pentane the values are correctly
predicted by the formulas Vi =6.88 + 10.23 N¢c and Aw=1.54 + 1.35 N,
where Nc is the number of carbon atoms in the molecule.

The heat of formation of corannulene (2) in the crystal state is 81.81 kcal /mol. Its
heat of sublimation has been calculated to be 29.01 kcal /mol. What is the AH} of 2

in the vapor phase?

2

A proposed system for the conversion and storage of solar energy was based on the
photochemical isomerization of norbornadiene (3) to quadricyclane (4) during
sunny periods, with catalytic conversion of 4 to 3 and release of energy at a later
time. The heats of hydrogenation of 3 and 4 (both in the liquid phase) to norbornane
are —68.0kcal/mol and —92.0kcal/mol, respectively. What is the potential for
energy storage, in kcal/mol, for the photochemical conversion of 3 to 4?

solar energy
[t N

catalyst
3 4

The standard heat of combustion of 4,4-dimethyl-1,3-cyclohexanedione was
determined to be —1042.90 kcal /mol. Its standard heat of sublimation is + 23.71
kcal/mol. What is the AH} (gas phase) of this compound?

The heat of hydrogenation of phenylethyne was found to be —66.12 kcal/mol,
and the heat of formation of phenylethane is 7.15 kcal/mol. What is the AHg of
phenylethyne?

a. The heat of formation of 2,5-thiophenedicarboxylic acid at 298.15K is —772.4
2.2KkJ/mol. Its heat of sublimation is 139.8 + 0.4 k] /mol. What is the AH} of
the compound in the gas phase?

b. The heat of formation of liquid 2-acetylthiophene at 298.15K is —118.0+ 1.7
kj/mol, while that of crystalline 3-acetylthiophene is —129.1 +1.4kJ/mol.
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1.10.

1.11.

1.12.

1.13.

1.14.

1.15.

1.16.

1.17.

1 FUNDAMENTAL CONCEPTS OF ORGANIC CHEMISTRY

The heat of vaporization of 2-acetylthiophene at 298.15 K is 58.8 = 1.2 k] /mol,
and the heat of sublimation of 3-acetylthiophene at 298.15K is 74.6 £ 1.1k]J/
mol. What is the difference in the gas phase heats of formation of these two
compounds?

cis-3-Methyl-2-pentene has a AH thatis 1.65 kcal/mol more negative than that of
2-ethyl-1-butene. The AH, of 2-ethyl-1-butene with trifluoroacetic acid is —10.66
kcal /mol. Predict the heat of reaction of cis-3-methyl-2-pentene with trifluor-
oacetic acid under the same conditions.

The heat of hydrogenation of cis-1,3,5-hexatriene to hexane is —81kcal/mol,
while that of the trans isomer is —80.0 kcal/mol. Under the same conditions the
heat of hydrogenation of 1,5-hexadiene is —60.3 kcal/mol. What would be the
heat of hydrogenation for just the middle double bond of the cis and trans
isomers of 1,3,5-hexatriene?

Calculate AHY for heptane using both equations 1.9 and 1.12. How do these
predictions compare with literature values?

The dipole moments of CH3F, CH3Cl, CH;3Br, and CH;l are reported to be 1.81,
1.87,1.80, and 1.64 D, respectively.69

a. Calculate the partial charge on the halogen in each of the methyl halides
(assuming that the halogen bears the partial negative charge and that the
partial positive charge is centered on the carbon atom) using the C—X bond
lengths listed in Table 1.1.

b. What trend, if any, do you see in the dipole moments of the methyl halides?
How do you rationalize this result?

For what category of atoms could Allen or Nagle but not Pauling electronega-
tivity values be determined?

The C-C-C bond angle of propane is reported to be 112.4°. What is the
hybridization of the orbitals on C2 used for C-C and C-H bonding?

Both experimental and theoretical studies indicate that the C1-C2 bond
length (I) and the C1-C2-C3 bond angle () in molecules having the following
general structure are strongly correlated. (The C1-C2-C3’ and the C1-C2-C3”
bond angles are also «.) One study found that they could be related by the
equation

! =2.0822—-0.0049 o (1.54)

where distances are in A and angles are in degrees.

C3

ol
! \\03'

Cc3

a. What does this equation indicate about the change in bond length expected
when the adjacent angle changes to a value greater than or less than 109.5°?

b. Rationalize the form of equation 1.54 in terms of both variable hybridization
theory and VSEPR theory.

a. Arrange the following compounds in order of increasing length of C-H bonds
and rationalize your answer: ethane, ethene, ethyne, cyclopropane, and
cyclobutane.

b. Arrange these compounds in order of increasing length of C-C single bonds
and explain your answer: ethane, 2-methylpropane, 2-methylpropene, 1,3-
butadiene, 1,3-butadiyne, 1-butene-3-yne.



PROBLEMS

1.18. a. Use the bent bond description of double bonds to rationalize that the H-C-H
bond angles in ethene are 117° and not 109.5°.

b. Modify your explanation to predict the H-C-H angle of formaldehyde.

Specifically, should it be larger or smaller than the H-C-H angle of ethene?

1.19. Consider again ethene and formaldehyde, this time analyzing the double bond
in each as a two-membered ring. Calculate the fractional s character and
hybridization parameter for the C-H bond in each.

1.20. a. Consider the formula J3._,, = 5.7 x (% s) — 18.4 Hz. Determine whether this

formula is equivalent to that in equation 1.52, and explain your reasoning.

b. Muller and Pritchard (reference 174) determined that the lengths of C-H
bonds correlate with values of Ji3._, according to equation 1.55:

re-n = 1.1597-4.17 x 1074J (1.55)

Use equations 1.52 and 1.55 to relate the length of a C-H bond directly to A%

Be_y

1.21. Analyze cyclopropane, cyclobutane, and cyclopentane according to both the

bent bond (using sp® hybrid orbitals) and variable hybridization descriptions.

a. For each compound, use the literature value for the H-C~H bond angle to

calculate the fractional s and p character of the carbon orbitals used for C-H

bonds, then use the result to calculate the interorbital C-C—C bond angle.

How do the calculated values differ from the literature values of the inter-

nuclear bond angles? What does that tell you about the nature of the strain in

the molecule? What does that suggest to you about the chemical properties of
cyclobutane (e.g., reaction with electrophiles).

b. What does each model suggest to you about the acidities of the C-H bonds?
How do the literature data for the acidity of cyclopropane agree with the
predictions?

1.22. McNelis and Blandino noted that the sum of the six bond angles (109.5° degrees
each) around a tetrahedral carbon atom is 657° and postulated that the bond
angles in other tetraligant species should sum to that same value.'®® For
example, the H-C-F bond angle in fluoromethane was reported to be 109° 2/
(Table 1.1). Since there are three H-C-F and three H-C-H angles, the “657”
method predicts the H-C-H bond angle to be 1 (657° — 3 x 109.03°) =110°.

a. How does this result compare with an experimental value?

b. Does the predictive ability of the “657” method depend on the extent to which
the geometry ata carbon atom is nearly tetrahedral? If so, determine the range
of /u_c—r values for which the “657” method produces a predicted H-C-H
angle that is less than 10° different from the value calculated using the
trigonometric relationships.

1.23. The C-H coupling constants for ethane, ethene, and ethyne are 125.2, 156, and
249 Hz, respectively. Do these values correlate with the gas phase acidity values
in Table 1.15? If so, use the correlation to estimate the gas phase acidity of
cyclopropane (Ji3._, = 161).

1.24. In bicyclo[1.1.0]butane (5), the 1*C — 'H coupling constant for the bridgehead
C-H groups is 202 Hz. Calculate the % s character in the bond from carbon to
hydrogen at this position. Would you expect the acidity of the bridgehead
protons to be greater or less than that of the protons in acetylene?

H

1%8 McNelis, E.; Blandino, M. New ]. Chem. 2001, 25, 772. More precisely, 6 x 109.47° = 656.82°.
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1.25.

1.26.

1.27.

1.28.

1.29.

1.30.

1 FUNDAMENTAL CONCEPTS OF ORGANIC CHEMISTRY

If 2 is a function of molecular geometry and Jy3_,, is also a function of 4, then is
not Ji3._, really a function of geometry? Is 4 an observable? If not, do we need to
define 4 at all?

On page 32 we saw experimental evidence that some familiar views of hybri-
dization are at best oversimplified. In view of this result, can you justify the
continued use of hybridized orbitals as a conceptual model in organic
chemistry?

Greenberg and Liebman have stated that “we believe organic chemistry is
essentially a pictorial and not a mathematical science.”'® Do you agree with
this statement? Do you think organic chemistry should be a mathematical
science? Do you believe it will become so in the future?

Respond to Coulson’s observation about the nature of theory in chemistry:

Sometimes it seems to me that a bond between two atoms has become
soreal, so tangible, so friendly that I can almost see it. And then Iawake
with a little shock: for a chemical bond is not a real thing: it does not
exist: no one has ever seen it, no-one ever can. It is a figment of our own
imagination. .. . Here is a strange situation. The tangible, the real, the
solid, is explained by the intangible, the unreal, the purely mental.’**

Respond to Roald Hoffmann's statement that

...much that goes into the acceptance of theories has little to do with
rationalization and prediction. Instead, I will claim, what matters is a
heady mix of factors in which psychological attitudes figure
prominerltly.200

Hoffmann also wrote that

.. .explanations are almost always stories. Indeed, moralistic and
deterministic stories. For to be satisfying they don’t just say
A —B—C—D,but A— B— C— D because of such and such proper-
ties of A, B and C. The implicit strong conviction of causality, justified
by seemingly irrefutable reason, may be dangerously intoxicating. This
is one reason why I wouldn't like scientists and engineers to run this
world.*®

Do you think scientists who understand the limitations of human knowledge
discussed in this chapter would be better able to run the world than Hoffmann
imagines?

Weisberg argues that there is a trade-off between precision and generality in the
models that scientists use and that “sacrificing precision in model descriptions
can often add explanatory depth to the models picked out by these
descriptions.”®! Cite examples from this chapter that are consistent with
Weisberg's statement. Are any examples inconsistent with Weisberg's
conclusion?

199 Greenberg, A.; Liebman, J. F. Strained Organic Molecules; Academic Press: New York, 1978;

p- 37.

200 Hoffmann, R. Am. Sci. 2003, 91, 9.
201 Weisberg, M. Philos. Sci. 2004, 71, 1071



CHAPTER 2

Stereochemistry

2.1 INTRODUCTION

The term stereochemistry refers to the three-dimensional nature of molecules
and to their space-filling properties."”” Many computer models can give a
perception of three dimensions, but printed and hand-drawn representations
of molecules are two-dimensional images that are meaningful only to
those who understand implicit rules for visualizing the third dimension.’
Furthermore, such drawings have meanings on many levels.

e Structure drawings are not always meant to be taken “literally.”” For
example, a Kekulé structure of benzene does not mean a deformed
1,3,5-cyclohexatriene molecule.

+ Often drawings are not designed to show all aspects of structure, only
those that are to be emphasized to the viewer. A Kekulé structure for
benzene may not show the hydrogen atom bonded to each carbon atom,
since the point of emphasis is the aromatic ring.

¢ A drawing may imply as much about the conceptual model used to
analyze a problem as it tells about the chemical substance under
consideration. A representation of a carbon—carbon double bond may
use the o,n formulation or the bent bond formulation.

Let us look more closely at some specific types of structural representa-
tions and categorize the information they are intended to convey. Some
drawings represent only the constitution of a molecule—the order in which
the atoms are bonded—without indicating anything about the spatial orien-
tation of the atoms. One way to do thatis by representing the molecule as a line

! Eliel, E. L.; Wilen, S. H.; Doyle, M. P. Basic Organic Stereochemistry; John Wiley & Sons: New York,
2001.

2 Eliel, E. L.; Wilen, S. H. Stereochemistry of Organic Compounds; John Wiley & Sons: New York,
1994.

3 Hoffmann and Laszlo presented an analysis of the way chemists use drawings to convey
information: Hoffmann, R.; Laszlo, P. Angew. Chem. Int. Ed. Engl. 1991, 30, 1.

Perspectives on Structure and Mechanism in Organic Chemistry, Second Edition By Felix A. Carroll
Copyright © 2010 John Wiley & Sons, Inc.
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2 STEREOCHEMISTRY

of element symbols and number notations (a kind of word structure). For
example, pentane could be shown as CH;CH,CH,CH,CH;. We may also
show the bonds connecting the carbon atoms, as in CHz;-CH,-CH,-
CH,—-CHjs;, but that is not necessary because covalent bonds are implicit in
molecular representations. With the understanding that a methylene group
can be considered as a unit, we could also write pentane as CH3(CH;);CHs.

Organic chemists find it increasingly necessary to represent molecular
structures in a format that is easily stored and retrieved electronically. A
number of such methods have been proposed, but two formats are becoming
widely used. One is the International Chemical Identifier (InChl) system
developed by IUPAC.* Some software drawing programs are able to write
InChl terms, and a web site allows one to generate an InChl designation for a
structure drawn using a graphical user interface.” The InChl string for
pentane is InChI=1/C5H12/c1-3-5-4-2/h3-5H2, 1-2H3, while that for cho-
lesterol is InChI=1/C27H460/c1-18(2) 7-6-8-19(3)23-11-12-24-22-10-9-
20-17-21(28) 13-15-26(20,4)25(22)14-16-27(23,24)5/h9,18-19, 21-
25,28H,6-8,10-17H2,1-583/t19-,214,22+,23-,244,25+, 26+,
27-/ml/s1. The Simplified Molecular Input Line Entry System (SMILES) form-
alism, which was reported by Weininger and others, produces a more compact
string.® The SMILES notation for pentane is CCCCC, while that for cholesterol is

[HI [C@EI1 (CC[CRR@I2([H]) [CR@I3([H])CC=CAC[CRRH] (O)CC[CR]4 (C)
[CERI3([H])CCICRI12C) [CRH] (C)CCCC(C)C.

These alphanumeric representations are precise, but they are of limited
utility unless they are interpreted with a computer. Most organic chemists
prefer to work with graphical representations of chemical structures. The
common convention in such drawings is that a line represents a chemical
bond, that there is a carbon atom at each intersection and at each terminus of a
line unless another atom is indicated, and that each carbon atom has sufficient
hydrogens as substituents to satisfy normal valency requirements. With this
system pentane is the jagged line 1 (Figure 2.1). That drawing is not much
better than CH;CH,CH,CH,CH; for pentane, but such representations
become more useful as the molecules to be depicted become larger as, for
example, cholesterol (2).

Cholesterol not only has more atoms and more connectivity than does
pentane, but it differs in another important way. Physical models tell us that
all of the carbon atoms of pentane could lie in one plane, but those of
cholesterol cannot. Therefore, our drawing for cholesterol must have some
way to indicate not only connectivity but also the orientation of the various
parts of the molecule. We view the drawing as a projection (a shadow, in
effect) of a real object, and we often use angles and line thicknesses to convey
three-dimensional information.” Objects in the distance (behind the plane of
the main scene) are reduced in size and / or angled to give an effect of distance,
while objects in the front of the main scene are large and bold.

* Royner, S. L. Chem. Eng. News 2005 (Aug 22), 39.
® http: / pubchem.nebi.nlm.nih.gov/edit/.
® Weininger, D. J. Chem. Inf. Comp. Sci. 1988, 28, 31 and succeeding papers in that issue.

7 In a Fischer projection (page 72) the three-dimensional information is conveyed both by the
figure itself and by a set of rules for the interpretation of the figure.



2.1 INTRODUCTION

m\—\_ = CH,CH,CH,CH,CH,
pentane

1

Consider the several drawings of 2-chlorobutane (3) in Figure 2.2. In
representations 3a and 3b, a bold wedge suggests a bond projecting toward
the viewer. A hashed line suggests a bond projecting away from the viewer.
Solid lines that do not change in size suggest bonds in a central plane. Another
way to represent the same molecule is to let all bonds be represented by
straight lines with a type of drawing usually called a sawhorse representation
because of its similarity to a carpenter’s device with the same name (3c). The
stereochemical relationships in such a figure can be made more apparent by
the use of hashed or bold wedges, as in 3d.

An important part of stereochemical drawings is the clear representation
of conformations, which are different spatial relationships that are inter-
convertible by rotation about single bonds.®? In a Newman projection we
represent the view from sighting down a particular bond in such a way that
one atom totally eclipses another one.” As illustrated in Figure 2.2 for one
conformation of 2-chlorobutane (3e), we see three substituents on the carbon
atom nearer our eyes, and we stylistically show their bonds meeting at the
center of a circle. The fourth substituent to the front carbon atom is the other
(eclipsed) carbon atom. We can see three substituents attached to the second
carbon atom, but the lines representing bonds to these substituents are visible
only to the edge of the circle representing the second carbon atom.

Bold and hashed wedges are commonly used in complex molecules, but
an additional convention is required. For example, in the representation of
paclitaxel (4),'% it cannot be true that all of the bold wedges project toward the
viewer to the same plane in space, nor can it be true that all of the dashed
wedges project to the same plane behind the page. Rather, each wedge is a
local descriptor only, and the sense of depth of the viewer is to be reset at the
origin of each wedge.

CH,
CH

CH; Hs u urh H 3H
Ci=—==H vy A I'/'/A

= CL4>chych, Ha HYC

CH,CH; H H,C CH,

CH,
3a 3b 3¢ 3d 3e

8 See the discussion in Chapter 3.
® Newman, M. S. J. Chem. Educ. 1955, 32, 344.
10 Guénard, D.; Guéritte-Voegelein, F.; Potier, P. Acc. Chem. Res. 1993, 26, 160.
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H 5 FIGURE 2.1
Representations of pentane (1) and
cholesterol cholesterol (2).

FIGURE 2.2

Representations of 2-chlorobutane

(3).
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H3C /7Cl
u? cHyCH,

not acceptable

FIGURE 2.3

An unacceptable representa-
tion (3f) of 2-chlorobutane.

FIGURE 2.4
ORTEP plot for cyclobutane.

(Reproduced from reference 13.)

2 STEREOCHEMISTRY

Unambiguous, accurate graphical representation of the stereochemistry
of chemical structures is essential. To this end, a task group in the IUPAC
Chemical Nomenclature and Structure Representation Division prepared a
document that specifies preferred, acceptable, and not acceptable graphical
representations for a wide variety of structures.! In Figure 2.2, representation
3a is considered acceptable, but 3b is preferred. However, structure 3f
(Figure 2.3) is considered not acceptable.

A widely used representation for crystallographic data is the ORTEP
(Oak Ridge Thermal Ellipsoid Program) plot, as in the example of cyclobutane
(Figure 2.4). The ellipsoids }1>rovide a measure of the averaged displacements
of the atoms in the crystal.’?

2.2 STEREOISOMERISM

Isomerism

Isomers are different chemical compounds that have the same molecular
formula. Whether two compounds are considered different depends in part

11 Brecher, J. Pure Appl. Chem. 2008, 80, 277.

12 Burnett, M. N.; Johnson, C. K. ORTEP HI: Oak Ridge Thermal Ellipsoid Plot Program for Crystal
Structure Illustrations. Oak Ridge National Laboratory Report ORNL-6895, 1996.

13 Stein, A.; Lehmann, C. W.; Luger, P. J. Am. Chem. Soc. 1992, 114, 7684.



2.2 STEREOISOMERISM

Isomers

Are the atoms bonded
in the same order
in the two compounds?

Constitutional

. Stereoisomers
isomers

Are the same
functional groups
present?

Are the
structures mirror
images?

Functional
group
isomers

Positional

. Enantiomers
isomers

Diastereomers

on how rapidly they are interconverted under given conditions. As an
example, the interconversion of the axial and equatorial conformations of
methylcyclohexane has a AG* of only about 11 kcal/mol at 25°.147'® Thus, we
do not consider them to be isomers because they rapidly interconvert at room
temperature. Typically, the AG? for an isomerization reaction must be greater
than about 23 kcal/mol in order for us to be able to isolate two species in
equilibrium."”

We may describe isomers as being either constitutional isomers,'® which
are pairs of compounds that have the same atoms connected in different ways,
or as stereoisomers, which are molecules with the same order of bonding but
with different spatial relationships among the atoms (Figure 2.5)."**° We may
further divide constitutional isomers into functional group isomers, in which
the same atoms are used to form different functional groups, and positional
isomers, in which the same functional groups are present but are located in
different positions in the two structures. Ethanol and dimethyl ether are
functional group isomers, while 1-chloropropane and 2-chloropropane are
positional isomers.

Enantiomers are stereoisomers that are nonsuperimposable mirror
images. Such structures are said to be chiral, thatis, “handed,”” and to possess

14 Piercy, ]. E.; Subrahmanyam, S. V. J. Chem. Phys. 1965, 42, 4011; Aliev, A. E.; Harris, K. D. M.
J. Am. Chem. Soc. 1993, 115, 6369; Fernandez-Alonso, M. C.; Cafada, J.; Jiménez-Barbero, J.
Cuevas, G. ChemPhysChem 2005, 6, 671.

'3 Conformational terms are discussed in Chapter 3. For a discussion of the concept of isomerism,
see Eliel, E. L. Isr. ]. Chem. 1976/77, 15, 7 and reference 2.

6 At much lower temperatures, conformational change is slowed. For example, Jensen, F. R;
Bushweller, C. H. J. Am. Chem. Soc. 1966, 88, 4279 studied pure equatorial chlorocyclohexane by
NMR at -151°C.

7 Kalinowski, H.-O.; Kessler, H. Top. Stereochem. 1973, 7, 295.

18 Constitutional isomers are sometimes called structural isomers, but that term has been criticized
because stereoisomerism may be considered to be a component of the structure of a molecule. In
the 1974 IUPAC nomenclature rules (reference 84), the term structural is ““abandoned as
insufficiently specific.”

19 For a discussion of stereochemical nomenclature, see Eliel, E. L. J. Chem. Educ. 1971, 48, 163.

’

20 A more detailed flow chart of isomeric relationships was given by Black, K. A. J. Chem. Educ.
1990, 67, 141.

FIGURE 2.5

Relationships among isomers.
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FIGURE 2.6

Stereoisomeric relationships
among 2,3-disubstituted butanes.

2 STEREOCHEMISTRY

e diastereomers|------"=77m
;- diastereomers |

CH CH, CH, CH,
s ;
CH, CH, CH, CH,

e |
 EaRERREEEEE diastereomers f-----r=rmmroomm s

the property of chirality.”*> Diastereomers are stereoisomers that are not
mirror images. These terms are illustrated in Figure 2.6 for a 2,3-disubstituted
butane. Note that a structure can have only one enantiomer, but it may have
more than one diastereomer. The term diastereomers also includes
stereoisomers called cis,trans isomers (formerly geometric isomers) such as
cis- and trans-2-butene (5 and 6) and cis- and trans-1,2-dimethylcyclopropane
(7 and 8). In each case there is no interconversion of the two isomers at room
temperature because a structural feature such as a double bond or a ring
prevents rotation about a carbon—carbon bond.

~ A

The representation of stereoisomerism in large structures can be cumber-
some. For example, the cis and trans isomers of decalin (decahydronaphtha-
lene) could be represented by the line drawings on the left (9a and 10a,
respectively) in Figure 2.7. We could show them more compactly as structures
9b and 10b. These drawings convey the same information about the ring
fusion but do not explicitly show the conformations of each six-membered
ring. Tomake the drawings even simpler, we adopt the convention that a solid
dot represents a hydrogen atom coming out of the plane of the molecule
toward the viewer, as shown by 9c and 10c. The price of representational
simplicity is a greater necessity to understand the implicit meaning of such
drawings. Otherwise, important stereochemical features may be unrecog-
nized. If the stereochemistry at a particular atom is not known, then we may
represent the bond to a substituent with a wavy line, denoted a ¢-bond
(pronounced “xi-bond”), as in 11.

Symmetric, Asymmetric, Dissymmetric, and
Nondissymmetric Molecules

Before continuing the discussion of molecular structures that exhibit enan-
tiomerism, it will be useful to review some designations of molecular

2! The word chirality is attributed to Lord Kelvin (reference 42).

2 Mezey, P. G., Ed. New Developments in Molecular Chirality; Kluwer Academic Publishers:
Dordrecht, Netherlands, 1991.
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cis

trans

10a 10¢

H
11

symmetry.”>?® A symmetry element corresponds to a plane, point, or line
about which we could (at least in principle) carry out a symmetry operation
on a structure, the result of which would be a structure equivalent to the
original one. Four types of symmetry operations (with their associated
symmetry elements indicated in parentheses) need to be considered:**

1.
2.

reflection in a plane of symmetry (o)

inversion of all atoms through a center of symmetry (center of
inversion, i)

rotation about a proper axis (C,)

rotation about an improper axis (S, corresponding to rotation about

an axis followed by reflection through a plane perpendicular to that
axis)

A C,, symmetry element means that there is an axis through the structure
such that a 360° /n rotation about the axis produces a structure that appears
identical to the original. A C; axis (also termed a twofold rotation axis) means
that a 180° rotation produces a structure identical to the original structure. cis-
2-Butene (Figure 2.8) has a C, rotation axis. It also has two planes of symmetry,
and both are denoted vertical planes of symmetry (o) because they include
the C, rotation axis. To distinguish between them, one is denoted as o, and the

3 Cotton, F. A. Chentical Applications of Group Theory, 2nd ed.; Wiley-Interscience: New York,
1971.

' Orchin, M.; Jaffé, H. H. Symmetry, Orbitals and Spectra (S. O. S.); Wiley-Interscience: New York,
1971; pp. 91-136.

5 Juaristi, E. Introduction to Stereochemistry and Conformational Analysis; Wiley-Interscience:
New York, 1991.

26 Heilbronner, E.; Dunitz, J. D. (Pfalzberger, R., illus.) Reflections on Symmetry; Verlag Helvetica
Chimica Acta: Basel, 1993.

59

FIGURE 2.7

Representations of decalin isomers.
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FIGURE 2.8

C; (left), o, (center), and o,/ (right)
symmetry elements in cis-2-butene.

FIGURE 2.9

G (left) and o, (right) symmetry
elements in trans-2-butene.

FIGURE 2.10

2 STEREOCHEMISTRY

HC_ | CH, Ech CH3§ H,C f' CH,
H | H i H | H ' H
L LR
CZ Uv "L'
C2
H. . ,CH, { Hy__CH, /
H3C: 5 “H ; Hac; “H
L e

other one is designated o,/. trans-2-Butene (Figure 2.9) has a C; rotation axis
and a plane of symmetry that is denoted a horizontal plane of symmetry (o7,)
because it is perpendicular to the C; rotation axis.

If a center of inversion (i) is present, reflecting each atom through the
center of the molecule produces a structure equivalent to the starting struc-
ture.”” This process is illustrated in the top portion of Figure 2.10 for a
cyclobutane derivative (12).

A C, axis is said to be a proper rotation axis. An improper axis, S,, exists
when equivalency is restored by carrying out two operations consecutively: a
rotation about a proper axis, C,, followed by reflection through a plane
perpendicular to that axis. In the cyclobutane shown in Figure 2.10, for
example, a C, rotation about an axis perpendicular to the plane of the four
carbon atoms, followed by a reflection through the plane containing the four
carbon atoms, produces a structure identical to the starting structure.”® Note
that neither the C, rotation axis nor the o}, reflection symmetry element is

G, (operanon)\( / oy, (operation)

Examples of symmetry operations

on a cyclobutane derivative.

¥ More precisely, the process of inversion through a point with coordinates of (0,0,0) moves each
atom at point (x, y, z) to point (—x, —y, —2z); see reference 23.

% As we will discuss in Chapter 3, cyclobutane is slightly puckered. However, the planar form is
taken to represent the time average of the accessible conformations, so this representation of the
structure is used for symmetry analysis.
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Special Groups ?
No Yes
C,?
f T T ™
Co, Doy Ty O, I
No Yes
2
Ih S,, or S, and i only,
No | Yes colinear with unique
09 or highest order C, ?
No| Yes C
—L— s No | Yes ‘
(o8 o S
nC,1C,? ™"
No Yes
0, ? 0, ?
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nao,? no,?
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C’l C’HJ Dn Dnd

individually present in 12.* It is only the combination of the C, and o,
operations that produces a structure equivalent to the original.

We commonly describe the symmetry of a structure in terms of a point
group, which is a symmetry designator determined by the number and kind
of symmetry elements present in that structure. Structure 12 belongs to the
point group C;. The point group D, includes structures that contain a C,, plus
C, elements perpendicular to the C, axis. The point group D,y includes
structures that contain a C,,, n C; elements perpendicular to the C, axis, and a
oy,. For the sake of completeness, we define an identity operator, E, that does
not move any part of the structure.*’ It is convenient to think of a structure that
has only the E element as belonging to point group Cj, since the only operation
that restores the original structure is a 360° rotation. Details about the
designation of point groups are provided in references 23 and 24, and a
classification scheme for point group designations is reproduced in
Figure 2.11.>! In this scheme, each vertical line represents a question. (For
example, the notation ““C,;?”" means ““Is there a C, axis?”’) If the answer to the
question is yes, the scheme moves along the right line below that question. If
the answer is no, the scheme moves along the left line below the question.

* We may carry out any symmetry operation on any structure, whether or not the corresponding
symmetry element is present in the structure. If the symmetry element is present, then the
operation produces a structure in which every point is oriented the same as an equivalent point in
the starting structure. If the symmetry element is not present, then the result of carrying out the
symmetry operation is a structure that is not equivalent to the starting structure.

30 The E operator is also called I (reference 24).

31 Carter, R. L. J. Chem. Educ. 1968, 45, 44.
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FIGURE 2.11

Point group classification scheme.
(Adapted from reference 31.)
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Point group designations facilitate discussions of chirality. We usuallgy
think first of molecules that show enantiomerism as being asymmetric>>
(without symmetry) due to the presence of a carbon atom with four different
substituents, as illustrated by the 1-bromo-1-chloro-1-fluoroethane isomer 13.
More generally, asymmetric structures have three or more nonequivalent
substituents bonded to a central atom in such a way that the central atom and
the substituents do not all lie in the same plane.*® Such structures are said to
exhibit enantiomerism due to asymmetry about a point and belong to point
group C;.**

Br

F'¢
Cl CH,4

13

A nitrogen atom with three different substituents meets the formal
requirement for asymmetry stated above if the nonbonded pair of electrons
is considered to be a fourth substituent. Ordinarily, however, trialkylamines
are not optically active, because rapid inversion produces a mirror image
structure (14).* Inversion can be slowed by incorporating the nitrogen into a
three-membered ring and by substituting halogen for hydrogen on the
nitrogen atom. As a result, the barrier to inversion of N-chloroaziridines
is about 25 kcal/mol.*® For example, 1-chloro-2,2-diphenylaziridine (15) has
been isolated as a single enantiomer.” Similarly, the phenyl ethyl sulfoxide
16 can be resolved due to slow inversion at the sulfur.®®

. R ) Ph .
"N ¢ \"S\
R\ /> == R 2,\ R NQ< Et' ¢
R U I T

14 15 16

*2 It is a common mistake to misspell this word “assymetric.”

% In some cases, the central atom may have more than four substituents. In particular, metal
complexes may be chiral due to the pattern of ligands about the central atom.

3 Structures that belong to point group C; are chiral, whether or not there are four different
groups bonded to a central atom. For example, Hamill, H.; McKervey, M. A. Chem. Commun. 1969,
864 reported the synthesis of a chiral structure, 3-methyl-5-bromoadamantanecarboxylic acid, in
which the center of chirality is a point in the center of the adamantane skeleton.

35 For reviews, see Binsch, G. Top. Stereochem. 1968, 3, 97; Lambert, ]. B. Top. Stereochem. 1971, 6, 19.
36 Shustov, G. V.; Kachanov, A. V.; Korneev, V. A ; Kostyanovsky, R. G.;Rauk, A. J. Am. Chem. Soc.
1993, 115, 10267.

37 Briickner, S.; Forni, A.; Moretti, 1; Torre, G. J. Chem. Soc., Chem. Commun. 1982, 1218.
Diaziradines can also be optically active: Dyachenko, O. A.; Atovmyan, L. O.; Aldoshin,
5. M.; Polyakov A. E.; Kostyanovskii, R. G. J. Chem. Soc., Chem. Commun. 1976, 50 and references
therein.

38 Kobayashi, M.; Kamiyama, K.; Minato, H.; Oishi, Y.; Takada, Y.; Hattori, Y. J. Chem. Soc. D Chem.
Commun. 1971, 1577.
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In addition to molecules belonging to point group C;, there are
structures that exhibit enantiomerism but which do have some symmetry.*
Therefore, the more precise statement of the requirement for enantiomer-
ism is dissymmetry. That is the Anglicized form of dissymmetrie, a word
coined by Pasteur to describe a structure that is not superimposable on its
mirror imagefm_42 Thus, all chiral molecules are dissymmetric.43 Not all
dissymmetric molecules are asymmetric, however. Any structure is chiral if
it does not have an improper rotation axis (S,)—that is, if it belongs to point
group C, or D,* Structures belonging to point group C; are both asym-
metric and dissymmetric, while structures belonging to other C, point
groups are dissymmetric but not asymmetric. Some examples of chiral C,
structures are compounds 17*° (C,) and 18 (C). Chiral structures with D,
symmetry include 19*” and 20*, which have D, symmetry, as well as 21,
which has D3 symmetry.>*>'

% For a compilation of chiral structures, including structures categorized according to point
groups, see Klyne, W.; Buckingham, J. Atlas of Stereochemistry, 2nd ed.; Oxford University Press:
New York, 1978.

40 Pasteur, L. Researches on the Molecular Asymmetry of Natural Organic Products; Alembic Club
Reprint No. 14, William F. Clay: Edinburgh, 1897. See also Shallenberger, R. S.; Wienen, W.]. |.
Chem. Educ. 1989, 66, 67.

42 Barron, L. D. J. Am. Chem. Soc. 1986, 108, 5539 noted that there is a difference between the
words dissymmetry and chirality, since dissymmetry is the absence of certain symmetry
elements, while chirality is the presence of the attribute of handedness. However, Mislow
defined chirality as the ““absence of reflection symmetry” and investigated the quantification
of chirality: Buda, A. B.; Auf der Heyde, T.; Mislow, K. Angew. Chem. Int. Ed. Engl. 1992, 31,
989. Zabrodsky, H.; Peleg, S.; Avnir, D. J. Am. Chem. Soc. 1993, 115, 8278 treated symmetry as
a continuous and quantifiable property rather than as a “yes or no’’ condition. Zabrodsky,
H.; Avnir, D. ]. Am. Chem. Soc. 1995, 117, 462 gave a quantitative definition of chirality. See
also the discussion in reference 22, pp. 241-256.

3 The terms dissymmetric and chiral are synonymous. Nondissymmetric and achiral are also
synonyms.

4 For a more detailed discussion and a proof of this statement, see reference 23.

5 Banks, R. B.; Walborsky, H. M. J. An.. Chem. Soc. 1976, 98, 3732.

%6 Farina, M.; Morandi, C. Tetrahedron 1974, 30, 1819 presented a general discussion of chiral
molecules with high symmetry.

47 Mislow, K.; Glass, M. A. W.; Hopps, H. B.; Simon, E.; Wahl, G. H., Jr. ]. Am. Chem. Soc. 1964, 86,
1710.

8 Tichy, M. Collect. Czech. Chem. Commun. 1974, 39, 2673.

49 Farina, M.; Audisio, G. Tetrahedron 1970, 26, 1827, 1839.

%0 Chiral cage-shaped molecules with high symmetry were reviewed by Naemura, K. in Osawa,
E.; Yonemitsu, O., Eds. Carbocyclic Cage Compounds: Chemistry and Applications; VCH Publishers:
New York, 1992; pp. 61-90.

51 A particularly interesting D structure is that reported for an isomer of the fullerene
Cyg, a chiral structure composed only of carbon atoms: Diederich, F.; Whetten, R. L.;
Thilgen, C.; Ettl, R.; Chao, L; Alvarez, M. M. Science 1991, 254, 1768. The Cy fullerene was
isolated in enantiomeric form by kinetic resolution: Hawkins, J. M.; Meyer, A. Science 1993,
260, 1918.
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&

19 20

A structure with C;, C,, C,.,, Cupi, Drg, Dy, T, Oy, 01 S, symmetry is achiral,
that is, nondissymmetric.>> Of particular interest are structures with S,
symmetry. As shown in Figure 2.10, the S, operation is identical to inversion
(i). The S; operation is identical to 0. Itis frequently said that structures having
a o or i symmetry element are achiral, but this statement is incomplete. Any
structure belonging to an S,, point group is nondissymmetric, whether or not
it contains a mirror plane or a center of inversion. An example is the achiral
3,4,;’);,4’ -tetramethylspiro(1,1')bipyrrolidinium ion 22, which has S, symme-

try.

CH, H
H . CH
CH, H

22

Some structures are said to have chirality about an axis, which can be
considered to be one of the rotational axes in a more symmetric structure that
no longer exists because substituents have been moved due to ““stretching’”” of

52 For further discussions of the relationship of point groups to chirality, see Mislow, K.
Introduction to Stereochemistry; W. A. Benjamin: New York, 1966; p. 33; reference 41; reference
178; Harris, D. C.; Bertolucci, M. D. Symmetry and Spectroscopy; Oxford University Press: New
York, 1978; p. 9.

% McCasland, G. E.; Proskow, S. |. Am. Chem. Soc. 1955, 77, 4688; 1956, 78, 5646. It is interesting to
note that 22 was reported to be “optically inactive within experimental error.”” The observed
specific rotation of 22 was found to be [oc]DO +0.012° (water, ¢ 5,1 0.5) when prepared from one
precursor and [oc]‘qDO—O.027o when prepared from the enantiomeric precursor. The small optical

activities apparently resulted from trace impurities in the final products.
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X X X
a b a———b ar—i—Db a—i—b
X, ; FIGURE 2.12
d : Stretching a structure with chirality
¢ d ¢ b abouta pointto produce structures
P a a with chirality about an axis.
Y Y Y (Adapted from reference 55.)

the axis.”**> The structure on the left in Figure 2.12 is chiral about a point (near
the letter X). Stretching the figure as indicated involves motion in a direction
along the line XY, which is the axis of chirality. It should be stressed that the
four substituents no longer have to be different to produce chirality. Indeed,
all three of the elongated structures are chiral.

Chirality about an axis is exemplified by allenes, such as the 2,3-penta-
diene enantiomer 23.**” In 23 the methyl and hydrogen substituents on C2 lie
in a plane (in the page) that is perpendicular to the plane containing the
methyl and hydrogen substituents on C4. Here the axis of chirality is
coincident with the C2—C3—C4 bond axis. The structure has a C, symmetry
element, so it is dissymmetric, not asymmetric. The C, rotation axis is
perpendicular to the axis of chirality, as illustrated in Figure 2.13.% It must
be emphasized that not all structures that are chiral about an axis have a C;
rotation axis. For example, the 2,3-hexadiene enantiomer 24 also has an axis of
chirality coincident with the C2-C3-C4 bond axis, but it does not have a C;
rotation axis. The adamantane 25 and appropriately substituted spiro com-
pounds, such as 26, are also chiral about an axis.

H H
Se=c=cKgn  o=c=cgg
HC HC
23 24
a
CH,
H H
H,C XK
HN NH,
al
25 26

> For iltustrations and examples of both an axis of chirality and a plane of chirality, see Prelog, V.
(with Cahn, R. S.) Chem. Brit. 1968, 4, 382. See also Prelog, V. Science 1976, 193, 17.

55 Cahn, R. S. J. Chem. Educ. 1964, 41, 116.

5 Jones, W. M.; Walbrick, J. M. Tetrahedron Lett. 1968, 5229; Waters, W. L.; Caserio, M. C.
Tetrahedron Lett. 1968, 5233.

57 For a review of the chirality of allenes, see Runge, W. in Patai, S., Ed. The Chemistry of Ketenes,
Allenes and Related Compounds, Part 1; Wiley-Interscience: Chichester, England, 1980; pp. 99-154.

8 For a discussion of the C, axis and the axis of chirality in such systems, see Bassindale, A. The
Third Dimension in Organic Chemistry; John Wiley & Sons: Chichester, England, 1984; pp. 34, 104.

% Hulshof, L. A.; Wynberg, H.; van Dijk, B.; de Boer, J. L. J. Am. Chem. Soc. 1976, 98, 2733.

FIGURE 2.13

C; axis in 23.
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In examples 23-26, chirality about an axis was enforced by rings or
double bonds. Some molecules may be dissymmetric due to restricted
rotation about a carbon-carbon single bond. Compounds such as the
biphenyl 27°° are called atropisomers, since they are resolvable only because
the activation energy for rotating about the biphenyl single bond is large due
to steric hindrance of the pairs of ortho substituents.®’ Although there can be
some variation in the angle that the plane of one phenyl group makes with
respect to the plane of the other phenyl, any particular conformation of 27
has a C, rotation axis and is dissymmetric. As noted in the case of allenes, a
C, rotation axis may be present in a molecule that is chiral about an axis, but
it is not required. Replacing one of the CO,H groups of 27 with a CH,OH
group would remove the C, rotation axis, but the structure would still be
chiral about an axis.

CO,H
)

Q2
HO,C Q Hom o
NO, H
27 28

We may consider a plane to be an element of chirality if part of a
structure lies in the plane but other parts of the structure leave the plane so
as to produce chirality. An example is trans-cyclooctene (28), which is chiral
with respect to a plane that includes the two double-bonded carbon atoms
and one of the carbon atoms adjacent to the double bond.®**> More than one
chain can pass through the double bond, as illustrated by “’[8.10]-betwee-
nanene’”’ (29).5%% Another example is the [6]paracyclophane 30, in which the
plane of chirality can be defined by the three positions marked with an
asterisk.®® In many cases we may consider the chiral element to be either an
axis or a plane, and Schlogl has noted the difficulty in defining a plane of
chirality.®® Helical (threaded) structures can also be considered chiral with

0 Newman, P.; Rutkin, P.; Mislow, K. J. Am. Chem. Soc. 1958, 80, 465.

1 (a) Oki, M. Top. Stereochem. 1983, 14, 1 and references therein; (b) Oki, M. The Chemistry of
Rotational Isomers; Springer-Verlag: Berlin, 1993.

%2 The (4 ) enantiomer had [2]3 +414° (¢ 0.55, methylene chloride). Cope, A. C.; Ganellin, C. R,;
Johnson, H. W. Jr.; Van Auken, T. V.; Winkler, H. J. S. J. Am. Chem. Soc. 1963, 85, 3276.

© Inan X-ray crystal study, (—)-trans-cyclooctene was found to have the R configuration, and the
twist angle of the carbon—carbon double bond was estimated to be 43.5°. Manor, P. C.; Shoemaker,
D. P.; Parkes, A. S. J. Am. Chem. Soc. 1970, 92, 5260.

¢ Marshall, J. A. Acc. Chem. Res. 1980, 13, 213 and references therein.

5 For a discussion of the stereochemistry of these and other structures with twisted double bonds,
see Nakazaki, M.; Yamamoto, K.; Naemura, K. Top. Curr. Chem. 1984, 125, 1.

66 Schlogl, K. Top. Curr. Chem. 1984, 125, 27. (This example is adapted from the discussion on pp.
30-31.)
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respect to either an axis or a plane, as in the case of hexahelicene (31).5770

Catenanes (structures formed by interlocking rings) can be chiral, as ex-
emplified by the doubly interlocked 32.”" Structure 33, a trefoil knot, is also
chiral.”>7* Schill and Sauvage provided a detailed account of the occurrence,
synthesis, and chirality of these and other novel molecular structures.”>”®

)CH% (CH,),
(CHyy, " coH
29 30 31
32 33

Designation of Molecular Configuration
Chirality About a Point

The goal of organic nomenclature is to provide concise and unambiguous
identification of the structures of organic compounds. An important aspect of
structure is configuration—the three-dimensional arrangement of atoms that
characterizes a particular stereoisomer. The most generally used system for
specifying configuration is the R (for rectus) and S (for sinister) system, which

67 Resolution of racemic 31 through formation of diastereotopic charge transfer complexes with
optically active 2-(2,4,5,7-tetranitro-9-fluorenylideneaminooxy)propionic acid produced (—)-31
with [a]g‘—3640° (CHCl;). Newman, M. S.; Lutz, W. B.; Lednicer, D. J. Am. Chem. Soc. 1955, 77,
3420.

% Newman, M. S.; Lednicer, D. J. Am. Chem. Soc. 1956, 78, 4765.

% For leading references to the racemization of chiral hexahelicene derivatives, see Prinsen, W.].
C.; Hajee, C. A.].; Laarhoven, W. H. Polycyclic Aromatic Compounds 1990, 1, 21.

7 An X-ray crystal structure confirmed the helical structure of the molecule: Mackay, I. R,;
Robertson, J. M.; Sime, J. G. J. Chem. Soc. D Chem. Commun. 1969, 1470.

71 For a discussion and a report of the synthesis of a doubly interlocked catenane, see Nier-
engarted, ].-F.; Dietrich-Buchecker, C. O.; Sauvage, J.-P. J. Am. Chem. Soc. 1994, 116, 375. For a
discussion of knots in proteins, see Liang, C.; Mislow, K. . Am. Chem. Soc. 1994, 116, 11189.

72 Krow, G. Top. Stereochem. 1970, 5, 59 ff.

73 Boeckmann, J.; Schill, G. Tetrahedron 1974, 30, 1945.

7 For assignment of R or § designations to molecular knots, see Mezey, P. G. J. Am. Chem. Soc.
1986, 108, 3976.

75 Schill, G. in Boeckmann, J., trans. Catenanes, Rotaxanes and Knots; Academic Press: New York,
1971.

76 See also Sauvage, J.-P. Acc. Chem. Res. 1990, 23, 319.

67
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was introduced by Cahn, Ingold, and Prelog (CIP).77‘79 For a chiral molecule
with four different substituents bonded to a tetrahedral carbon atom, one
begins by assigning priorities to the substituents.** Next, one views the
structure (i.e., a drawing or a model of it) in such a way that the substituent
with the lowest priority is held away from one’s eye. One then considers the
other three substituents. If one’s eye traces a clockwise (“to the right”) pattern
while looking from the highest priority substituent to the second highest and
then to the third highest, the configuration is said to be R. If, however, the
substituents are arranged such that looking from highest priority to second
priority to third priority traces a counterclockwise pattern, the configuration
is 5. The R and S designations therefore indicate absolute configuration—the
arrangement of atoms in space that distinguishes a structure from its
enantiomer.”

The priorities of substituents are determined according to a detailed set of
criteria, some of which are presented here.®! The highest priority substituent
is the one with the highest atomic number. If the chiral center has two identical
atoms bonded to it, then one considers the substituents for each of them and
assigns priority to the atom that has the higher priority substituent.*” Thus,
—CH,Br takes priority over -CH,Cl because the atomic number of bromine is
greater than that of chlorine. Similarly, -CH,CH,Cl is higher in priority than
—CH,CH,F. Priority is determined at the point of first difference between
substituents, so the group -CH,CHFCHj is higher in priority than the group
-CH,CH,CH,CL

C2 of 1,1,3-trichloro-2-methylpropane (34) has two substituents on which
chlorine is the highest atomic number atom. Priority between them cannot be
assigned on the basis of atomic number, since both carbon atoms have a
chlorine as the substituent with the highest atomic number. In that case we
count the number of substituents with the highest atomic number. Thus, the
group —“CHCl, has priority over -CH,Cl, since there are two chlorine atoms on
—CHCI,. This counting is used only in the case of ties based on atomic
number. The -CH,Br substituent in 3-bromo-1,1-dichloro-2-methylpropane
(35) has higher priority than the -CHCI, group because bromine has a higher
atomic number than chlorine. The fact that there are two chlorine atoms in the
—CHCl, group does not matter.

77 Cahn,R.S.; Ingold, C. K.; Prelog, V. Experientia 1956, 12, 81; Angew. Chem. Int. Ed. Engl. 1966, 5,
385.

78 For proposed modifications of the Cahn-Ingold-Prelog system, see Dodziuk, H.; Mirowicz, M.
Tetrahedron: Asymmetry 1990, 1, 171; Dodziuk, H. Tetrahedron: Asymmetry 1992, 3, 43; Mata, P.;
Lobo, A. M.; Marshall, C.; Johnson, A. P. Tetrahedron: Asymmetry 1993, 4, 657.

7 In this context, the Latin word rectus is often said to mean “right.”” As Todd and Koga noted,
rectus means “’straight” or “proper”” and dexter means “’right.” The word sinister does mean “left.”
Compare Todd, D. J. Chem. Educ. 1987, 64, 732; Koga, G. Chem. Eng. News 1988 (Apr 4), 3.

80 Priorities are often indicated numerically. Some authors use the numbers 1-4 (or I-IV) with 4
(IV) being highest priority, but others use the same numbers with 1 (I) being highest priority. To
avoid confusion, we will use the letters A-D, with A being highest priority.

81 Additional criteria apply to situations not considered in the present discussion. Details are
provided in reference 77.

82 The term chirality center is also used. For a discussion of stereochemical nomenclature, see
Wade, L. G., Jr. J. Chem. Educ. 2006, 83, 1793. Also see the discussion by Mislow, K. Chirality 2002,
14, 126.
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pia? ik
CICH; Screi,  BrOH: “CHoy,
(R) [8}]

34 35

Counting the number of substituents with a given atomic number is also
important when substituents have double or triple bonds. In such a case, the
multiple-bonded atoms are considered to be replicated. For example, Figure
2.14 shows that -CO,H is considered to be —C(OO)-O(C), so it has priority
over -COCH3, which in turn is higher in priority than -CHO.

If two substituents are identical except for isotopic substitution, then the
substituent having an isotope with the greater atomic mass takes priority over
the substituent with the isotope of lower atomic mass. Therefore, the group
-CH,D is hiﬁher in priority than the group —CHj, and the group
—CH,—CH,—""CHj is higher in priority than the group -CH,~CH,—CHs.
As an example, the deuterated neopentane 36 has the R configuration because
the priorities are CD3; > CHD, > CH,D > CH;.2% Note that isotopic substitu-
tion is considered only when no other criteria apply. For example, the group
-CH,-CH,-F takes priority over the group -CD,-CHj;. A more detailed
discussion of priorities appears in the [TUPAC nomenclature rules,® and a
listing of groups in order of priority was given by Klyne and Buckingham.*

CDH,
\'/ CH,
36

HD,C

The R and S nomenclature system is very useful in naming biological
products such as a-tocopherol. Natural vitamin E is (2R,4'R,8'R)-a-tocopherol
(37), but commercial vitamin capsules contain the acetates of both the natural
vitamin and of (25,4'R,8'R)-a-tocopherol. Both acetates are hydrolyzed to the
phenol in the intestine before absorption into the body, but the acetate of
natural vitamin E is hydrolyzed more rapidly.®®

69

CH,
Group —COOH > —(|)=O > —CH=0 > —CH,0H
OH (o} H H
Growpwith ~ _ o oo o o FIGURE 2.14
replicated atoms cl) (|: CI) (’] (|) ([3 I!{ Iil Priorities for carbon atoms with
Alternative double bonds to oxygen. (Adapted

representation C(00)—0([C)y —CCOO)—0(C) —COHm—O0C) —CHH)—

83 Haesler, J.; Schindelholz, L; Riguet, E.; Bochet, C. G.; Hug, W. Nature 2007, 446, 526.

8 Rigaudy,].; Klesney, S. P. Nomenclature of Organic Chemistry; Pergamon Press: Oxford, England,
1979; pp. 486—490.

% Ingold, K. U. Aldrichim. Acta 1989, 22, 69.

OM) from reference 55.)



70

FIGURE 2.15

Determination of configuration of
38.

2 STEREOCHEMISTRY

Chirality About an Axis or a Plane

The R and S nomenclature system can also be used for structures with an axis
or plane of chirality if we apply the additional rule that substituents on the end
of an axis or on the surface of a plane nearer the observer are arbitrarily given
higher priority than those further away. Some authors augment the R and S
labels in order to specify that the designation applies to axial or planar
chirality, so the terms Ra and Sa (or aR and aS) for axial chirality and R

and Sp (or pR and pS) for planar chirality also appear in the literature.'#®

As an example, let us consider the enantiomer of glutinic acid 38a
(Figure 2.15).” Viewing the structure along the C=C=C axis from the right
of the drawing (as indicated by the “eye’” symbol) would produce the image
38b. Using the rule that near groups precede far groups in priority, we first
assign highest priority (A) to the CO;H group and second priority (B) to the
hydrogen substituent on the near carbon atom. The CO,H group on the far
carbon atom is third priority (C), and the hydrogen substituent on that carbon
atom is lowest in priority (D). Now we determine the configuration as we
would for a chiral carbon having the same substituents with priorities A, B, C,
and D bonded to it. Thus, the structure is determined to be R.

As another example, consider the biphenyl 27 shown in Figure 2.16(a
Viewing the three-dimensional representation from the perspective indicated
by the top eye symbol would produce the image in Figure 2.16(b).?® Again,
assigning the two “near”” groups higher priority than the two far ones, the
structure is found to be S. It may not be immediately obvious, but choice of
perspective of the original structure does not affect the designation. Viewing

)‘60

©

HO,C_ CO.H N > COH
OO % woss )> — {@H={=CO,H@® .
H H HOT
®
38a 38b

86 For a discussion of the designation of axial and planar chirality, see Nader, N.-P. Chem. Educ. J.
2006, 9, 6.

8 Agosta, W. C. . Am. Chem. Soc. 1964, 86, 2638.

88 Note that viewing 27 so that the NO, and CO,H groups are horizontal on the near phenyl ring
and vertical on the far phenyl ring requires a slight rotation of the entire structure about the bond
connecting the two benzene rings.
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(a) /A\ (b) e
' NO,

—  ®O0,N==CO,H{B

‘ T COH

| o S

AN @ .
NO, .
— ®O,N -+ COH®
COH ' FIGURE 2.16
®° s Determination of R or S designa-
R\ tion for an atropisomer of 27.

27 from the angle shown by the bottom eye produces Figure 2.16(c), which is
also S.

Frequently, designation of helical molecules is done not with R and S but
instead with P (for plus) and M (for minus).* Hexahelicene 31 (page 67)issaid
to be “left-handed,” since the helix makes a left-handed or counterclockwise
turn as it proceeds away from the observer. Therefore, 31 is an M helix, which
corresponds to the R designation. (Viewing the helix from the other end
would not change this designation.) Similarly, 38 can be considered an M
helical structure in which the CO,H groups move counterclockwise as they
proceed away from the observer. Conversion of M to Rand P to S is easy, since
the relative order of the letters M and P corresponds to the relative order of the
letters R and S in the alphabet.”?

COH ™.

H + COzH
H
38

The R or S designation of trans-cyclooctene (28, Figure 2.17) can most
easily be determined by considering the structure to have chirality about an
axis. Viewing 28 as indicated by the eye symbol reveals it to have the R
configuration. Krow detailed the application of the rules for planar chirality to

ey . PR FIGURE 2.17

ST Hw o )& — H _\:_ —H | UL AL A _

\/ \Il 7 N o Determination of the configura-
tion of 28.

8 Although the symbols M and P are not derived from words of foreign origin, they are
nonetheless italicized: Dodd, J. S.,, Ed. The ACS Style Guide; American Chemical Society:
Washington, DC, 1986; p. 75.
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FIGURE 2.18 ~ @
- . .. C
Determination of the configura- Q D ‘\b
tion of 39. The straight arrows des- Q S a

b ? \
¢ D

ignate the pilot atom. The curved
arrow identifies the configuration
of the structure. 39 (side view) 39 (top view)

28 and other molecules,”” and Hirschmann and Hanson described ap-
proaches to factoring chirality and stereoisomerism.”

Determining the R or S configuration of a structure that is chiral about a
plane is not as straightforward as is determining the configuration of a
structure chiral about a point or an axis.! First, the chiral plane is chosen so
as to contain as many of the atoms as possible.”! In the deuterated para-
cyclophane 39, the chiral plane consists of the benzene ring containing the
deuterium atom and the two methylene groups attached to this ring
(Figure 2.18). Next, one identifies an atom that is not in the plane but which
is as close to the plane as possible; this atom is designated the “pilot atom”
and is denoted by an arrow. In 39 there are two methylene carbons bonded to
the upper benzene ring that are each one atom removed from the lower, chiral
plane. In such cases, one chooses as the pilot atom the atom that is closer to a
group (in this case the D atom) that is higher in priority according to the
sequence rules. Then if the three atoms in the chiral plane that are bonded to
the pilot atom are arranged in a clockwise pattern in the chiral plane as viewed
from the pilot atom, the chirality is designated R (pR). In the case of 39, the
pattern from a to b to ¢ is counterclockwise, so 39 is designated S.°* If one
considers the pilot atom and atoms a, b, and ¢ to be four atoms of a helical
structure, then 39 is designated M. Thus, pR corresponds to P and pS to M,
which s the opposite of the correlation of the axial chirality descriptors ak and
aS, which correspond to M and P, respectively.’

Fischer Projections

The R and S system is useful in discussing the Fischer projection, which is one
of the most important two-dimensional representations of chiral molecules.”
This type of drawing was initially developed to display the stereochemical
relationships among carbohydrates with several chiral centers,’ but it is also
useful in many other applications. In a Fischer projection, molecules are
represented by crossing vertical and horizontal lines, with each intersection
representing a carbon atom. Horizontal lines represent bonds that would
project forward in space if we drew the molecule using perspective notation

0 Hirschmann, H.; Hanson, K. R. Top. Stereachem. 1983, 14, 183.

°! It cannot be that all of the atoms lie in the plane. If that were the case, the structure would not be
chiral.

92 Hoffman, P. H.; Ong, E. C.; Weigang, O. E., Jr.; Nugent, M. J. . Am. Chem. Soc. 1974, 96, 2620.
% The Fischer projection is also called the Fischer-Tollens projection (reference 11).

°* Lichtenthaler, F. W. Angew. Chem. Int. Ed. Engl. 1992, 31, 1541. Also see Maehr, H. Tetrahedron:
Asymmetry 1992, 3, 735.
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for the chemical bonds. Vertical lines represent bonds that would project back
from the carbon atom at the point of intersection. For example, the stereo-
isomer of 2-chlorobutane represented in many different ways in Figure 2.2
would be shown as the Fischer projection 3g.

i T
Cl~f=H = 01—}—1{
CH,CH, CH,CH,
3a 3g

Figure 2.19 shows three stereochemical representations for (25,35)-2-
chloro-3-pentanol (40). One can interconvert these representations by ima-
gining the view to be had from various perspectives. For example, viewing
40a from the perspective indicated by the eye would produce the bold/
dashed wedge figure 40b, which is properly oriented (substituents on a
horizontal line project toward the viewer) to simply draw the Fischer projec-
tion, 40c. Note that a Fischer projection shows an eclipsed conformation of the
structure, so ordinarily it does not represent the most stable conformation.

As we have noted, a two-dimensional figure can represent a three-
dimensional structure only if we accept implicit rules for drawing and
changing it. Therefore, some operations on a Fischer projection are “al-
lowed,” and some are ““forbidden.” Rotation of an entire Fischer projection
180° about an axis perpendicular to the page and through the center of the
carbon skeleton (Figure 2.20) preserves the configuration of the structure, as
does the cyclic rotation of any three substituents to a chiral center while
holding the fourth substituent fixed (Figure 2.21). Therefore, these two
processes are allowed operations on Fischer projections.

In contrast, flipping a Fischer projection, as shown by the conversion of
40a to 41 in Figure 2.22, gives the enantiomer of the original structure, while
exchanging any two groups, as shown by the conversion of 40a to 42 in
Figure 2.23, gives the diastereomer of the original chiral center. Therefore,
these procedures are forbidden operations for Fischer projections.

A stereochemical drawing, once committed to paper, represents a specific
stereoisomer. That is, the image defines the chirality sense of the object it
depicts. Sometimes, chemists must convey information about structures
whose absolute configurations may be unknown. For example, suppose we

o CH CH.
\V H Cl -
"HO Y cH H=t=Cl H——Cl
CH,CH,4 CH,CH, CH,CH, Representations of (25,35)-2-chloro-
40a 40b 40¢ 3-pentanol.
. CH, CH,CH,
TH—EC H—> 0H FIGURE 2.20

Effect of rotating the Fischer pro-
jection of 40c 180° about an axis
CH,CH, CH, perpendicular to the midpoint of
40¢ 40d the C2-C3 bond.

‘HO—SH - Cl
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FIGURE 2.21

Conversion of the Fischer projec-
tion 40d into 40e as the result of
a 120° rotation about the C2-C3
bond.

FIGURE 2.22

Effect of flipping a Fischer pro-
jection.

FIGURE 2.23

Effect of interchanging two groups
attached to one chiral center in a
Fischer projection.
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CH,CH, CH,CH,
H—>OH H—>OH
A< - cy,—Eal

CH, H

40d 40e
CH, CH,
H—{Scl cl—&-H

e 5 *

HO—LH H—*OH
CH,CH, CH,CH,
40a 41
CH,
H—-Cl
#
HO—{-CH,CH,
H
42

are seeking to identify an unknown substance and have determined from
atom connectivities that it is 2-chloro-3-hydroxypentane. Suppose also that
we have determined the relative configurations of the two chiral centers and
know that the substance being studied is either the (R,R) or the (S,5) isomer.
We might represent the compound with a drawing such as 40a, but we would
have to verbally augment the figure by stating that the compound under
investigation is either the structure drawn or its mirror image. Similarly, we
cannot represent a mixture of enantiomers with just one stereodrawing unless
there is an accompanying explanation.

To provide a more complete but still compact stereodescription of mole-
cular entities, Maehr suggested a conventionbased on aredeployment of some
commonly used notations for the placement of bonds in space as follows:”

1. Solid and broken wedges were defined as descriptors of topography that
denote the absolute configuration of a chiral structure. Thus, (25,3R)-2,3-
dibromobutanol was represented by Maehr as 43.

% Maehr, H. J. Chem. Educ. 1985, 62, 114; ]. Chem. Inf. Comp. Sci. 2002, 42, 894.
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2. Solid and broken bold lines were designated as descriptors of geometry.
Employed within a stereostructure, they portray the stereochemical
relationship among similarly represented stereocenters within a mo-
lecule, but they also imply that a molecule is racemic. Therefore, 44
represents both the structure obtained by replacing the bold line by a
solid wedge and the dashed line by a broken wedge (42) and the
enantiomer of that structure (45).

Cl Cl

/Yk enantiopure, absolute /Yk

OH configuration known OH

4?2 45
b—(either one or the other, but not both)———-‘
Ql
OH
enantiopure, but absolute
configuration unknown
46

3. Wedge outlines and dotted (broken) lines were also defined as descriptors
of geometry, but they portray only the stereochemical relationship
among similarly represented stereocenters. They inform the viewer
that the compound is a single enantiomer, but they do not indicate the
absolute configuration of the chiral centers. Thus, 46 is either 42 or 45,
but not both.

The stereochemical information for some molecules with several stereo-
centers may be limited, as, for example, during the structure elucidation of a
new natural product. The absolute configuration may be established for the
stereocenters in one part of the molecule, while in another part of the molecule
only relative configurations may be known. In such a case, the Maehr
convention allows the unambiguous representation of the stereochemical
knowledge about the compound with a single diagram incorporating de-
scriptors of type (1) and (3), respectively. A single diagram using type (1) and
type (2) descriptors could represent the product obtained by esterifying a
racemic carboxylic acid with an optically active alcohol. The Maehr conven-

75
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tion found some acceptance,’® but a contemporary author cannot assume that
readers will be familiar with it. Current IUPAC recommendations state that,
in order to avoid ambiguity, it is safest to accompany structural drawings
with additional descriptive text so that the stereochemical meaning of the
drawings is entirely clear."!

Additional Stereochemical Nomenclature

There is also an extension of the R or S system that is useful for situations in
which we know the relative configuration of the chiral centers in a molecule
but not the actual three-dimensional structure. For example, the drawing of
compound 47 uses the Maehr notation to indicate that the relationship of the
methyl and chloro substituents is cis but that we do not know whether the
structure has the configuration shown or its mirror image. In one system of
nomenclature, the first-named substituent is arbitrarily assumed tobeonan R
chiral center, and that center is denoted as R*.”” The configuration of the chiral
center bearing the second-named substituent is then determined to be either
R* or §* according to this arbitrary assumption. Another way to treat the same
problem is to use the prefix rel (for relative) to indicate that the actual
configuration is not known. Thus, 47 could be named either as (1R*,35%)-1-
chloro-3-methylcyclohexane or as rel-(1R,3S)-1-chloro-3-methylcyclohexane.

HQH (1R*,38%)-1-Chloro-3-methylcyclohexane
R S or

ql CH, rel-(1R,3S)-1-Chloro-3-methylcyclohexane
47

The r (for “’reference’’) system was developed to serve as the reference for
the stereochemical placement of substituents and is particularly useful for
diastereomers.”® In the case of 48, for example, the carboxylic acid function is
taken as the reference, and the other substituents are indicated as being either
cis (c) or trans (#) to it.

cl CO,H
>O< t-4-Bromo~¢c-4-chloro-1-methyl-r-1-cyclohexanecarboxylic acid
Br CH,

48

The CIP priority rules have also been adapted for naming geometric
isomers in which the designations cis and trans are ambiguous. Assigning
priorities A or B to the two substituents on each carbon atom of an alkene
results in one or the other of two possible results, as shown at the top of
Figure 2.24. We designate as Z (an abbreviation of the German word zusam-
men, meaning ‘‘together’’) the isomer in which the two higher priority

% Compare Kende, A. S., Ed. Org. Synth. 1986, 64, p. x.

9 Fletcher, J.H.; Dermer, O. C.; Fox, R. B. Nomenclature of Organic Compounds, Adv. Chem. Ser. 126,
American Chemical Society: Washington, DC, 1974; p. 108.

% For further discussion of the r notation, see (a) reference 97, p. 112 ff; (b) Orchin, M.; Kaplan, F.;
Macomber, R. S.; Wilson, R. M.; Zimmer, H. The Vocabulary of Organic Chemistry; John Wiley &
Sons: New York, 1980; p. 139.
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@@@»

C

@) (E)
®cCH,  CcoH® @®C,  CH®
c=C c=C
H/ \Cl® @Br/ \I@
49 50

substituents (A) are cis to each other. We designate as E (German, entgegen,
“opposite”’) the isomer in which the two higher priority substituents are
trans.” Z is often equivalent to cis, and E is often equivalent to trans, but that is
not always the case. In the 2-butenes, the Z isomer is the cis isomer, while the E
isomer is trans. In compound 49, however, the parent chain passes through
the double bond in a cis fashion, but the designation is E because of the
priorities of the substituents. There is not a parent chain passing through the
double bond in structure 50, but the E and Z system names this compound
simply and unambiguously as (Z)-1-bromo-1-chloro-2-iodopropene.

The E or Z nomenclature can also replace the older syn-anti terminol-
ogy. Compound 51 has been called syn-propiophenone oxime because the
OH and the pheny! are on the same side of the double bond, while 52 has
been called the anti isomer because these two larger groups are on opposite
sides. The distinction between syn and anti depends on the size or
complexity of the substituents, and that may not always be unambiguous.
Moreover, many authors reserve the terms syn and anti to describe the
stereochemical pathway of a reaction, not the stereochemistry of molecules.
With the E or Z system, 51 is unambiguously the Z isomer, while 52 is the E
oxime.

OH
Ph Ph_ ..
CH,CH, CH,CH, OH
syn-propiophenone oxime anti-propiophenone oxime
or or
(Z)-propiophenone oxime (E)-propiophenone oxime
51 52

The R or S and the E or Z nomenclature systems can be combined as
needed to name specific compounds. For example, the IUPAC name of (—)-
matsuone (53), the primary sex attractant pheromone of a red pine scale, is
(2E,4E,6R,10R)-4,6,10,12-tetramethyl-2,4-tridecadien-7-one.'®

% Blackwood, J.E.;Gladys, C. L.; Loening, K. L.; Petrarca, A. E.; Rush, . E. J. Am. Chem. Soc. 1968,
90, 509.

100 The synthesis of (—)-matsuone was described by Cywin, C. L.; Webster, F. X.; Kallmerten, J. J.
Org. Chem. 1991, 56, 2953.

77

FIGURE 2.24

Examples of E and Z nomenclature
of alkenes.



78

2 STEREOCHEMISTRY

0]

YYYY

Matsuone
53

The terms endo and exo are useful in naming bicyclic systems. The endo
substituent is held toward the inside of a carbon skeleton envelope, while the
exo substituent is toward the outside. The nomenclature is exemplified by the
2,4-dimethylbicyclobutanes 54 and 55 and by the 2-chloronorbornanes 56 and
57. In the 2-chloronorbornanes, the chlorine sees two envelopes, one due to a
six-membered ring and one due to a five-membered ring. The exo, endo
convention refers to the envelope determined by the larger bridge, so 57 is
the exo isomer. A more complicated example is that of 6-exo-(acetyloxy)-8-
azabicyclo[3.2.1]octan-2-ex0-ol (58), an alkaloid isolated from a Chinese
herb.""! If there is a substituent on a smaller ring as well as on a larger ring,
then the endo, exo and syn, anti designations may both apply.'® Thus, 59 is
2-endo-bromo-7-syn-chlorobicyclo[2.2.1]heptane.

H CH,
Cﬂs}%(CH Cstﬁh*(
H
H ? H
exo, endo-2,4-dimethylbicyclobutane exo, exo-2,4-dimethylbicyclobutane

54 55

HN OH
E O O Ao
1 H H
endo-2-chloronorbornane  exo-2-chloronorbornane 8-exo-(acetyloxy)-8-azabicyclo-

[3.2.1]Joctan-2-exo-o0l

56 57 58

H
Br
59

The R and S system is widely accepted for most organic compounds, but
for historical reasons we often use the p and L system for carbohydrates and
amino acids. By convention, a Fischer projection is drawn vertically with the

101 Jung, M. E;; Longmei, Z.; Tangsheng, P.; Huiyan, Z,; Yan, L.; Jingyu, S. J. Org. Chem. 1992, 57,

3528.
192 Moss, G. P. Pure Appl. Chem. 1996, 68, 2193.
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Carbon 1 by IUPAC rules

CHO
HI(-)I —— I(-)IH L configuration.
H —;()_I_{/ OH is on the right at the highest \COZH
H—=0OH numbered chiral center, so this is H,N 4‘7 H
CH,OH a D configuration. CH,
D~(+)-Glucose L-Alanine
60 61

3-a-Cholestanol 3-B-Cholestanol
62 63

(IUPAC) atom numbers increasing from top to bottom.'®® The highest num-
bered chiral center will have two “horizontal’’ substituents, normally either H
and OH (for carbohydrates) or H and NH, (for a-amino acids). If the OH or
NHs; is on the right, the structure is D (as in b-( + )-glucose, 60) (Figure 2.25). If
the OH or NH, is on the left, the structure is L (as in r-alanine, 61).

The terms « and B are useful in describing the stereochemistry of steroid
and carbohydrate systems. For steroid systems such as the isomers of 3-
cholestanol in Figure 2.26, an « hydroxyl group is one that lies beneath the
approximate molecular “plane.”'®*!% Thus, 62 is 3-a-cholestanol. On the
other hand, a 8 substituent lies above the approximate plane of the molecule,
as shown by the structure of 3-8-cholestanol (63).'%

Similarly, 64, the cyclic form of p-glucose having the hemiacetal hydroxyl
group down, would be called a-b-glucopyranose, and B-p-glucopyranose is

103 Analternative definition specifies that the more highly oxidized terminal carbon atom be at the
top of the Fischer projection. For carbohydrates and amino acids, there is ordinarily no conflict
between these two definitions. For historical notes and an elaboration of the p and L nomenclature
system, see Slocum, D. W.; Sugarman, D.; Tucker, S. P. . Chem. Educ. 1971, 48, 597; reference 140a,
pp. 88-92.

104 The rules for conformation nomenclature in cyclic monosaccharides have been summarized
by Schwarz, J. C. P. J. Chem. Soc. Chem. Commun. 1973, 505.

195 For a discussion of the stereochemical designations of steroids, see Fieser, L. F.; Fieser, M.
Steroids; Reinhold Publishing Corporation: New York, 1959; pp. 2-3 and p. 330 ff.

196 The designation of substituents as « or 8 in carbohydrates is not as straightforward as it is with
steroids. For b sugars, as proposed by Hudson, the more dextrorotary of each «,8 pair is the «
anomer. For L sugars, the more levorotary of each «,8 pair is the « anomer. See Hudson, C.S. . Am.
Chem. Soc. 1909, 31, 66. For a discussion, see Pigman, W. The Carbohydrates; Academic Press: New
York, 1953; pp. 42-43.
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FIGURE 2.25

Examples of b and L nomenclature.

FIGURE 2.26

Examples of o and 8 nomenclature.
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FIGURE 2.27

Representations of « and 8 nomen-
clature in p-glucopyranose.

FIGURE 2.28
Representations of sucrose.

2 STEREOCHEMISTRY

HO CH,0H o CH,0H o
OH
HO OH HO OH
H OH H
a-D-Glucopyranose B-D-Glucopyranose
64a 65
CH,OH
H O _H
OH H
OH OH
H OH

a-D-Glucopyranose

64b
HO OH
O O
%’1& HO
HO OH 0] CHOH
OH
66a (not acceptable) 66b (preferred)
HO OH HO OH
O (0] (®) O
@\ HO o o) HO
OH O CH,OH on— T CHOH
OH OH OH
66¢ (preferred) 66d (acceptable)

65 (Figure 2.27).""” In these drawings the cyclic hemiacetal form of the
carbohydrate is shown as a six-membered ring in the chair conformation.
An older representation of carbohydrates that represents structures with
planar six-membered rings is the Haworth drawing 64b.?

When monosaccharides (individual carbohydrate units such as glucose)
are joined together to form disaccharides and polysaccharides by converting
hemiacetal groups into acetal linkages, the problem of depicting the stereo-
chemistry can become even more complex. Figure 2.28 shows four repre-
sentations for sucrose (66). Drawings such as 66a are widely used, but current
IUPAC recommendations label them as not acceptable.'! The vertical straight

197 The name glucopyranose is derived from the systematic nomenclature of carbohydrates: gluco
refers to glucose, pyran means that the compound is in the hemiacetal form so that there is a six-
membered ring containing oxygen, and ose is the usual suffix for carbohydrates. A furanose ring
would be a five-membered carbohydrate ring containing one oxygen atom.
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CHO
HO——H H——OH oH
H——OH HO ——H
H—1—OH H——OH
H——0 _J HO' ‘OH
CH,0OH
CH,OH OH CH,0H
60 64d (not acceptable) 64e (preferred) 64f (preferred)

lines from the rings are intended to represent bonds to hydrogen atoms, but
this use is not consistent with the formalism that a straight line represents a
bond to carbon unless a different atom label terminates the line. Moreover, the
“bentbond’’ connections for the glycosidic linkages in the center of that figure
are indistinguishable from the methylene group of the -CH,OH substituents
on the rings. To avoid these ambiguities, IUPAC recommends drawings such
as 66b and 66¢. To avoid the appearance of a 180° O-C-O bond angle in 66c,
the IUPAC recommendations consider 66d, with its curved glycosidic bond
lines, to be acceptable.

Fischer projections are especially useful for the acyclic forms of mono-
saccharides {e.g., D-glucose, 60) and have been adapted to display their cyclic
hemiacetal or hemiketal forms as shown with 64d (Figure 2.29). Again, the
right angles in 64d present the same issues as those in 66a. To avoid these
problems, current IUPAC recommendations recommend the use of figures
such as 64e and 64f."

In some cases, particularly natural products with many chiral centers, itis
convenient to name the mirror image of a substance having a trivial or
common name by simply indicating that the structure is the enantiomer
(ent-) of the natural compound. The enantiomer of cholesterol (67) is therefore
ent-cholesterol (68).'%

HO

Cholesterol Ent-cholesterol

67 68

Several stereochemical labels have been developed for diastereomers.
Epimers are diastereomers that differ in configuration at only one of several
chiral centers. The chiral center at which the difference in configuration occurs
is said to be the epimeric center. Structures 69 and 70 are epimeric at C4.
Anomers are epimers in the carbohydrate series that differ only at the

108 Rychnovsky, S. D.; Mickus, D. E. |. Org. Chem. 1992, 57, 2732.
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FIGURE 2.29

Representation of p-glucose (60)
and a-p-glucopyranose (64).
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hemiacetal carbon atom. Examples are the « and 8 forms of p-( + )-glucopyr-
anose (64 and 65, Figure 2.27).

CHO CHO
HO——H HO——H
HO—— epimeric — H!

H-—-Kg‘ﬂ/~ carbon O——H
H——OH H——OH

CH,OH CH,O0H
p-(+)-Mannose p-(+)-Talose

69 70

The prefix epi is a convenient way to name chiral structures that are
epimers of molecules with nonsystematic names. For example, ambrox (71) is
a substance in ambergris, a whale product that was used in perfumes for
hundreds of years.'” Researchers identified a synthetic isomer of ambrox that
is epimeric at the 9 position and which offers even greater potential for use in
perfume. This compound was named 9-epi-ambrox (72), a designation that
compactlgl specifies its structure in the context of the known parent com-
pound.™

71 72

The term meso is commonly used to designate an achiral structure
that is a diastereomer of one or more chiral structures.''’ A meso
compound contains chiral substructures but is not itself chiral because
of overall molecular symmetry. Such structures often—but not always—
have a plane of symmetry in at least one conformation, as is illustrated for
73 and 74. These structures are said to be internally compensated.'’> An
example of a meso structure that does not have a plane of symmetry is the
1,4-dichloro-2,5-difluorocyclohexane 75, which is achiral because it has a
center of symmetry. Structure 75 is a diastereomer of the enantiomeric
pair 76 and 77.

109 Budavari, S., Ed. The Merck Index, 11th ed.; Merck & Co.: Rahway, NJ, 1989; p. 62.
110 Paquette, L. A.; Maleczka, R. E., Jr. J. Org. Chem. 1991, 56, 912.

" Ault recommended using meso to define an optical activity relationship and not a structural
feature (i.e., a macroscopic and not a molecular distinction). By this definition, meso refers to “an
optically inactive member of a set of stereoisomers, at least two of which are optically active.”
Ault, A. J. Chem. Educ. 2008, 85, 441.

'12 Effectively, a compound such as 73 is a one-molecule racemate.
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internal
plane of
CH,OH symmetry,
Hwta(j (internal
CHOTICH Pemeof  HC U} CHy
Hof=Cl~ \symmetry >‘“<H
CH,OH ¥
73 74
1
1 F ' Cl 1 F
:
| rotate
1 —_—
|
[l
F Cl ' Cl F F Cl
’ identical
75
cl F F cl
F H H ¢
76 77

Two other stereochemical designations that are most easily determined
from Fischer projections are erythro and threo. These terms derive from the
structures of the carbohydrates erythrose, 78, and threose, 79. If the two
carbohydrates are drawn as Fischer projections, it is seen that erythrose has
two identical substituents (OH groups) on adjacent chiral centers and on
the same side of the Fischer projection. By analogy, other structures which
have identical (or similar) substituents on adjacent chiral centers and on the
same side of the Fischer projection are also called erythro. In the case of
threose, the two identical substituents on adjacent chiral centers are on
opposite sides of the Fischer projection when the main chain is drawn
vertically. By analogy, other structures having similar stereochemical
character are termed threo.!'® For example, the precursor for the synthesis
of the antibiotic Thiamphenicol is threo-(1R,2R)-2-amino-1-[(4-methylthio)
phenyl]-1,3-propanediol, 80."'* Here the threo modifier is redundant but is
nevertheless useful in visualizing the three-dimensional structure of the
compound.

13 The terms erythro and threo may be defined in a different fashion using the R and S priority
designations and Newman projections: reference 95; reference 117. See also Seebach, D.; Prelog, V.
Angew. Chem. Int. Ed. Engl. 1982, 21, 654; Gielen, M. J. Chem. Educ. 1977, 54, 673.

114 The conversion of the (15,25) isomer into the (1R,2R) enantiomer was described: Giordano, C.;
Cavicchioli, S.; Levi, S.; Villa, M. J. Org. Chem. 1991, 56, 6114.
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CH,0H

1" cmon

2 HN—-H
CHO CHO /@*{ - mLNEH
H—+O0H HO—TH NH,

HiOH H—|-OH  CHS
CH,OH CH,OH

p-Erythrose p-Threose SCH,

78 79 80

The terms erythro and threo still find wide use, but some extensions of
those terms have resulted in ambiguous designations.!'>!'¢ Therefore, sev-
eral authors reported alternative stereochemical descriptors for structures of
known stereochemistry. Carey and Kuehne proposed the pref-parf system,
where pref is an abbreviation for “‘preference reflective” and parf is an
abbreviation for “preference antireflective.” '*” Consider a structure having
substituents with priorities A, B, and C on one chiral center and substituents
with priorities A’, B, and C’ on the other chiral center. If we view a sawhorse
representation of the structure in such a way that the priority sequences
(though not the actual substituents) are mirror images, as shown in
Figure 2.30(a), then the structure is pref. If the CIP priority sequences are
not mirror images, as shown in Figure 2.30(b), then the structure is parf. Thus,
p-erythrose is the pref diastereomer, while D-threose is the parf diastereomer.

Prelog and Helmchen proposed the [u notation, where | represents
like, and u stands for unlike. 118 If a structure has two chiral centers and both
are R, the structure is . If one is R and the other is S, however, then it is
designated u. Thus, p-erythrose, (2R,3R)-2,3,4-trihydroxypropanal, is the !
diastereomer, while p-threose, (25,3R)-2,3,4-trihydroxypropanal, is the u
diastereomer.''%12°

One stereochemical term that appeared with some regularity in the
literature is homochiral. Unfortunately, this term has had different meanings
and thus was the subject of some debate. Damewood noted that the term as
defined by Kelvin meant two species with the same handedness and cited
elaboration of this meaning by Anet and Mislow, but that the term also had
been used to mean a sample in which one enantiomer exists in pure form or is
present in greater concentration than its mirror image.'*’~'?* Several authors

15 Noyori, R.; Nishida, 1.; Sakata, J. J. Am. Chem. Soc. 1981, 103, 2106.
116 Gee also the discussion of Tavernier, D. J. Chem. Educ. 1986, 63, 511.
17 Carey, F. A,; Kuehne, M. E. J. Org. Chem. 1982, 47, 3811.

18 Prelog, V.; Helmchen, G. Angew. Chem. Int. Ed. Engl. 1982, 21, 567; Seebach, D.; Prelog, V.
Angew. Chem. Int. Ed. Engl. 1982, 21, 654.

11% Gee also Brewster, J. H. J. Org. Chem. 1986, 51, 4751.

120 The [ and u designations are not the same as the Ik (like) and ul (unlike) designations for the
topicity of approach of two reactants in asymmetric synthesis. The terms ! and u refer to products,
while the terms lk and ul refer to the steric course of reactions: Seebach, D.; Prelog, V. Angew. Chem.
Int. Ed. Engl. 1982, 21, 654.

! Lord Kelvin. Baltimore Lectures on Molecular Dynamics and the Wave Theory of Light; Clay:
London, 1904; p. 618.

122 Anet, F. A. L.; Miura, S. S.; Siegel, J.; Mislow, K. . Am. Chem. Soc. 1983, 105, 1419.
123 Mislow, K.; Bickart, P. Isr. J. Chem. 1976177, 15, 1.
124 Damewood, J. R., Jx. Chem. Eng. News 1985 (Nov 4), 5.
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proposed and discussed possible alternative terms for enantiomerically pure
or enriched substances. Among the suggestions were enantiopure, scalemic,
unichiral, monochiral, and aracemic.**®> A member of the IUPAC commission
preparing a Glossary of Stereochemical Terms reported that the committee
favored the terms enantiomerically pure or enantiomerically enriched and spe-
cifically discouraged the use of the term homochiral 11126 A g 4 result, readers of
the chemical literature, especially the older literature, will need to consider
carefully how the word homochiral is used in each paper.

Another source of uncertainty in the use of stereochemical terminology
concerns the terms stereospecific and stereoselective, which were proposed
by Zimmerman and co-workers.'”” Adams reviewed the varied definitions of
these terms and recommended that they be used as follows:'?®

» Stereoselective Reaction: A reaction in which one stereoisomer (or pair of
enantiomers) is formed or destroyed at a greater rate or to a greater
extent (at equilibrium) than other possible stereoisomers.

o Stereospecific Reaction: A reaction in which stereoisomerically different
reactants yield stereoisomerically different products.

A familiar example of a stereoselective reaction would be the formation of
a higher yield of trans-2-butene than cis-2-butene in an E2 reaction, no matter
whether the starting material is (R)- or (S)-2-bromobutane. The addition of
bromine to trans-2-butene to produce meso-2,3-dibromobutane or the addition
of bromine to the cis isomer to produce an equimolar mixture of the two
enantiomers of 2,3-dibromobutane is a stereospecific reaction. Note that a
reaction that gives only one of a pair of enantiomers is not necessarily
stereospecific. A yeast-mediated reduction of 3-chloropropiophenone gives
(5)-3-chloro-1-phenylpropan-1-ol, with no evidence for formation of the R
enantiomer.'? Because the reactant cannot exist as stereoisomers, it is not
possible for stereoisomerically different reactants to give stereoisomerically
different products, and the reaction can only be considered stereoselective,
not stereospecific.

Part of the confusion about the terms stereoselective and stereospecific
comes from the use of other terms that sound similar but in which the

125 Eliel, E. L.; Wilen, S. H. Chem. Eng. News 1990 (Sept 10), 2; Heathcock, C. H. Chen. Eng. News
1991 (Feb 4), 3; Gal, ]. Chem. Eng. News 1991 (May 20), 42; Castrillén, J. Chem. Eng. News 1991 (June
24), 94; Eliel, E. L.; Wilen, S. H. Chem. Eng. News 1991 (July 22), 3; Brewster, ]. H. Chem. Eng. News
1992 (May 18), 3.

126 Halevi, E. A. Chem. Eng. News 1992 (Oct 26), 2.

127 Zimmerman, H. E.; Singer, L.; Thyagarajan, B. S. J. Am. Chem. Soc. 1959, 81, 108. The definitions
are in footnote 16, p. 110.

128 Adams, D. L. J. Chem. Educ. 1992, 69, 451.

12 Bronza, G.; Fuganti, C.; Grasselli, P.; Mele, A. J. Org. Chem. 1991, 56, 6019.
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suffixes -selective and -specific do not mean the same relationship as they
do in stereospecific and stereoselective. The term regioselective refers to
reactions that lead to the formation of one positional isomer in greater yield
than another.”® An example would be the formation of more 2-alkene than
the isomeric 1-alkene in the E2 reaction of an alkyl halide. The term regio-
specific means ““completely regioselective,”” so its meaning is not parallel with
stereospecific. Because of this difficulty, Adams recommended that the term
regiospecific not be used.'?®

2.3 MANIFESTATIONS OF STEREOISOMERISM

Optical Activity
Rotation of Plane-Polarized Light

The physical phenomenon that led to the study of enantiomers is optical
activity—the rotation of plane-polarized light. We indicate the experimental
results by saying that the rotation is clockwise—also denoted as (+), (d), or
dextrorotatory—or counterclockwise—also indicated as (—), (I), or levorotatory.
Because of the similarity of d and [ with D and L, the use of (+) and (—) to
indicate the direction of rotation of the plane of polarization is now favored.**

It is important to recognize that chirality is a molecular designation, but
optical activity is a macroscopic observation. It is possible for a carbon atom to
have four different substituents and yet a sample of the substance not appear
to rotate the plane of polarized light. This can happen most easily if the four
substituents are so similar that rotation of light is too small to be observed. For
example, optical activity could not be detected in butylethylhexylpropyl-
methane (5-ethyl-5-propylundecane, 81)."*° A substance having both deuter-
ium and hydrogen at a chiral center can produce measurable optical activity,
however, as shown by 82. Here the (—) enantiomer was found to have a
specific rotation of —3.006 £ 0.004°."!

n-C,H, CH,OH
n—CzH5+ n-C H, H -—%——D
n-CgHyy CeH;
81 82

Optical activity is reported as specific rotation, [«], calculated as shown in
equation 2.1.

130 Wynberg, H.; Hekkert, G. L.; Houbiers, J. P. M.; Bosch, H. W. J. Am. Chem. Soc. 1965, 87, 2635.
Such a structure may be termed cryptochiral: Mislow, K.; Bickart, P. Isr. J. Chem.1976/77, 1 5, 1.
Precursors to 81 were chiral structures with significant optical activity, so failure to observe
optical activity with 81 was not due to racemization or low optical purity. See also Wynberg, H.;
Hulshof, L. A. Tetrahedron 1974, 30, 1775.

131 Streitwieser, A., Jr., Wolfe, J. R, Jr.; Schaeffer, W. D. Tetrahedron 1959, 6, 338. For a review of
chirality resulting from isotopic substitution, see Arigoni, D.; Eliel, E. L. Top. Stereochem. 1969, 4,
127.
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9
I

oy =1 2.1)

Here 0 is the observed rotation, ! is the path length of the sample, and cis
the sample concentration. The wavelength at which the measurement is made
is denoted by 1, and T is the temperature (in °C). The sodium emission D line
at 589 nm is a bright, sharp spectral line that can easily be produced, and it is
often used for polarimetry measurements. Because one needs a longer path
length to measure optical rotation precisely than typically is needed for
UV-vis spectroscopy, the standard sample length is 1 decimeter (dm), which
is 10 cm. In many cases the molecular weight of the substance to be tested is
not known, so the concentration is reported as g/mL (i.e., the density for a
pure liquid or the concentration for a solution), as opposed to moles/liter.
Thus, an experimental measurement at 25° in which a pure sample with
density 0.8 g/mL gave a rotation of the sodium D line of + 36° in a 10 cm cell
would give a specific rotation [o]?f = 45° mLg~!dm .12

For solutions it is necessary to specify the solvent, since solvent-solute
interactions can affect not only the magnitude of optical activity, but perhaps
the direction of the rotation as well.'*" For example, the specific rotation of
(—)-a-methylbenzylamine was found to be —31.86° in benzene and —52.29° in
CCl,."* Specific rotations are usually reported in an abbreviated format. The
specific rotation of cholesterol is given as [a]3’—31.5° (c=2 in ether);
[2]2—39.5° (c = 2 in chloroform). % Note that in this format, the concentration
of a solution is usually taken to mean grams per 100 mL.'* It is also possible to
define a molecular rotation () when molecular weight is known, as shown in
equation 2.2. Calculating molecular rotation makes it easier to determine the
effect of the same chromophore in different molecules.’>*

[®@] = 0.01 x [o] x ( Molecular weight) (2.2)

Our discussion to this point has assumed that we can obtain pure
enantiomers. In many cases we can obtain one pure enantiomer from a
natural source, but often we find that enantiomeric species are formed as a
racemate—an equimolar mixture of the two enantiomers.’” Racemates
(frequently termed racemic mixtures) are denoted with the prefixes (+)-,
rac-, RS, or SR. We may try to resolve a racemate (separate it into enantiomers)
by any of a variety of chemical or biological means.'*® If we are nevertheless
unable to obtain one pure enantiomer, we may be forced to use a mixture in
which there is more of one enantiomer than its mirror image. In such cases we
would like to know the optical purity of the sample, which is defined as the
percentage of [a] of the pure enantiomer exhibited by the mixture. For
example, the specific rotation of ( + )-glyceraldehyde is + 14°. A mixture of
95% (+)-glyceraldehyde and 5% (—)-glyceraldehyde is said to be 90%
optically pure because the rotation of the sample is 12.6°, which is 90% of

132 While specific rotation is ordinarily reported only as degrees, it is helpful to carry units
through calculations to ensure that correct path length and concentration units are used.

133 Fischer, A. T.; Compton, R. N.; Pagni, R. M. J. Phys. Chem. A 2006, 110, 7067.
134 Crabbé, P. in reference 146a, p.- L

135 A term formerly used for a racemate is racemic modification.

136 For a review, see Wilen, S. H. Top. Stereochem. 1971, 6, 107.
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the rotation that would be observed if all of the molecules were (+)-
glyceraldehyde. The enantiomeric excess (e e), which is defined as the percent
of the major enantiomer minus the percent of the minor enantiomer, is
numerically identical to the optical purity of a substance.'”

ee = (Fraction major enantiomer — Fraction minor enantiomer) x 100%
(2.3)

Optical Rotary Dispersion and Circular Dichroism

The sodium D line is often chosen for optical activity measurements, but
optical activity can be measured at any wavelength. In the technique of
optical rotary dispersion (ORD), the value of [®] is determined over the
entire near-UV-vis spectrum. Optical activity is usually greater at shorter
wavelengths than at longer wavelengths, so a (+) compound will generally
show a curve that is more dextrorotatory at short wavelengths than at long
wavelengths, while a (—) compound will be more levorotatory at shorter
wavelengths.

Any optically active compound will have an ORD curve. If the graph of
[®] versus 4 does not show a maximum or minimum but simply increases in
magnitude from longer to shorter wavelengths, the curve is called a plain
curve. In some cases the ORD curve exhibits a maximum or minimum (or
both), which is called a Cotton effect. Cotton effects occur at wavelengths
near a UV-vis absorption band of the optically active compound. Figure 2.31
shows the ORD curve for 2a-bromocholestan-3-one.'*® The ORD exhibits a
positive Cotton effect, meaning that the magnitude of the observed optical
activity increases from 400 nm to about 310 nm, then it decreases and actually
becomes negative at wavelengths shorter than 300 nm. The midpoint between
the extrema (most positive value and most negative value) of the Cotton effect
is 293 nm, which is close to the UV-vis absorption maximum at 286 nm. It is
important to note that optical rotary dispersion is highly dependent on
solvent. One theoretical study found that in benzene the dissymmetric solvent
shell around (S)-1,2-epoxypropane, and not the chiral structure itself, is
primarily responsible for the observed ORD.'*

Plane-polarized light has the electric vectors of all of the photons in one
plane, which is physically identical to taking the vector sum of two different
circular polarizations of light, one clockwise and one counterclockwise.'*
Optical activity therefore results from the different indices of refraction thata
medium has for left and right circularly polarized light. This means that the
speed of the light through the medium is different for the two polarizations, a
phenomenon known as circular birefringence. Not only are the two circular
polarizations refracted differently, but they are also absorbed differently by
an optically active material. The light passing through the sample is said to be

137 For a review of the determination of enantiomeric purity (a) by NMR, see Parker, D. Chem. Rev.
1991, 91, 1441; (b) for other methods, see Raban, M.; Mislow, K. Top. Stereochem. 1967, 2, 199.
138 Djerassi, C.; Wolf, H.; Bunnenberg, E. . Am. Chem. Soc. 1963, 85, 324.

1% Mukhopadhyay, P.; Zuber, G.; Wipf, P.; Beratan, D. N. Angew. Chem. Int. Ed. 2007, 46, 6450.
9 For a discussion of optical activity and circularly polarized light, see (a) Eliel, E. L. Stereo-
chemistry of Carbon Compounds; McGraw-Hill: New York, 1962; chapter 14; (b) reference 2; pp.

992-999; (c) Hill, R. R.; Whatley, B. G. ]. Chem. Educ. 1980, 57, 306; (d) Brewster, J. H. Top.
Stereochem. 1967, 2, 1.
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elliptically polarized, and the phenomenon of differential absorption is
known as circular dichroism (CD).!*! The sample will thus have a different
extinction coefficient for left circularly polarized light (&) from that for right
circularly polarized light (¢g). With instrumentation to measure the absorp-
tion spectrum with both circular polarizations, one can determine the differ-
ential dichroic absorption (A¢) and molecular ellipticity ([®]) of the sample:

Age = gL—éexr (2.4)
(@] = 3300A¢ (2.5)

Figure 2.31 also shows the CD curve for 2a-bromocholestan-3-one. The
maximum corresponds closely to the A, of the first absorption peak in the
UV-vis spectrum of the compound.'** In some cases CD curves can be helpful
in locating UV-vis spectra that are too weak to be seen clearly in a normal
absorption spectrum.138

41 Berova, N.; Nakanishi, K.; Woody, R. W., Eds. Circular Dichroism: Principles and Applications,
2nd ed.; Wiley-VCH: New York, 2000.

142 Because ORD and CD curves are both determined by the absorption spectrum of the
compound, they are related to each other. Tinoco presented an analysis of the relationship of

UV, CD, and ORD curves for helices, such as those formed by polynucleic acids: Tinoco, L, Jr. J.
Am. Chem. Soc. 1964, 86, 297.
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FIGURE 2.31

ORD (---), €D (-—-), and UV-vis
(+—+—) spectra of 2ua-bromo-
cholestan-3-one in dioxane solu-

tion. (Adapted from reference
138.)
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ORD and CD curves play an important role in determining the structures
and stereochemistry of organic compounds. Based on the spectra of com-
pounds of known structure and absolute stereochemistry, empirical rules
have been developed to predict ORD and CD spectra for similar compounds.
One of the better known such rules is the octant rule for correlating the si
and magnitude of the Cotton effect with the structure of saturated ketones."*
The center of the carbon-oxygen double bond is taken as the origin for x, y,
and z axes, so that the xy, xz, and yz planes divide space near the carbonyl
group into eight regions or octants. A substituent in a particular octant
contributes to a positive or negative Cotton effect according to the product
of its x, ¥, and z coordinates. This system has been particularly useful in
determining the structures of steroids. Additional sources of information
about circular dichroism and optical rotary dispersion can be found in
papers and monographs by Mason,'** Snatzke,'*® Crabbé,'*® Djerassi,'*” and
Eliel.!*%® The discussion here has emphasized UV-vis spectroscopy, but
infrared radiation may also be used to study vibrational circular dichroism
and Raman optical activity."**>°

3

Configuration and Optical Activity

The designatorspand L, Rand S, and erythro and threo are molecular notations
of configuration, but the (+) and (—) designators result from macroscopic
observations made on a bulk sample of material. How can we know the
configuration of a compound that has a particular optical activity? For much
of the early period in the development of stereochemical theory, that informa-
tion was not attainable, and there was no way of knowing whether it would
ever be obtained. The usual methods for determining the structure of mole-
cules, such as ordinary X-ray diffraction, do not distinguish between enantio-
mers. Nevertheless, there still needed to be some systematic method for
discussing the configurations and optical activities of organic compounds, so
Fischer arbitrarily proposed that (+)-tartaric acid had the configuration
shown in 83.°' Later, Bijvoet and co-workers were able to study sodium
rubidium tartrate with a type of X-ray diffraction in which the X-rays are not
only diffracted but are also absorbed by the rubidium.'*' The results allowed

143 Moffitt, W.; Woodward, R. B.; Moscowitz, A.; Klyne, W.; Djerassi, C. J. Am. Chem. Soc. 1961, 83,
4013.

144 Mason, S. F. Q. Rev. Chem. Soc. 1963, 17, 20.

%5 Snatzke, G., Ed. Optical Rotary Dispersion and Circular Dichroism in Organic Chemistry; Heyden
and Son: London, 1967.

14® (a) Crabbé, P. Optical Rotary Dispersion and Circular Dichroism in Organic Chemistry; Holden-

Day: San Francisco, 1965; (b) Crabbé, P. Top. Stereochem. 1967, 1, 93.

¥ Djerassi, C. Optical Rotary Dispersion: Applications to Organic Chemistry; McGraw-Hill: New

York, 1960.
8 Freedman, T. B.; Nafie, L. A. Top. Stereochem. 1987, 17, 113.

19 Holzwarth, G.; Hsu, E. C.; Mosher, H. S.; Faulkner, T. R.; Moscowitz, A. J. Am. Chem. Soc. 1974,
96, 251.

150 Barron, L. D.; Bogaard, M. P.; Buckingham, A. D. ]. Am. Chem. Soc. 1973, 95, 603.
151 Bijvoet, ]. M.; Peerdeman, A. F.; van Bommel, A. J. Nature 1951, 168, 271.
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Bijvoet to confirm Fischer’s assignment.'> Bijvoet’s pioneering work intro-
duced a system for the determination of the absolute configuration of other
molecules,'”® and many absolute configurations have been cataloged.>*>*

COH

H—T—OH
HO——H
COH

(+)-tartaric acid

83

The accumulation of extensive experimental data relating absolute con-
figuration to optical activity made it possible for absolute configuration to be
predicted by computation. Brewster proposed that the sign of [«] can be
predicted by analyzing the polarizabilities of the substituents arranged around
achiral center.'* If the polarizabilities of the substituents shown in Figure 2.32
are A > B > C > D, then the corresponding compound would be expected tobe
dextrorotatory. For the example in which the substituents (and their polariz-
abilities) are Br (8.7), C¢Hs (3.4), CH; (2.6), and H (1.0), the specific rotation is
+178°. As another example, Haesler and co-workers combined ab initio
calculations with Raman optical activity measurements to determine that a
sample of the selectively deuterated neopentane 36 has the R configuration.'*®

e cp,

D,HC
36

It is also possible to determine the absolute configuration of a compound
indirectly by relating its configuration to that of another structure for which
the absolute configuration has been determined directly. In other words, if we
know the relative configuration of two compounds and if we also know the
absolute configuration of one of them, then we can deduce the absolute
configuration of the other.'®” For example, the absolute configuration of (—)-
serine, 84 (Figure 2.33), was determined to be S by absolute X-ray structure
determination.'”® A reaction carried out on 84 that does not involve breaking

152 1t is worthwhile to read Bijvoet’s original paper, because it reinforces some ideas that are
carried through this text. Bijvoet pointed out that ““Fischer’s convention ... appears to answer to
reality” (emphasis in the original paper), and he explicitly referred to the assignment of
stereochemistry as a model.

153 For a discussion of the determination of absolute configuration from crystals and for an
explanation of Bijvoet’s method, see Addadi, L.; Berkovitch-Yellin, Z.; Weissbuch, I.; Lahav, M.;
Leiserowitz, L. Top. Stereochem. 1986, 16, 1.

3% For further discussion of the correlation of configurations, see Mills, J. A.; Klyne, W. Prog.
Stereochem. 1954, 1, 177.

155 Brewster, J. H. J. Am. Chem. Soc. 1959, 81, 5475 and succeeding papers in that volume.

156 Reference 83; see also the commentary by Barron, L. D. Nature 2007, 446, 505. Because of
insufficient sample, the specific rotation of polarized light could not be measured, so it was not
determined whether 36 is (+) or (—).

137 For a description of the method used to relate absolute configuration to optical activity for
tartaric acid, see reference 140a, p. 95 ff; reference 2, pp. 113-114.

138 Zalkin, A.; Forrester, J. D.; Templeton, D. H. Science 1964, 146, 261.
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FIGURE 2.32

Chiral structure expected to be
dextrorotatory if polarizabil-
ities are A>B>C>D.
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FIGURE 2.33

Reactions proceeding with reten-
tion of configuration.

FIGURE 2.34

Reaction proceeding with inver-
sion of configuration.
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CO,H CO,H CO,H
H2N+H —_— HzN—“H —_— HZN+H
CH,0COCH,NH, CH,0H CH,Cl1
(8)-(—~)-Azaserine (8)-(—)-Serine (R)-(—)-2-Amino-3-chloropropanoic acid
86 84 85
CO,H CO,H
01+H R H+OH
CH, CH,
(8)-(—)-2-Chloropropanoic acid (R)~(~)-Lactic acid
87 88

any bonds to the chiral center (i.e., a reaction that proceeds with retention of
configuration) must give a product with the same relative configuration as 84.
Therefore, the substitution of Cl for OH on C3 by a mechanism not involving
breaking any bonds to C2 produces (—)-2-amino-3-chloropropanoic acid with
the absolute configuration shown in 85 (Figure 2.33)."* Similarly, hydrolysis
of (—)-azaserine, 86, produces (5)-(—)-serine by a mechanism that does not
involve breaking any bond to the chiral center. This reaction thus proceeds
with retention of configuration, so 86 must have the S configuration.'®

Note that 85, which is an R configuration, was formed from a structure
(84) having the S configuration by a pathway in which the configuration of the
reactant was retained. This example illustrates that the R or S designation for a
chiral center can change if a reaction alters the priorities of substituent atoms
attached to the chiral center, even if the configuration of the chiral center is
retained.

We may also determine the relative configuration of chiral structures
even though bonds are broken to the chiral center if we are able to determine
whether the reaction proceeds with retention or with inversion of configura-
tion. The S5y2 reaction of (5)-(—)-2-chloropropanoic acid (87) with hydroxide
ion produces (—)-lactic acid, which must have the R configuration (88,
Figure 2.34)."®" Note that in this case the direction of rotation of plane-
polarized light stays the same, even though there has been an inversion of
the substituents at the chiral center.

Other Physical Properties of Stereoisomers

A sample composed only of one enantiomer has physical properties that are
identical to the properties of a sample composed only of the other enantiomer
if all measurements are made with nonpolarized light and without the use of
chiral reagents. Thus, enantiomers have the same melting point, boiling point,
index of refraction, and so on. Mixtures of enantiomers may have different
physical properties from those of either enantiomer alone, however. In

159 Fischer, E.; Raske, K. Ber. Dtsch. Chem. Ges. 1907, 40, 3717.
160 Fusari, S. A.; Haskell, T. H.; Frohardt R. P; Bartz, Q. R. J. Am. Chem. Soc. 1954, 76, 2881.
161 Brewster, P.; Hughes, E. D.; Ingold, C. K.; Rao, P. A. D. S. Nature 1950, 166, 178.



2.4 MANIFESTATIONS OF STEREOISOMERISM

TABLE 2.1 Physical Properties of Tartaric Acids

Isomer Melting Point
(+)or(-) 171-174°
(£ 206°
meso 146-148°
H——CH, H-——CH, H——CH,
H—TH H——H H—H
H—CH, H,C——H H——CH,
H—1—H H—r—H H—1T—H
H—CH, H——CH, H,C——H
H——H H—1H H—H
H—CH, CH;——H H——CH,
H——H H—1H H—H
H—1CH, H——CH, H,C—H
Isotactic Syndiotactic Atactic

particular, a racemate usually has different properties from those of the pure
enantiomers. Table 2.1 shows the physical properties of (+)-, (—)-, (£)-, and
meso-tartaric acid.'®?

Stereochemical relationships play an especially important role in the
properties of polymers.®> Consider the three polypropylene segments
illustrated as Fischer projections in Figure 2.35. In the isotactic polymer,
all of the methyl-substituted carbon atoms have the same configuration. In
the syndiotactic polymer, the methyl-substituted carbon atoms have alter-
nating configurations. In the atactic polymer there is a random pattern of
configurations at the methyl-substituted carbon atoms. As with smaller
molecules, the physical properties of diastereomeric polymers differ.
Table 2.2 shows the relationship between tacticity and properties of
polypropene.'**1¢®

162 Data from Lide, D. R., Ed. CRC Handbook of Chemistry and Physics, 71st ed.; CRC Press: Boca
Raton, FL, 1990; p. 3-475.

163 Goodman, M. Top. Stereochem. 1967, 2, 73; Jenkins, A. D. Pure Appl. Chem. 1981, 53, 733.
164 These data are from the compilation by Quirk, R. P. J. Chem. Educ. 1981, 58, 540.

165 For reviews, see Bawn, C. E. H.; Ledwith, A. Q. Rev. Chem. Soc. 1962, 16, 361; Farina, M. Top.
Stereochem. 1987, 17, 1. Also see Coates, G. W.; Waymouth, R. M. Science 1995, 267, 217.
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FIGURE 2.35

Fischer projections of isotactic, syn-
diotactic, and atactic polypropy-
lene segments.
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TABLE 2.2 Tacticity and Physical Properties of Polypropene

Densitgl Phase Transition Solubility in
Tacticity (g/cm”) Temperature (°C) n -Heptane
Atactic 0.86 -35 Soluble
Syndiotactic 091 138 Soluble
Isotactic 0.94 171 Insoluble

Source: Reference 164.

2.4 STEREOTOPICITY

Stereochemical Relationships of Substituents

The emphasis to this point has been on the stereochemical relationship of one
structure to another. However, the principles developed so far are also
relevant to the consideration of symmetry relationships within a single
molecule. Many of the labels for these relationships are based on the
suffix -topic, from the Greek for “place.” '*® Terms incorporating this suffix
apply both to atoms and to spaces in a molecule, although we usually think of
them in terms of atoms. Identical atoms that occupy equivalent environments
(both in terms of chemical properties and local or molecular symmetry) are
said to be homotopic (i.e., to have the same place).167 Identical atoms in
nonequivalent environments are said to be heterotopic (for different place).
Heterotopic substituents can be either constitutionally heterotopic or stereo-
heterotopic. Stereoheterotopic substituents can be either enantiotopic or
diastereotopic.'®®

Consider the examples in Figures 2.36-2.39. Any proton on either CHj
group of propane (89) is homotopic with any other methyl proton, since the
product of replacing any one proton by another substituent (shown as an X in
90) is the same as that produced by replacing any other methyl proton
(Figure 2.36). If necessary, the products can be seen to be identical by rotating
the entire molecule, by rotation of one part of the molecule about an internal
bond, or both. The two methylene protons on C2 of propane are also
homotopic. ’

Any one of the methyl protons and any one of the methylene protons of
butane (91) are constitutionally heterotopic because the replacements pro-
duce the constitutional isomers 92 and 93, respectively (Figure 2.37). The two
protons on either one of the methylene groups of butane are enantiotopic,
however, since the product of replacing one methylene hydrogen by X (94a) is
the enantiomer of the product formed by replacing the other hydrogen (on the
same methylene) by X (94b, Figure 2.38). Similarly, the two methylene

166 For more details of stereoisomeric relationships of substituents, see Mislow, K.; Raban, M. Top.
Stereochem. 1967, 1, 1.

187 More precisely, homotopic atoms or groups in a molecule are related by a n-fold rotation axis
(reference 11).

188 Structures that differ only in isotopic composition, such as CH, and CHsD, are termed
isotopologues. Structures that have identical composition but differ in the location of isotopic
groups, such as CHzCH,CH,D and CH;CHDCHj, are termed isotopomers (a shortened form of
isotopic isomers). Muller, P. Pure Appl. Chem. 1994, 66, 1077. See also Stoll, S. Chem. Educ. 2007, 12,
240.
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hydrogen atoms on C3 of (R)-2-butanol (95) are diastereotopic, since replace-
ment of one by X generates a product, 96, that is the diastereomer of the
product (97, Figure 2.39) obtained by replacing the other one.
Understanding enantiotopic and diastereotopic relationships is essential
in the interpretation of NMR spectra. Enantiotopic protons are equivalent in
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meso (%)
HOH HOH HOHHOH
FIGURE 2.40 CeH; ' CiH,  C.H; CH,
Diastereotopic and homotopic —— -
relationship in methylene protons diastereotopic homotopic
of stereoisomers. 98 99

typical NMR spectroscopy experiments, but diastereotopic protons are none-
quivalent. > Groups with identical chemical shift are said to be isochro-
nous, while groups with nonequivalent chemical shifts are anisochronous. 7
Not only may two diastereotopic protons on the same carbon atom have
different chemical shifts, but they will also split each other, resulting in a
complex spectrum.'”” Consider the diastereomers of 1,3-diphenyl-1,3-pro-
panediol shown in Figure 2.40.'” In the meso structure, 98, the two hydrogens
on C2 are diastereotopic, so they have different chemical shifts and split each
other. In the chiral diastereomer, 99, however, the two central methylene
hydrogens are homotopic. They have identical chemical shifts, and they do
not split each other.

Two examples discussed by Jennings further illustrate the principles.
In cis- and trans-1,3-dimethylindane (Figure 2.41), the two methylene protons
are diastereotopic in the meso structure, 100, so they have different chemical
shifts and split each other. In the chiral trans isomer, 101, they are isochro-
nous, so they have the same chemical shift and do not split each other. In
contrast, the benzyl methylene protons in N-benzyl-2,6-dimethylpiperidine
are enantiotopic in the cis isomer (102), but they are diastereotopic in the trans
isomer (103).

Structures that are achiral but which can be made chiral by substitution
are said to be prochiral.'”* In the example of butane, replacement of one of the
hydrogen atoms on C2 by a deuterium atom as shown on the top of Figure 2.42
gives (R)-2-deuteriobutane, (R)-104. Therefore, that hydrogen is said to be the
pro-(R) substituent and is indicated by the symbol Hg.'”>'7® Replacement of

171b

169 If we use a chiral solvent for NMR spectroscopy, then chemical shifts induced by solute~
solvent interactions may be different for enantiotopic protons, and the spectrum may show
differences between them. Moreover, chiral shift reagents can also make them distinguishable.166
170 Ault, A. J. Chem. Educ. 1974, 51,729. For the theoretical basis of chemical shift nonequivalence,
see Stiles, P. J. Chem. Phys. Lett. 1976, 43, 23. Note that the term magnetic nonequivalence is no
longer favored (reference 171b).

71 (a) Compare Binsch, G.; Eliel, E. L.; Kessler, H. Angew. Chem. Int. Ed. Engl. 1971, 10, 570; (b)
Jennings, W. B. Chem. Rev. 1975, 75, 307 and references therein.

172 Compare Waugh, J. S.; Cotton, F. A. J. Phys. Chem. 1961, 65, 562.

173 For a discussion of the NMR spectra, see Deprés, ].-P.; Morat, C. J. Chem. Educ. 1992, 69, A232.
174 Prochiral molecules can also be made chiral by other types of reactions, such as the addition of
HCI to 2-butene.

175 1n the example of 2,2-dichlorobutane, replacement of one chlorine with a higher atomic mass
isotope would serve to distinguish between the two sterecheterotopic positions. Clearly, this
analysis is artificial, since Cl atoms occur naturally as different isotopes. Our designation of pro-
(R) or pro-(S) is based on a definition of stereotopicity, not on an isotopic substitution that we are
likely to carry out.

176 The terms pro-(R), pro-(S), re, and si were defined by Hanson, K. R. J. Am. Chem. Soc. 1966, 88,
2731.
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CH,

H
H ) H

CH,

Homotopic methylene
protons do not split

Diastereotopic methylene
protons split each other.

each other.
100 101
H H CH, QH
ch, Y con, v I cH,
oo
Ph Ph
Methylene protons Methylene protons
are enantiotopic. are diastereotopic.
102 103
CH,
]Igeplace D +HS (R)-104
R H
cH, S CH,CH,
HR + Hs (R)-2-Deuteriobutane
CH20H3 Replace C:[—I3
H N
91 b~  Hy—i—=D (S)-104
CH,CH,

(S)-2-Deuteriobutane

the other hydrogen by deuterium gives (S)-2-deuteriobutane, (5)-104, so
that hydrogen is the pro-(S) substituent and is designated Hg.'”” Identification
of diastereotopic and enantiotopic substituents is particularly important
in biochemistry, because enzymes may distinguish between prochiral
groups.

Since topicity is a property of atoms in and spaces near a molecule, spaces
around an achiral molecule can also be considered prochiral. For example,
reduction of acetophenone (105) by lithium aluminum hydride gives either
(R)- or (5)-1-phenylethanol (106), depending on the pathway of the reaction
(Figure 2.43). In talking about the reaction pathway, it is useful to differentiate

77 Eliel noted some formal statements of pro-(R) and pro-(S) determinations. One easy rule to use
is that one arranges the substituents according to normal rules of priority. Then one arbitrarily
assigns one of the two identical groups a higher priority than the other one of them. If this arbitrary
assignment gives a formal R configuration, then the group assigned higher priority is the pro-(R)
group. If the arbitrary assignment of higher priority makes the configuration S, then the group
assigned higher priority is the pro-(S) substituent. Eliel, E. L. J. Chem. Educ. 1971, 48, 163.

97

FIGURE 2.41

NMR consequences of stereochem-

ical relationships.

FIGURE 2.42

Prochiral relationships.
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FIGURE 2.43

Stereochemical consequences of a
ketone reduction.

FIGURE 2.44
Prochiral faces of molecules.
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HO.
\C/H (R)-1-Phenylethanol
5y (st 4256 { %CH
C (R)-106
/ , ] LiAl
Ph CH (e
3 @ity H_ OH
105 C\ (S)-1-Phenylethanol
pn’ CH,
(8)-106
O~ 0O -0
i \._II /. ."/ [ Xy .-’/ !
c | -4 [ ¢ B-(c
CH,Z \Ph S \ 4R N
3 — Ph—.CH Ph~CH,

3

clockwise: re face counterclockwise: si face

the faces of the molecule as the re face (from the Latin rectus) or as the si face
(from the Latin sinister),”” just by applying the CIP sequence rules to the three
substituents in the planar molecule as viewed from each face (Figure 2.44).'7¢

Chirotopicity and Stereogenicity

Mislow and Siegel pointed out that the local geometry of a molecule and its
stereoisomerism are two distinctly different properties. Furthermore, they
distinguished between chirotopicity and stereogenicity as follows:'”®

 Chirotopicity is a local geometry that produces chirality. Not only are the
atoms in a chiral environment said to be chirotopic, but the spaces
around atoms in a chiral environment are also considered chirotopic.
Atoms (or spaces) in an achiral environment are said to be achirotfopic.

Stereogenicity is the property of producing a new stereoisomer by the
interchange of two bonded atoms in a structure. An atom that displays
stereogenicity is said to be stereogenic, that is, it is a stereocenter. (A
space cannot be a stereocenter, since atoms cannot be interchanged
about it by breaking bonds to it.)

Mislow and Siegel gave as an example the set of isomers of 2,34-
trihydroxyglutaric acid, 107-110. Neither 107 nor 108 is chiral because both
are meso structures. In both structures, C3 has been labeled ““undoubtedly an
‘asymmetric’ carbon atom.””'”**® According to Mislow and Siegel, however,
C3 is stereogenic and achirotopic in 107 and 108."®' On the other hand, C3 is
nonstereogenic and chirotopic in compounds 109 and 110.

178 Mislow, K.; Siegel, J. J. Am. Chem. Soc. 1984, 106, 3319. For a summary of this paper, see (a)

Maugh, T. H. II. Science 1984, 225, 915; (b) Dagani, R. Chem. Eng. News 1984 (June 11), 21.
179 Jaeger, F. M., cited in reference 178.

'8% An alternative term for C3 of 107 is pseudoasymmeiric (reference 11).

'8! It is important to recognize that the definition of stereogenicity calls for interchange of two
groups to produce a stereoisomer, not necessarily an enantiomer. In this case the interchange
produces a diastereomer.
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COH COH CO,H COH
H—+OH H-—+OH H—+OH HO—H
H—+OH HO—H H~OH HO——H
H—OH H—OH HO—H H——OH

CO,H CO,H COH COH

107 108 109 110

Mislow and Siegel introduced new definitions to clarify some ambiguous
stereochemical nomenclature, and they restated some topicity definitions to
make them consistent with the stereochemical terms. The flow chart in
Figure 2.45 shows their classification for the kinds of substituents within a
molecule.'” The classification system is based on the answer to three
questions:

1. Are the atoms related by a symmetry operation of the molecule?
2. Are they related by a symmetry operation of the first kind?'#
3. Do they have the same bonding connectivity (constitutions)?

In each case, a yes answer causes branching along the bold line, a no answer
causes branching along the lighter line.

Mislow and Siegel also extended the definition of the term prochiral as
follows:

We define as (pro)’-chiral (p>0) any finite, achiral object that can be
desymmetrized into a chiral object by at most p stepwise replacements of a
point by a differently labeled one and as (pro)’-chirality the corresponding
property of an achiral object.'8%18¢

Atom or sets of atoms
within a molecule

&

liymmetry equivalent l [ Symmetry nonequivalent
2 3
Homotopic Enantiotopic s
(properly (improperly Diastereotopic Co;:s:xtut:oqally
equivalent) equivalent) elerotopic

182 A symmetry operation of the first kind is a proper rotation (C,), as opposed to an improper
rotation (S,,).

183 Note that each subsequent replacement reduces the symmetry of the previous structure from
(pro)™ * D-chiral to (pro)"-chiral, where # is an integer greater than 1.

18 The emphasis in the definition is added.

FIGURE 2.45

Topic relationships. (Reproduced
from reference 178.)
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FIGURE 2.46

Prochirality determination of
triptycene. (Reproduced from H

reference 178.)
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H b
3
r o 0 0
H ‘ ) “(.) 1
HM H H HM
Fo Sp o o

Note that (pro)’-chirality is a property of the entire molecule, not just a
particular atom within the molecule. Consider the example of triptycene, 111,
in Figure 2.46. The structure can be desymmetrized by several pathways, one
of which will produce a chiral structure in only one step. However, the
desymmetrization can be accomplished in at most three steps if each
step involves a different symmetry element, so it is said to be (pro)>-chiral.'®
Table 2.3 lists the (pro)’-chirality of molecules as a function of their

symme‘cry.186

TABLE 2.3 Prochirality and Molecular Symmetry

Desymmetrization Index p

0 1 2

3

Description of
molecule (segment)
Molecular or
local symmetry
Invariant achirotopic
subspace”

chiral (pro)l-chiral (pro)z—chiral

(chirotopic) ((pro)l-chirotopic) ((pro)z-chirotopic)
Cm Dm Tr O/ I Csr Ci/ SZn Cnv/ Cnh
None A plane or An axis or

the central point the central point

(pro)>-chiral
((pro)a-chirotopic)
Dyiy Duiy T, Th, O, In, Ky

The central point

Source: Reference 178.

“A set of points that remain stationary under every improper rotation of the point group.

185 A desymmetrization step removes the smallest number of symmetry elements possible in one

step (reference 11).

186 Prochirality was discussed in terms of group theory by Fujita, S. J. Am. Chem. Soc. 1990, 112,

3390; Tetrahedron 1990, 46, 5943; 1991, 47, 31.
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Problems

2.1. Designate one or more appropriate stereochemical labels (such as syn, anti, E, Z,
R, S, endo, exo, ¢, B, 7, rel, R*, or S*) for each of the following structures. Note that
parts f and g use the Maehr notation discussed on page 74.

a. Cl_  CHOH

=~

H H

c. Cl

H Cl H
d  C.H,

b.
e, f H Br
: N\
-C.
p-CHCH, OH OH H
c
H
g H_Br h. CHOH
H O OH
OH H
OH OH

2.2, Label the double bonds in the following compounds as E or Z.

N,NH2

I
F;CF,C~ “CH(CF;),

N-NH,

2.3. Consider the relationship of structure A with each of the structures B, C, D, and
E. (Some structures are deliberately drawn in nonstandard representations.)
Determine whether A and each of the other structures comprise a pair of
identical compounds, positional isomers, functional group isomers, enantio-
mers, diastereomers, or nonisomeric compounds (i.e., compounds with differ-
ent molecular formulas).

CH, 1 o]
H——OCH, Y CH, H
Cl—+—H CHSCHz-TCHQCHZOCHS - CH.CH
CH,CH, H H,C HhCH,
A B C
ClH
H CH,
13§ CHOoH CHCH~{——CH
CHCCH, H Iﬁ;}lﬂ ’

D E

101
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2.4. Name each of the following structures, using R, S, M, or P designations.

a H b. HC=CH, « H
o Hefcl, B AT
COH Br
c CH,CH,
CH,CH,
d. H OH e. CHO f. /H
CHs-}——(— CH, H—OH Hso—c=
HO OCH, a” a
H——OH
CH,CI
g H

J H\ /H L
C C
& s HO,C CH

. h. LH . CH,
/= Z :cx %
a @ CH, H
B
H ﬁ HC]
k. Br H

2.5. Assign the R or S designation to each element of chirality in the following
structures
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H;CO

g h. i
H
"-C8H17m,c =c=C
H™ \
n-CiaHas

A
()
m n. o
OH 5 4
s 6 3 H,OH
HO 0 7 42 O .
() 2 o” 8 15 - ) OCH,CH,OCH,CH3
[0
p- 4

2.6. Assign the M or P designation to the following structures:

b.
SCH,4
CO ¢
oL
1-Bu O O @ CH3
OMe

t-Bu

103
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2.7. Assign both the R or S and the M or P designation to the helicene 112.

112

2.8. Label the following compounds as erythro or threo.

OH

OH
HO/\T/*\;%\Jf\v/\»/N\/A\/f\v/\\ PH/L\“/§§

NH, CH,

2.9. How many stereoisomers are possible for the dendrimer 113?

OCH,
CH,0 OCH,

0

OCH,
(¢}

0

OCHOCH,
CH,0
CH,0
OCH,

113

2.10. Demonstrate that structure 12 (page 60) is achiral by showing that it can be
superimposed on its mirror image.

2.11. How many stereoisomers are possible for the propionic acid ester of 3,7,11-
trimethyl-2-tridecanol?

2.12. Draw a clear three-dimensional representation for each of the following
compounds:
a. (2EAE,6R,10R)-4,6,10,12-tetramethyl-2,4-tridecadien-7-one
b. (25,4'R 8 R)-a-tocopheryl acetate
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2.13.

2.14.

C
d
[
f.
8
h
i
j.

k
L

. (2R,4R)-1,2:4,5-diepoxypentane

. {8, S)-cyclopropane-1, 2-?H,

. {S)-3-butene-1,2-diol

(R)-3-hydroxy-3-phenylpropanoic acid

. (Z,Z)-deca-,3,7-diene-1,5,9-triyne

. (2R,65,105)-6,10,14-trimethylpentadecan-2-ol
(R)-(~)-(4-methylcyclohexylidene)acetic acid
(5)-2,2'-dihydroxy-4,5,6 4',5 ,6'-hexamethoxybiphenyl

. (28, 38)-cyclopropane-1-1*C, 2H-2, 3-2H,
(S)-[2-(phenylmethoxy)ethyl]oxirane

m. (+£)-threo-1,2-dihydroxybutyric acid

n

. r-1,cis-3-dimethoxy-trans-5-methylcyclohexane

0. (5,5)-(—)-1,6-bis(o-chlorophenyl)-1,6-diphenylhexa-2,4-diyne-1,6-diol

Draw a clear representation of the three-dimensional structure of each of the
following compounds:

PR o e oW

i.
j.
Kk
L

(35,4S)-d¢-cyclopentene

. (3R45,5R,65)-3,4,5,6-tetrahydroxycyclohex-1-enecarboxylic acid
(2E,6E,115,12R)-3,7,11,15-tetramethylhexadeca-2,6,14-triene-1,12-diol
. (45,6R,8R,105,16R,185)-4,6,8,10,16,18-hexamethyldocosane
(67,97,45,55)-4,5-epoxynonadeca-6,9-diene
(1R,5R)-2,6-diphenylbicyclo[3.3.1]nona-2,6-diene
L-threo-3-fluoroglutamic acid

r-1,c-2,¢c-3,t-4-tetrachlorotetralin
(R)-1-chloro-2,2-dimethylaziridine
(85,95,105)-8,10-dimethyl-1-octalin

. (3R,9R,10R)-heptadec-1-ene-4,6-diyne-3,9,10-triol

(R)-dibenzyl ('*CH,, '*CH,) sulfoxide (Ph'?CH,SO'>*CH,Ph)

m. (Z,Z)-2,8-dimethyl-1,7-dioxaspiro[5.5]undecane

n

. (2R,3R,5E)-2-hydroxy-3-methyl-5-heptenal

0. (25,35)-octane-2,3-diol

P

. (1R,2R,3R 4R 55)-1-(methylthio)-2,3,4-trihydroxy-5-aminocyclopentane

Indicate whether each of the following reactions proceeds with inversion of
configuration or retention of configuration at each chiral center:

a.

b.

i

(R)-(+)-1,2-epoxybutane  — (R)-(—)-3-hexanol (upon treatment with
ethyllithium)

(5)-(+)-2,2-dimethylcyclopropanecarboxamide — (S5)-(—)-2,2-dimethylcy-
clopropylamine (Hofmann conditions)

. (S)-ethanol-1-d — (S5)-[1-?H, 1-*H]ethane (reagents: (i) TsCl, Et;N; (ii)

LiEt;B>H)
. (5)-[1-*H,1-*H]ethane — (R)-[1-*H, 1-*H]ethanol (by action of methane
monooxygenase)

. (8)-(+ )-1-bromo-1-methyl-2,2-diphenylcyclopropane — (R-(—)-2-methyl-

1,1-diphenylcyclopropane
(2R,35)-( + )-3-bromobutan-2-ol — (25,35)-(—)-2,3-dibromobutane

. D-(+ )-1-buten-3-0ol — p-(—)-3-methoxy-1-butene

. reduction of (1R,2R,3R)-1-phenyl-2-methyl-1,3-butanediol to (2R,35)-3-
methyl-4-phenyl-2-butanol

ring-opening hydrogenolysis of the Cpenzyiic—N bond of methyl (25,3R)-3-
methyl-3-phenylaziridine-2-carboxylate to methyl (25,3R)-2-amino-3-
methyl-3-phenylpropionate

105
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2.15. Label the following structures as aR or aS.

2.16. Characterize structure 114 as D or L.

H,CO
0
HO™ ™ "OH
OH
114

2.17. Show a Fischer projection for each of the four possible stereoisomers of 2-
methylbutane-1,2,3,4-tetraol. Label each chiral center as R or S and label each
structure with the D or L and the erythro or threo notation.

2.18. Provide appropriate stereochemical designations for each stereocenter in the
structures below. What is the relationship of structures a and b?

_,,
90
=
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2.19. Assign the point group for each of the following compounds and indicate
whether each is chiral:

a ﬁ ¢ HC CLH
< CeHsMCﬂs
HH
d. £,

2.20. a. Assign an appropriate stereochemical designator (threo, erythro, E, Z, etc.) to
each of the positions marked with an arrow in (+ )-Uvaricin (115).
b. Draw the structure of (15,16,19,20,23,24)-hexaepi-Uvaricin and give a stereo-

chemical designator for each of the corresponding positions in this
compound.

2.21. The decahydroquinoline alkaloid 116 was labeled 195A. Draw a clear three-
dimensional representation of 2-epi-195A.

HC o

CH, o
7N
H| ©®H ‘cH,
H
116

2.22. Indicate the re and si faces for the following structures. In part ¢ indicate the

prochirality about the atom marked with the asterisk. (CoA is an abbreviation for
coenzyme A.)
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a. 0 b. H H ¢ O
A, 4
HO CHLCH, i
A
Cl Br

2.23. In each of the following structures indicate whether the circled groups are

(i) homotopic or heterotopic;

(ii) if heterotopic, whether they are constitutionally heterotopic or
stereoheterotopic;

(iii) if stereoheterotopic, whether they are enantiotopic or diastereo-topic;
(iv) if enantiotopic or diastereotopic, indicate which is pro-(R) and which s pro-

(S).
NH,
a  COEt b CONH, ¢ F JCE
CH3>C=C=C\® [ ]
CH,CI 1 N
CH, I*{

2.24. How many NMR signals would you expect from the protons on the methylene
groups marked with the asterisk in 117?

*
r, __,CHOCHCH)
Je=0=¢c_
CH, H
117

2.25. Mislow and Siegel noted that C3 in both compounds 109 and 110 is nonster-
eogenic and chirotopic. Use the definitions of these terms and the properties of
the molecules to demonstrate that this statement is correct.

2.26. Use the Mislow and Siegel definition of (pro)P-chirality to determine the order of
prochirality of the following structures:
a. barrelene
b. cubane
¢. bicyclo[1.1.0]butane
d. bicyclo[2.2.2]octane

2.27. The 'H NMR spectrum of the methylene group of 2-phenyl-3-methylbutylmag-
nesium chloride in THF solution indicates that the two protons are magnetically
nonequivalent at 66° but are magnetically equivalent at 120°. Propose an
explanation for the effect of temperature on the spectrum of this compound.

2.28. Thespecific rotation of (—)-2-bromobutane was reported tobe —23.13°. A sample
prepared by nucleophilic attack of bromide ion on the tosylate of partially
resolved 2-butanol had a measured specific rotation of —16.19°. What is the mole
fraction of each enantiomer in this sample of 2-bromobutane?
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2.29.

2.30.

[e] 0

25000 [T T T T T T T T T

15000

T
1

5000

T
1

-5000

~15000

__25000 i 1 1 1 1 " 1 i 1 i i i
200 220 240 26 280 300 320 340 360 380 400

Wavelength (nm)

Reaction of acetaldehyde with a chiral, partially deuterated reducing agent
produced ethanol-1-d with [a],=—0.123 £ 0.025°. This product was calculated
to be 44 + 9% optically pure. The ethanol-1-d was converted to the p-nitroben-
zenesulfonate, which was then used in an acetoacetic ester synthesis with methyl
acetoacetate and sodium methoxide. The product of that reaction was hydro-
lyzed and decarboxylated to give 2-pentanone-4-d having [«], + 0.25+£0.03°.
Clemmensen reduction of that compound produced pentane-2-d having
[o]o + 0.19 £0.06°. The compound (—)-pentane-2-d was reported to have the
(S) configuration.
a. If the initially formed ethanol-1-d is 44% optically pure, what would be the
specific rotation of optically pure ethanol-1-d?
b. What is the absolute configuration of the ethanol-1-d formed in the reduction
reaction?

The biologically important compound (—)-chorismate (118) exhibits the circular
dichroism spectrum shown in Figure 2.47.

a. Draw a clear three-dimensional representation of ( + )-chorismate.

b. Sketch the CD spectrum expected for (+ )-chorismate.

co;

A

0~ “co;
OH
118

187 Hilvert, D.; Nared, K. D. J. Am. Chem. Soc. 1988, 110, 5593.

109

FIGURE 2.47

Circular dichroism spectrum of

(-)-chorismate. (Adapted from
reference 187.)
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FIGURE 2.48
CD spectrum of structure a.
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2.31. The circular dichroism spectrum of structure a is shown in Figure 2.48. Modify
the figure to show the CD spectrum expected for structure b and then do the
same for structure c.

2.32. A study of the mechanism of the Wurtz reaction required knowing the config-
uration of (—)-3-methylnonane produced in the reaction. The researchers treated
(R)-(—)-2-bromooctane with the product formed by adding sodium and diethyl
malonate to ethanol. The levorotatory product was then hydrolyzed and heated
until 1 mole of CO, was lost per mole of product, producing a levorotatory
monocarboxylic acid. Treatment of the product with LiAlH,, then PBrj;, and then
with LiAlH, again produced (—)-3-methylnonane. Show the mechanism of each
of the reactions in this sequence and tell whether the product (—)-3-methylno-
nane has the same configuration as the reactant (R)-(—)-2-bromobutane.

2.33. Alcaligenes bronchisepticus KU 1201 decarboxylates a-methyl-a-phenylmalonic
acid to form (R)-a-phenylpropanoic acid.

a. In the absence of an isotopic label, is the parent reaction stereoselective or
stereospecific?

b. Inseparate experiments, each of the carboxyl carbon atoms was labeled with
13C. When the reactant was (S)-(—)-[1-'*C]-a-methyl-z-phenylmalonic acid,
the product was (R)-[1-'>C]-a-phenylpropanoic acid. When the (R)-(+)-
enantiomer of the starting material was used, the product was (R)-(—)-a-
phenylpropanoic acid (without the '*C label).

20

10

CD [mdeq]
o

-10 -

-20 T y T .
240 255 270 285

A (nm)
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i. Which carboxyl group (pro-R or pro-S) is removed in the
decarboxylation?

ii. Does the decarboxylation take place with retention or inversion of
configuration?

2.34. cis-3,7-Dimethyl-1,5-cyclooctanedione underwent two successive Baeyer—
Villager rearrangements to give two products, both with the molecular
formula C;oH;604. When one of these products was reduced with LiAlH,,
two achiral diols were obtained. When the other was reduced, the product
was the racemate of a chiral diol. What are the structures of the products
obtained in each of the LiAlH, reductions?

2.35. Figure 2.49 shows a segment of a threodiisotactic polymer. Draw a corre-
sponding segment of an erythrodiisotactic polymer having the same R; and
R, substituents.

2.36. Are either or both of these two paracyclophanes chiral?

FIGURE 2.49







CHAPTER 3

Conformational
Analysis and
Molecular Mechanics

3.1 MOLECULAR CONFORMATION

The discussion of stereochemistry in Chapter 2 implicitly assumed that
molecules are as rigid as the physical models or two-dimensional pictorial
representations that we use to study them. Our current understanding
of quantum mechanics, thermodynamics, and spectroscopy tells us that
molecules are in constant motion, however. Atroom temperature they vibrate
and (in the liquid or gas phase) rotate. Not only may the entire molecule
rotate, but bond rotations within a structure can change intramolecular
spatial relationships.

The term conformation generally refers to one of the spatial arrange-
ments that a molecule can achieve by rotation about single bonds.'” If a
molecule has several bonds about which rotation can occur, then the shape of
the molecule can change significantly. Even though they ordinarily cannot be
isolated, conformations that correspond to energy minima are known as
conformers, a contraction of conformational isomers. Occasionally they are
called rotamers, a shortened form of rotational isomers.

A conformation can be identified by a dihedral angle, which is the angle
made by twobonds on adjacent atoms when the adjacent atoms are eclipsed in
aNewman projection.? Consider a C—C unit with substituent A on one carbon
atom and substituent B on the other. The dihedral angle is the angle between
the lines A—C and C—B in the Newman projection. The angle is considered
positive if the arrow drawn from the near bond line curves clockwise toward
the second bond line and negative if the arrow curves counterclockwise.

! The origin of the term conformation is ascribed to Haworth, W. N. The Constitution of Sugars;
E. Arnold and Co.: London, 1929; p. 90 ff. See also Barton, D. H. R.; Cookson, R. C. Q. Rev. Chem.
Soc. 1956, 10, 44.

2 Eliel noted the difficulties in precisely defining the term conformation: (a) Eliel, E. L.; Allinger,
N. L, Angyal, S. ].; Morrison, G. A. Conformational Analysis; Wiley-Interscience: New York, 1965;
p- 1; (b) Eliel, E. L. J. Chem. Educ. 1975, 52, 762.

* Alternatively, it may be considered the angle made by the intersection of two planes,
one defined by the two carbon atoms and atom A, the other defined by the two carbon atoms
and atom B.

Perspectives on Structure and Mechanism in Organic Chemistry, Second Edition By Felix A. Carroll
Copyright © 2010 John Wiley & Sons, Inc.
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Front View Back View

FIGURE 3.1

Determination of dihedral
angle for A—-C—C—B bonds.

FIGURE 3.2

Conformations of A—-CH,-CH,—B
(1). (Adapted from reference 5.)
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As shown in Figure 3.1, the dihedral angle is the same no matter which way
the Newman projection is viewed.

Several important conformational terms are best described with New-
man projections. Consider the set of conformations of the structure
A—-CH,—CH,—B (1) in Figure 3.2. In Figure 3.2(a) the A—C and C—B bonds
are eclipsed. Rotating about the C—Cbond so that the substituents on the front
carbon atom stay fixed but the substituents on the back carbon atom rotate 60°
clockwise, we produce a staggered conformation, which is a general term for
conformations with 60°,180°, or 300° dihedral angles. The 60° conformation in
Figure 3.2(b) is called gauche (sometimes termed skew or syn).

Rotation of the substituents on the back carbon atom an additional 60°
produces another eclipsed conformation, Figure 3.2(c), this time with the
C—Abond eclipsing a C—Hbond on the back carbon atom, and the C—Bbond
eclipsing a C—H bond on the front carbon atom. Rotation another 60°
produces the anti conformation, Figure 3.2(d). A further 60° rotation of the

Newman Projection Dihedral Angle  Conformation
Description
(a) A
B
H /é\ 0 eclipsed
H HH

(b) A~ 60°
H \]‘3 gauche
60° (skew)
H H (sym)
(staggered)
H
(©) A
H
H 120° eclipsed
A
H H anti
180° (trans)
H H (staggered)
B
A
H
B 240° eclipsed
A
B H gauche
300° (skew)
(syn)
H H H (staggered)
1

(d)

(&)

e
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back carbon atom produces another eclipsed conformation, Figure 3.2(e), and
one more 60° rotation leads to yet another gauche conformation, Figure 3.2(f).

The terms eclipsed, gauche, and anti define dihedral angles in 60°
increments. In order to categorize conformations with other dihedral angles,
Prelog and Klyne devei%ped the alternative notation for conformations
illustrated in Figure 3.3.7 If the dihedral angles are within 30° of either 0°
or 180°, then the substituents A and B are approximately coplanar or
periplanar. If the major substituents of interest on adjacent carbon atoms
are in a conformation with dihedral angle between —30° and 0°, the con-
formation is —syn-periplanar (—sp), where the prefix syn indicates that the
substituents are located on the same side and the minus sign indicates a
negative dihedral. If the dihedral angle is between 0° and + 30°, then the
conformation is + syn-periplanar (+sp). Similarly, if the dihedral angle is
between 150° and 180°, the conformation is + anti-periplanar (+ ap), and a
conformation with dihedral angle between 180° and 210° is —anti-periplanar
(—ap). Exactly 180° would be ap (without a sign), and exactly 0° would be sp.

If the dihedral angle A—C—C—B is near 60°, near 120°, near 240° or near
300°, then one of the substituents is said to be clinal (inclined or slanted) with
respect to the other. The notation for conformations with dihedral angles of
30° to 90° is + syn-clinal (+ sc); 90° to 150° is + anti-clinal (+ ac); 210° to 270° is
—anti-clinal (—ac); and 270° to 330° is —syn-clinal (—sc).

When applying this conformational nomenclature, it is essential
to identify the substituents on the two carbon atoms that determine the
conformational designation.

4 Klyne, W.; Prelog, V. Experientia 1960, 16, 521.

5 See also the discussion of this system by Hanack, M. in Neumann, H. C,, trans. Conformation
Theory; Academic Press: New York, 1965; pp. 68—69.

¢ JUPAC Organic Chemistry Division Commission on Nomenclature of Organic Chemistry,
Rigaudy, J.; Klesney, S. P., Eds. Nomenclature of Organic Chemistry, Sections A, B, C, D, E. F. and H;
Pergamon Press: Oxford, England, 1979; Section E-5.6, p. 484.

FIGURE 3.3

Conformational descriptors.
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FIGURE 3.4

Conformational designations of
isopropylcyclohexane (2) and ethyl-
cyclohexane (3).

3 CONFORMATIONAL ANALYSIS AND MOLECULAR MECHANICS

H H H
CH, CH, H
H CH, CH,

ap +sc —8c

2
H H H
H H CH,
H CH, H
CH, H H

ap +sc —sc

3

1. If there are three different substituents on a carbon atom, then
the defining group is that which has highest priority according to the
Cahn-Ingold-Prelog (CIP) sequence rules.”

2. If the three substituents on a carbon atom are identical, then the one
that gives the smallest dihedral angle with the determining substituent
on the other carbon atom is chosen.

3. If a carbon atom has two substituents that are identical, then it is the
third substituent that determines the classification.

As an example of the last criterion, consider isopropylcyclohexane
(2) and ethylcyclohexane (3, Figure 3.4). In 2 we are concerned with con-
formations about the bond from the ring carbon to C2 of the isopropyl group.
Each of the carbons has one hydrogen and two other substituents that
are identical to each other. Therefore, the H-C—C—H dihedral angle deter-
mines the conformational classification, and the three conformations shown
are the ap, + sc, and —sc conformations. In 3, however, the unique atoms are
the hydrogen on the cyclohexane ring and the methyl on C1 of the substituent
group.®

A gauche conformation with a positive dihedral angle of +60° can be
denoted g, while a gauche conformation with a dihedral angle of —60° (i.e.,
+300°) can be denoted ¢~. The anti conformer can be denoted a. The anti
conformer may also be denoted ¢, because the 180° dihedral angle conforma-
tion is often called “trans” in the physical chemistry literature.” Organic
chemists usually reserve the term trans for cis, trans isomers, however. This
compact notation is particularly useful for representing several consecutive
conformations in concise fashion. For example, three conformations of

7 Cahn, R. S.; Ingold, C. K.; Prelog, V. Experientia 1956, 12, 81; Angew. Chem. Int. Ed. Engl. 1966, 5,
385.

8 These conformations are discussed in Golan, O.; Goren, Z.; Biali, S. E. J. Am. Chem. Soc. 1990, 112,
9300.

% Hoffmann, R. W. Angew Chem. Int. Ed. 2000, 39, 2054.
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aa (1) ag* (1g") ggt Compact conformational notation.

n-pentane about the C2—C3 and C3—C4 bonds could be represented as in
Figure 3.5.1%11

Another notation for conformers has been developed to describe
the geometry about the single bond of 1,3-butadiene (4). We will see in
Chapter 4 that theory predicts some double bond character for the C2—C3
bond, so there are two conformational energy minima separated by an energy
maximum associated with rotation about the C2—C3 bond. We describe 4a as
s-trans-1,3-butadiene, since the two double bond units are trans to each other
across the formally single bond. Similarly, 4b is the s-cis conformer.'> With the
advent of the (E) and (Z) nomenclature system, the notations s-(Z) and s-(E)
have begun to replace s-cis and s-trans.

= \/

(4a) s—rans (4b) s—cis

It is useful to combine the (E) and (Z) nomenclature system with the s-cis,
s-trans system when designating the stereochemistry and conformation of
polyenes. In such cases s-cis may be abbreviated as c and s-trans as t. For
example, the photochemical reaction of 1,2-dihydronaphthalene (5) first
forms the cZc conformer 6, which then rotates about the single bond to form
the cZt conformer 7 (equation 3.1).13

$-Cis s-trans
O — L
X X (3.1)
s=cis s-cis
cZe cZt
5 6 7

10 Klauda, J. B.; Brooks, B. R.; MacKerell, A. D,, Jr.; Venable, R. M.; Pastor, R. W. J. Phys. Chem. B
2005, 109, 5300.

! There are six other conformations of n-pentane: ag™, ¢%a, ¢7a, g*¢*, ¢7¢~, and g*¢™. For a
discussion, see Senderowitz, H.; Guarnieri, F.; Still, W. C. J. Am. Chem. Soc. 1995, 117, 8211.

12 The two double bonds are not entirely coplanar in the s-cis conformation. Both theoretical
studies and experimental data suggest that the two double bonds might be nonplanar by about
25° to 35°, making the term s-gauche a better descriptor for the less stable conformer for 1,3-
butadiene: Wiberg, K. B.; Rosenberg, R. E. |. Am. Chem. Soc. 1990, 112, 1509.

13 Keijzer, F.; Stolte, S.; Woning, ].; Laarhoven, W. H. J. Photochem. Photobiol. A: Chem. 1990, 50, 401
and references therein.
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Ordinarily conformational isomers cannot be separated from each other.
However, the C(O)—N bond of an amide also shows appreciable double bond
character and thus restricted rotation. Chupp and Olin found a series of 2/,6'-
dialkyl-2-halo-N-methylacetanilides in which the barrier to rotation was so
high that conformational isomers could be separated, purified, and charac-
terized. For example, the melting points of the conformers 8 and 9 are
64-65°C and 105-106°C, respectively.'*'>

TH,C
cnzcn cazcn,> cH,l

t-Bu

Molecular conformations are determined by a wide variety of experi-
mental techniques.” Conformations of molecules in crystals may be deter-
mined by X-ray diffraction,'® and molecules in the gas phase may be
investigated by electron diffraction17 and microwave spectroscopy.'®* NMR,*?
vibrational spectroscopy, % UV spectroscopy,” and circular dichroism stu-
dies are also useful.”” Other techniques include calorlmetry and the deter-
mination of physical properties such as pK values™ and dipole moments.’
In addition, conformation may be inferred from kinetics of reactions of
functional groups that may be in different conformational environments.'

14 Chupp, . P.; Olin, J. F. J. Org. Chem. 1967, 32, 2297.

13 (a) Two separable isomers were identified for triacetone triperoxide: Denekamp, C.; Gottlieb,
L.; Tamiri, T.; Tsoglin, A.; Shilav, R.; Kapon, M. Org. Lett. 2005, 7, 2461. (b) The equatorial
conformers of bromo- and chlorocyclohexane were isolated as inclusion complexes: Hirano, S.;
Toyota, S.; Toda, E. Chem. Commun. 2004, 2354.

16 Lipscomb, W. N.; Jacobson, R. A. in Weissberger, A.; Rossiter, B. W., Eds. Technigues of
Chemistry, Vol. 1. Physical Methods of Chemistry. Part 111D; Wiley-Interscience: New York, 1972;
pp- 1-123; Cameron, A. F. in Bentley, K. W_; Kirby, G. W., Eds. Techniques of Chemistry. Volume IV.
Part I, 2nd ed.; Wiley-Interscience: New York, 1972; pp. 481-513.

17 Bartell, L. S. in Weissberger, A.; Rossiter, B. W., Eds. Techniques of Chemistry. Volume I. Physical
Methods of Chemistry. Part IIID; Wiley-Interscience: New York, 1972; pp. 125-158.

'8 Flygare, W. H. in Weissberger, A.; Rossiter, B. W., Eds. Techniques of Chemistry. Volume I. Physical
Methods of Chemistry. Part IIIA; Wiley-Interscience: New York, 1972; pp. 439-497.

9 McFarlane, W. in Bentley, K. W.; Kirby, G. W., Eds. Techniques of Chemistry. Volume IV. Part I,
2nd ed.; Wiley-Interscience: New York, 1972; pp. 225-322; Phillips, L. in Bentley, K. W_; Kirby,
G. W, Eds. Techniques of Chemistry. Volume IV. Part I, 2nd ed.; Wiley-Interscience: New York, 1972;
pp- 323-353.

20 Devlin, J. P.; Cooney, R. P. ]. in Bentley, K. W.; Kirby, G. W., Eds. Techniques of Chemistry.
Volume IV. Part I, 2nd ed.; Wiley-Interscience: New York, 1972; pp. 121-224.

! Timmons, C. J. in Bentley, K. W.; Kirby, G. W., Eds. Techniques of Chemistry. Volume IV. Part I,
2nd ed.; Wiley-Interscience: New York, 1972, pp. 58-119.

2 Barrett, G. C. in Bentley, K. W.; Kirby, G. W., Eds. Techniques of Chemistry. Volume IV. Part I, 2nd
ed.; Wiley-Interscience: New York, 1972; pp. 515-610.

* Barlin, G. B; Perrin, D. D. in Bentley, K. W.; Kirby, G. W., Eds. Techniques of Chemistry.
Volume IV. Part I, 2nd ed.; Wiley-Interscience: New York, 1972, pp. 611-676.

** Smyth, C. P. in Weissberger, A.; Rossiter, B. W., Eds. Techniques of Chemistry. Volume 1. Physical
Methods of Chemistry. Part IV; Wiley-Interscience: New York, 1972; pp. 397-429.
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3.2 CONFORMATIONAL ANALYSIS

Usually we are not as interested in describing all possible spatial arrange-
ments that result from rotation about bonds within a molecule as in
describing the relative stabilities of the energy minima. We also want to
know the energetic barriers to rotations that lead to the interconversion of
conformational minima.”® The energy of any molecular conformation is
determined by all of the stabilizing and destabilizing forces that act on the
atoms at that instant.”® The search for knowledge of this kind comprises an
important part of the field of conformational analysis, which attributes con-
formational energies to the presence or absence of specific types of strain
present in the different conformations. The three types of strain that are
usually most useful in this regard are torsional strain, van der Waals strain,
and angle strain.

Torsional Strain

Torsional strain results from deviations from staggered conformations.
The usual way to analyze torsional energies is to compare energies of con-
formations with different dihedral angles (as represented with Newman
projections) on an energy level diagram. Figure 3.6 shows that the potential
energy of ethane varies in a sinusoidal fashion with the angle of rotation.
Pitzer determined that the eclipsed conformation of ethane is about 3 kcal /mol

% The principles of conformational analysis were established by Barton, D. H. R. Experientia 1950,
6,316. For general references, see reference 2a and Dauben, W. G.; Pitzer, K. S. in Newman, M. S,,
Ed. Steric Effects in Organic Chemistry; John Wiley & Sons: New York, 1956; pp. 1-60.

% Except for explicit references to free energy, in this discussion we will use the word energy to
mean enthalpy.
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FIGURE 3.6

Torsional energy due to conforma-
tion changes in ethane.
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higher in energy than the staggered conformation.”’”® Based on the micro-
wave spectrum of CH;CHD,, Hirota and co-workers concluded that
the rotational barrier of ethane is 2.90+0.03kcal/mol?® This barrier is
low enough that the methyl groups of ethane are said to exhibit “free
rotation.

The origin of the rotational barrier in ethane has been the subject of
considerable debate. For much of the recent history of organic chemistry, the
barrier was attributed to a stericinteraction of the C—Hbonds on one end of the
molecule with those on the other end. The term steric interaction is an over-
simplification because it is used to describe two closely related but different
effects. One of these is a Coulombic interaction resulting from the repulsion of
negatively charged electrons located near each other in space. The other is a
quantum mechanical effect that arises when two doubly occupied orbitals are
pushed together. In order to avoid a violation of the Pauli exclusion principle,
the orbitals are forced to adopt high energy configurations to ensure their
orthogonality.® Tt is the second effect that was thought to be primarily
responsible for the torsional barrier in ethane.*” This explanation was not
universally accepted, however. In particular, Eliel and Wilen argued againsta
steric basis for the torsional barrier because the distance between hydrogen
atoms onC1and thoseon C2in the eclipsed conformationisbarely less than the
sum of their van der Waals radii.*

A very different explanation was put forward by Pophristic and
Goodman.” They proposed that the rotational barrier in ethane results not
from steric destabilization of the eclipsed conformation but, instead, from
stabilization of the staggered conformation arising from delocalization of the
o bonding electrons. We will discuss the mechanism of this proposed
stabilization in Chapter 4, but there is one point to be made here. When
observable physical properties such as torsional energy are attributed to
nonobservables—that is, to concepts such as steric effects that are inherently
associated with other nonobservables such as molecular orbitals—it is diffi-
cult to establish the origin of the physical property.>

van der Waals Strain

Figure 3.7 shows a potential energy curve for rotation about the C2—C3 bond
of butane in the gas phase.*® Although the gauche and anti conformations are

2 Kemp, J. D.; Pitzer, K. S. . Am. Chem. Soc. 1937, 59, 276. Torsional strain is often called Pitzer
strain.

2 Weiss, S.; Leroi, G. E. J. Chem. Phys. 1968, 48, 962.
2 Hirota, E.; Saito, S.; Endo, Y. J. Chem. Phys. 1979, 71, 1183.

30 Zheng, J.; Kwak, K ; Xie, ].; Fayer, M. D. Science 2006, 313, 1951 determined that the rate constant
for a 120° rotation from staggered to eclipsed to staggered ethane is about 8.3 x 1010571,

31 Weinhold, F. Nature 2001, 411, 539.
32 govers, O. J.; Kern, C. W,; Pitzer, R. M.; Karplus, M. J. Chem. Phys. 1968, 49, 2592.

* Eliel, E. L.; Wilen, S. H. Stereochemistry of Organic Compounds; John Wiley & Sons: New York,
1994,

3 Pophristic, V.; Goodman, L. Nature 2001, 411, 565.
35 See also Pendas, A. M.; Blanco, M. A,; Francisco, E. . Comput. Chem. 2008, 30, 98.

% This figure is modified from a figure in reference 41. The curve was calculated from equation
3.8 on page 139 with V;=1.522kcal/mol, V,=-0.315kcal/mol, and V3=3.207 kcal/mol (as
reported in reference 41).
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both staggered, the anti conformation is more stable by 0.8 kcal/mol.>"~°
This energy difference is usually attributed to van der Waals strain, a
repulsion of nonbonded atoms when they are closer than the sum of their
van der Waals radii, as is the case of the two methyl groups in the gauche
conformation of butane. The eclipsed conformations also differ in energy.
Two of the energy maxima have two methyl-hydrogen and one hydrogen—
hydrogen eclipsed arrangements. The higher energy eclipsed conformation
has two hydrogen-hydrogen and one methyl-methyl eclipsed arrangements.
Both kinds of eclipsed conformation are higher in energy than are the eclipsed
conformations in ethane. Evidently the eclipsed conformations include
not only torsional strain but also some van der Waals strain. This explanation
also rationalizes the higher energy when the two methyl groups are eclipsed,
since two methyls should interact more strongly than a methyl and a
hydrogen.*

It is interesting to ask what these energy differences mean in terms of the
distribution of conformations in a sample of butane molecules. The solid line
in Figure 3.8 shows the population distributions calculated for butane in the
gas phase at 25°.4! 1t is evident that some structures are in conformations near,
but not exactly at, the energy minima. There is a large distribution of
conformations about the 180° (anti) angle and smaller distributions about

% Pitzer, K. S. J. Chem. Phys. 1940, 8, 711. The exact value depends on the theoretical technique
used for measurement and the phase (gas or liquid; potentials are somewhat higher in the gas
phase). A value of 0.97 kcal /mol was measured by Verma, A. L.; Murphy, W. F.; Bernstein, H.J. J.
Chem. Phys. 1974, 60, 1540.

% Wiberg, K. B.; Murcko, M. A. J. Am. Chem. Soc. 1988, 110, 8029.

% Although it may not be evident from Figure 3.7, the dihedral angle of the gauche conformation
is 65°. See the discussion on page 146.

% The syn rotational barrier shown is quite close to the value of 4.89 kcal/mol calculated by
Allinger, N. L.; Grev, R. S.; Yates B. F.; Schaefer, H. F. III. J. Am. Chem. Soc. 1990, 112, 114.

1 Jorgensen, W. L.; Buckner, J. K. J. Phys. Chem. 1987, 91, 6083.
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FIGURE 3.7

Energy changes due to rotation
about the C2—C3 bond of butane
in the gas phase.
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FIGURE 3.8

Population distributions for bu-
tane conformers in the gas phase
(solid line) and in water (dashed
line) at 25°. The units of the vertical
axis are relative mole fraction per
degree of rotation. (Adapted from
reference 41.)
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FIGURE 3.9

Examples of A2 and A0-?
strain. The dashed lines show
the stereochemical interactions.
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the 60° and 300° (gauche) dihedral angles. The calculations agree well with
experiment: about 62% of the molecules were found to be in the most stable
(anti) conformation in a gas phase measurement.*? The distribution of butane
conformations is very similar to the distribution of conformer populations
about internal CH,—CH, segments in other alkanes.®® In butane both the
energy of the gauche conformation and the barrier to rotation are lower in
solution. The dashed line in Figure 3.8 shows the population distribution for
butane in water at 25°, indicating that conformational distributions are to
some extent dependent on the environment.

Another manifestation of van der Waals strain is evident in allylic
compounds (Figure 3.9).** A"?strain results when two substituents, one
on the allylic carbon and the other on the first carbon of the vinyl group to
which itis attached, are brought into close proximity. A“®strain occurs when
substituents on C1 and C3 of an allylic system are in close proximity
(Figure 3.9). Such interactions have important consequences in stereoselective
reactions.*® Understanding the principles of conformational analysis, includ-
ing A strain, is particularly useful in correlating the function of natural
products with patterns of alkyl substitution and in the design of synthetic
compounds with biological activity. Hoffmann noted that conformations
having A®? strain or syn-pentane interactions (which are essentially the
same as cyclohexane 1,3-diaxial interactions, as shown in Figure 3.10) are
higher in energy than are conformations that avoid these interactions. There-
fore, methyl substituents in some natural products give the compounds a

42 Murphy, W. F.; Fernandez-Sanchez, J. M.; Raghavachari, K. J. Phys. Chem. 1991, 95, 1124.
3 Lahtela, M.; Pakkanen, T. A.; Nissfolk, F. J. Phys. Chem. A 1997, 101, 5949.

4 Johnson, F. Chem. Rev. 1968, 68, 375.

4% Hoffmann, R. W. Chem. Rev. 1989, 89, 1841.
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Angle strain =
(1/2) (109.5° — 60°)
= 24.75°

“predisposition to adopt the conformation necessary for biological
function.”*¢

Angle Strain and Baeyer Strain Theory

Strain that results from deviation from standard bond angles is called angle
strain or Baeyer strain. Baeyer proposed that all rings are inherently strained
because their bond angles cannot be exactly 109.5°.*” Because three points
define a plane, the three carbon atoms in cyclopropane are required to be
planar. By symmetry, all three carbon atoms in cyclopropane are equivalent,
so all must have the same bond angles. Representing the carbon atoms in
cyclopropane as an equilateral triangle, we see immediately that the C—C—C
bond angles must be 60°. Subtracting 60° from the 109.5° bond angle expected
for sp>-hybridized carbon gives a 49.5° difference. That difference is the sum
of two angle deviations, so we calculate that that there is 24.75° of angle strain
at each carbon atom (Figure 3.11).%8

A method for calculating the C—C—C internuclear bond angle of any
planar cycloalkane is illustrated for cyclopropane in Figure 3.11. Extending
any one bond line produces an external angle of 180° at a carbon atom.
The angle between that extended bond line and an adjacent bond line is equal
to 360° divided by the number of carbons in the cycloalkane. Subtracting that
value from 180° then gives the internal bond angle for the cycloalkane.
For planar cyclobutane, the deviation at each carbon atom is 9.5°; for
cyclopentane it is less than 1°; and for planar cyclohexane it is —5°. Multi-
plying the angle strain for each carbon atom by the number of carbon atoms in
each molecule produces the calculated angle strain for each compound shown
in Table 3.1.

6 Hoffmann, R. W. Angew. Chem. Int. Ed. 2000, 39, 2054.
4 Baeyer, A. Chem. Ber. 1885, 18, 2269.
%8 In this discussion angle strain is expressed in degrees, not in kcal/mol.
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FIGURE 3.10

Similarity of syn-pentane interac-
tions (left) to 1,3-diaxial interac-
tions in cyclohexane (right).

FIGURE 3.11

Calculation of angle strain for
cyclopropane.
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FIGURE 3.12

Major conformations
of cyclohexane.
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TABLE 3.1 Calculated and Experimental Angle Strain

Angle Total Angle Experimental
Compound Strain/CH; Strain Strain/CH, (kcal /mol)
Cyclopropane 24°44' 74°12' 9.2
Cyclobutane 9°44/' 38°5¢' 6.55
Cyclopentane 0°44' 3°40 1.3
Cyclohexane -5°1¢' —31°36¢' 0.0
Cyclodecane —-17°1¢' —172°42 12

Source: Reference 49.

Twist boat

Half-chair

Application of Conformational Analysis to Cycloalkanes

The experimental data in Table 3.1 show that the calculated values of total
angle strain are approximately correct only for cyclopropane, cyclobutane,
and cyclopentane.**® Cyclohexane is definitely not the strained compound
Baeyer’s theory predicts, and the larger ring compounds are also not very
strained. Any chemist today can explain the discrepancy between these
calculated and experimental values of strain energy: cyclohexane is not
planar. In either the chair or boat conformations (Figure 3.12), all bond
angles can be approximately 109.5°. In the chair conformation of cyclohexane,
allbonds are staggered, and there areno apparent van der Waals repulsions in
the molecule.”

The boat conformation of cyclohexane is an energy maximum, but a
similar conformation called the twist boat is an energy minimum.>? Although
the twist boat has more angle strain than the boat, decreased torsional strain
produces an overall lower energy. The two hydrogen atoms labeled H; in the
boatand twist boat conformations shown in Figure 3.12 are termed ““flagpole”
hydrogens, while the hydrogen atoms labeled H,, are termed “bowsprit”

9 Eliel, E. L. Stereochemistry of Carbon Compounds; McGraw-Hill: New York, 1962; p. 189.

%0 Cremer and Gauss emphasized that the total “’conventional ring strain energies” of cyclopro-
pane and cyclobutane are essentially the same and that calculating strain/CH, disguises an
important question: Is cyclopropane more stable than one would expect from typical conforma-
tional analysis considerations or is cyclobutane more strained than we expect? For a discussion of
this point and leading references, see Cremer, D.; Gauss, J. ]. Am. Chem. Soc. 1986, 108, 7467.

*! Electron diffraction measurements suggest that the preferred conformation of cyclohexaneis a
somewhat flattened chair, with C—C—C bond angles of 111° and torsional angles of 55.9°. For a
review of cyclohexane data, see Osawa, E.; Collins]. B.; Schleyer, P.v. R. Tetrahedron 1977, 33, 2667.
See also Dommen, J.; Brupbacher, T.; Grassi, G.; Bauder, A. . Am. Chem. Soc. 1990, 112, 953. For a
theoretical analysis, see reference 38.

52 Johnson, W.S.; Bauer, V.].; Margrave, . L.; Frisch, M. A.; Dreger, L. H.; Hubbard, W. N. J. Am.
Chem. Soc. 1961, 83, 606.
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hydrogens. van der Waals repulsion of the flagpole hydrogens is often cited as
an additional component of the strain energy in the boat conformation, but the
magnitude of this effect has been questioned.”® The twist boat has been
observed spectroscopically by rapidly condensing hot cyclohexane vapor
into an argon matrix at 20 K. The activation energy required to convert from
the twist boat to a chair conformation was determined to be 5.3 kcal /mol, with
the twist boat being 5.5 kcal/mol higher in energy than the chair conforma-
tion.>**° The energies of the various conformations are shown in Figure 3.13.

Why did Baeyer not consider the possibility that cyclohexane and larger
molecules are nonplanar?® According to Ramsay, Baeyer used a set of Kekulé
tetrahedral molecular models in which half-bonds were joined with spring
connectors to make bonds between atoms. This model set allowed—indeed,
required—one to construct a planar representation of a cyclic molecule and
then to measure angle strain by the deviation of the bonds from the straight
lines between atoms.”” Thus, cyclohexane would be represented by the model
in Figure 3.14. As is so often the case, ideas that become firmly planted in the
minds of scientists are difficult to displace. Bassindale noted thatby 1890, only

%3 Sauers, R. R. J. Chemt. Educ. 2000, 77,332 reported a density functional calculation indicating that
those hydrogens are about 2.5 A apart and thus contribute only minimally to the twist boat—
boat-twist boat barrier.

54 Squillacote, M.; Sheridan, R. S.; Chapman, O. L.; Anet, F. A. L. ]. Am. Chem. Soc. 1975, 97, 3244.
% The activation barrier for the conversion of chair cyclohexane to the twist boat was found to be

AGH=10.3 kcal/mol, with AH? =10.8 kcal/mol and AS* =2.8 eu: Anet, F. A. L.; Bourn, A. J.R.J.Am.
Chem. Soc. 1967, 89, 760.

% Baeyer’s theory should not be viewed with condescension. It was experimentally observable
that rings larger or smaller than cyclopentane and cyclohexane were difficult to synthesize. Small
rings do have appreciable angle strain. The larger rings can also be difficult to synthesize because
of the unfavorable entropy involved in bringing two ends of a long, linear molecule together to
make a bond.

3 Ramsay, O. B. J. Chem. Educ. 1977, 54, 563.
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FIGURE 3.13

Relative energies of cyclohexane
conformations.
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FIGURE 3.14

Kekulé-Baeyer model of cyclohex-
ane. (Adapted from reference 57.)

FIGURE 3.15

Hypothetical planar conformation
of cyclobutane.

FIGURE 3.16

Puckered conformation
of cyclobutane.
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five years after the proposal of angle strain theory by Baeyer, Sachse pointed
out that the angle strain could be relieved by nonplanar conformations of the
rings, and the idea was proposed again in 1918 by Mohr. Nevertheless, it was
only in the 1950s that the idea of nonplanar cyclohexane became widely
accepted.®®

In the preceding discussion, we implicitly assumed that the strain in
cyclobutane and cyclopropane was due to angle strain only. However, a
Newman projection of planar cyclobutane (Figure 3.15) shows that all of the
C—Hbonds are eclipsed, suggesting that there is considerable torsional strain
in the planar conformation. Distortion from planarity can relieve some of the
torsional strain, but that necessarily increases the angle strain by making the
C—C—C bond angles less than 90°.%° Yet, theoretical calculations indicated
that cyclobutane is puckered by about 30°, as shown in Figure 3.16,
with an inversion barrier for conversion of one puckered form to the
other of 1.38kcal/mol.*®' The puckered structure was reported to

* Bassindale, A. The Third Dimension in Organic Chemistry; John Wiley & Sons: Chichester,
England, 1984; p.81.

> The term planar in discussions of cycloalkane conformations refers only to the carbon atoms.

¢ Glendening, E. D.; Halpern, A. M. J. Phys. Chem. A. 2005, 109, 635 concluded that hyperconju-
gative stabilization has an additional stabilizing effect on the puckered conformation.

61 For a compilation of experimental data, see Legon, A. C. Chemn. Rev. 1980, 80, 231.
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have lc_c=1.5549 A, le-raxiay =1.0934 A, lc_ti(equatoriany = 1.0910 A,
licn=109.33°, and /ccc = 88.23°.%2

Figure 3.17 shows the structure of cyclobutane determined through X-ray
crystallography of a single crystal at 117K.%> The X-ray data were most
consistent with a disordered array (represented by solid and dotted lines)
of puckered cyclobutane molecules in the crystal. The calculated value of
the dihedral angle for the ring carbon atoms in the crystal was 31°. Experi-
mental gas phase studies confirmed that the barrier to puckering is less
than 1.5kcal/mol.%*

One interesting aspect of the X-ray data is the representation of electron
density around the cyclobutane ring. Figure 3.18 shows electron density
contours superimposed on a square with a carbon atom at each corner,
representing the time-average position of the atoms in the ring. Note that
the greatest value of electron density is actually outside the lines of the square
formed by shortest path internuclear bonds, suggesting that cyclobutane has

62 Kummli, D. S.; Frey, H. M.; Leutwyler, S. J. Phys. Chem. A 2007, 111, 11936 and references
therein.

%3 Stein, A.; Lehmann, C. W.; Luger, P. . Am. Chem. Soc. 1992, 114, 7684.
% Cremer, D. J. Am. Chem. Soc. 1977, 99, 1307.
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FIGURE 3.17

Disordered view of cyclobutane
from X-ray crystallography. (Repro-
duced from reference 63.)

FIGURE 3.18

Electron density contours of cyclo-
butane calculated from X-ray dif-
fraction data. (Reproduced from
reference 63.)
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FIGURE 3.19

Envelope, twist, and (hypothetical)
planar conformations of cyclo-
pentane.
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Envelope Twist

curved bonds.®® That bond curvature relieves additional torsional strain but
does not bring the two “axial” hydrogens so close that repulsion becomes a
problem.®*

Distortion from planarity to relieve torsional strain also applies to
cyclopentane (Figure 3.19).°° Experimental evidence indicates that the mol-
ecule exhibits ten different envelope conformations in which one carbon atom
at a time is above or below the plane defined by the other four, as well as ten
twist or half-chair conformations in which three carbon atoms at a time define
a plane, with the fourth carbon atom above this plane and the fifth below it.
The molecule is continually changing its conformation, however, so that each
carbon atom is 0.458 A above the molecular plane one-fifth of the time, with
the barrier to planarity of 5.16 kcal/mol.*” In the absence of isotopic labeling,
the effect of this shifting permutation is indistinguishable from a rotation of
the molecule about an axis through its center. For that reason, the process is
called pseudorotation.®® The energy barrier for pseudorotation is so small
that the process is described as essentially barrierless.*

Conformational Analysis of Substituted Cyclohexanes

Figure 3.20 shows that there are essentially two kinds of positions for
substituents in the chair conformation of cyclohexane. Each carbon atom
has one substituent that is approximately in the plane of the carbon atoms and
another substituent that is perpendicular to this plane. The substituent lying
approximately in the plane is called the equatorial substituent, while the one
. . . . 70
perpendicular to the plane is called the axial substituent.”” Of course,

% Suchbonds had been suggested by Bartell, L. S.; Andersen, B. J. Chent. Soc. Chem. Commun. 1973,
786, who also noted that the CH, groups should tilt inward toward each other.

66 Kilpatrick, J. E.; Pitzer, K. S.; Spitzer, R. . Am. Chem. Soc. 1947, 69, 2483.
7 Bauman, L. E.; Laane, J. ]. Phys. Chem. 1988, 92, 1040.

% This type of pseudorotation is not to be confused with a different use of the term in inorganic
chemistry. There the term refers to ligand exchange around a central atom; cf. Berry, R. S. J. Chem.
Phys. 1960, 32, 933.

69 Variyar, J. E.; MacPhail, R. A. J. Phys. Chem. 1992, 96, 576; see also MacPhail, R. A.; Variyar, J. E.
Chem. Phys. Lett. 1989, 161, 239. For a detailed analysis of the conformational dynamics of
cyclopentane, see Wu, A.; Cremer, D.; Auer, A. A;; Gauss, J. J. Phys. Chem. A 2002, 106, 657.

7 The classification of hydrogens into what we now call axial and equatorial was by Hassel, O.
Tids. Kjemi, Berguvesen Met. 1943, 3, 32. A translation of this paper by Hedberg, K. appeared in Top.
Stereochem. 1971, 6, 11. Hassel termed the hydrogens ¢ (from the Greek éotnkds, “‘standing”’) and
« (from the Greek, eievos, “’reclining”). Pitzer (reference 74) termed the hydrogens polar and
equatorigl. Later, Barton, D. H.R.; Hassel, O.; Pitzer, K. S; Prelog, V. Science 1954, 119, 49 suggested
that the term axial be used instead of polar to distinguish conformations from dipolar properties.
The field of conformational analysis was established primarily through the work of Hassel and of
Barton, who shared the 1969 Nobel Prize in chemistry. A seminal paper by Barton (reference 25) is
also reprinted in Top. Stereochem. 1971, 6, 1.
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FIGURE 3.20

Interchange of axial and equatorial
positions of substituents in cyclo-
hexane conformers.

FIGURE 3.21

Axial and equatorial conforma-
tions of a methyl substituent on
cyclohexane.

FIGURE 3.22

Newman projections of mono-
substituted cyclohexane conform-

butane gauche interaction

cyclohexane is not entirely planar. Three of the carbon atoms are relatively
higher than the two carbons on either side of them, while the other three
carbon atoms are relatively lower than those on either side of them. Each
carbon atom that is relatively higher has an axial substituent that points
upward, while each carbon that is relatively lower has an axial carbon that is
directed downward. Chair—chair interconversion in cyclohexane switches the
relative position of the carbon atoms and also changes axial hydrogens into
equatorial hydrogens, and vice versa.

The two chair conformations shown in Figure 3.20 have the same energy
when all of the substituents are hydrogens. Let us now consider the con-
formations of methylcyclohexane. In one chair conformation the methyl
group is equatorial, while in the other conformation it is axial (Figure 3.21).
We do not expect either conformation to show appreciable angle strain, nor
should there be torsional strain if the methyl carbon-ring carbon bond is
staggered. Nevertheless, the equatorial conformation is more stable by about
1.8 kcal/mol, a difference we attribute to van der Waals strain.

If we use a Newman projection that lets us view down two carbon-carbon
bonds at the same time to compare the two conformations of methylcyclo-
hexane (Figure 3.22), we see that the axial methyl and a carbon—carbon bond
on an adjacent carbon atom are gauche with respect to each other.”* We can
also describe the interaction of the axial methyl with the third carbon atom
away from the point of attachment of the methyl group in a different way.

7! Viewing the molecule from another orientation would show that there is one more such
interaction.

ations.
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FIGURE 3.23

Two 1,3-diaxial interactions in
axial methylcyclohexane.
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Since the methyl group and the axial hydrogen on the third carbon atom are
closer than the sum of their van der Waals radii, we assume that there is a van
der Waals repulsion, and we term the interaction a 1,3-diaxial interaction
(Figure 3.23). It is important to recognize that this is the same as a butane
gauche interaction; it is just described in a slightly different way. Figure 3.23
also makes it easier to recognize that there are two 1,3-diaxial (butane gauche)
interactions in axial methylcyclohexane.

This familiar explanation of the equatorial preference of a methyl group
on cyclohexane is so firmly established in organic chemistry that it may be
surprising to find that some evidence contradicts it. Wiberg and co-workers
carried out a study of the alkylcyclohexanes using a variety of theoretical
methods.”? They found that the higher energy of the axial conformation of
methylcyclohexane was not associated with any deformation in the
C2-C3—-H bond angle, which might have been expected if “1,3-diaxial”
repulsions are responsible for the greater enthalpy of the axial conformer.
They did identify perturbations in the bond angles around C1, however. They
concluded that “the data indicate that repulsive steric interaction between an
axial methyl group and the ring carbons, including the gauche torsional
interaction, is the major component responsible for destabilization of the axial
methyl group.” Similar results were obtained in a computational study of
dihalocyclohexanes.” It will be difficult for organic chemists to put aside
long-held beliefs about 1,3-diaxial interactions, and we will continue to use
that term in these discussions. Nonetheless, we should recognize that even
firmly established explanations may be subject to revision.

Since there are two 1,3-diaxial interactions for each axial methyl, we
predict the axial conformation to be less stable than the equatorial conforma-
tion by about 1.8 kcal/mol,”* which is close to the experimental value of
1.74 kcal/mol.”® Thus, 1.74 kcal/mol is the equatorial preference or Avalue
for a methyl substituent.”® If we treat the distribution of a molecule between
two conformations as a chemical equilibrium, we can use equation 3.2 to
calculate that 6% of the methyl groups will be axial and 94% will be equatorial
at 25°.

AG = —RTInkK (3.2)

For substituents larger than a methyl substituent, we expect the impact of
the 1,3-diaxial or butane gauche interaction to be greater. Table 3.2 provides
values of the equatorial preference of other substituent groups as compiled by
Hirsch.”

72 Wiberg, K. B.; Hammer, J. D.; Castejon, H.; Bailey, W. F.; DeLeon, E. L.; Jarret, R. M. J. Org. Chem.
1999, 64, 2085.

73 Wiberg, K. B. J. Org. Chem. 1999, 64, 6387.

74 Abutane gauche interaction was calculated to be 0.8 kcal /mol, but a value of 0.9 kcal/mol gave
the best fit between calculated and observed values for a series of disubstituted cycloalkanes.
Beckett, C. W; Pitzer, K. S.; Spitzer, R. J. Am. Chem. Soc. 1947, 69, 2488.

75 Booth, H.; Everett, J. R. J. Chem. Soc. Chem. Commun. 1976, 278; J. Chem. Soc. Perkin Trans. 2 1980,
255, See also reference 72.

76 Winstein, S.; Holness, N.]. J. Am. Chem. Soc. 1955, 77, 5562. A values are discussed on p. 5574 of
this paper.

77 Hirsch, J. A. Top. Stereochem. 1967, 1, 199.
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TABLE 3.2 Conformational Preferences of Substituted Cyclohexanes

A Values A Values
Substituent (kcal/mol, at 25°) Substituent (kcal/mol, at 25°)
-F 0.15 —-C,Fs 2.67¢
gl 0.43 —~OCF; 0.79%
-Br 0.38 ~SCF; 1.187
-1 0.43 -COH 1.35
-CN 0.17 —-CO,~ 1.92
—CH; 1.74° —CO,CH; 1.27
—CH,CHj3; 1.79° -OH 0.52 (aprotic solvent)
~CH(CH3), 2.217 0.87 (protic solvent)
—C(CHa); >5.4° —~OCH; 0.60
—CeH1; 2.15 -NH, 1.20 (aprotic solvent)
-D 0.0063 +0.0015° 1.60 (protic solvent)
—-CH,F 1.59° -NH(CHj3) 1.0 (aprotic solvent)
-CF,H 1.85% -N(CHa), 2.1 (protic solvent)

Source: Except as noted, data are from reference 77.

a Reference 75.
b Reference 76.
¢ Reference 78.
d Reference 79.

It is important to note that A values are free energy values, not enthalpy
terms, and that entropy contributions can also play an important role
in determining A values.®® Booth and Everett used variable temperature
13C NMR to determine AG®, AH®, and AS® for the axial to equatorial change of
alkylcyclohexanes in CFCl;—CDCl; solution.” The values of AH° for methyl,
ethyl, and isopropyl substituents were —1.75, —1.60, and —1.52kcal/mol,
respectively.®! That is, the enthalpy of axial to equatorial change was more
favorable for methyl than for isopropyl. This trend results from the difference
between the total number of butane gauche interactions for an axial con-
former and the total number of butane gauche interactions for the equatorial
conformer of each compound. For example, methylcyclohexane has two
butane gauche (1,3-diaxial) interactions in the axial conformation but
none in the equatorial conformation. Axial ethylcyclohexane has two low
energy conformations, each of which has three butane gauche interactions.
Equatorial ethylcyclohexane has three accessible conformations, two of
which have one butane gauche interaction and one of which has two butane
gauche interactions. The enthalpy difference between the axial and equatorial

78 Anet, F. A. L.; Kopelevich, M. J. Am. Chem. Soc. 1986, 108, 1355. The A value was
determined to be 0.0083 +0.0015 at —95°C. Anet, F. A. L.; O’Leary, D. ]. Tetrahedron Lett.
1989, 30, 1059.

7 Carcenac, Y.; Tordeux, M.; Wakselman, C.; Diter, P. New J. Chem. 2006, 30, 447.

80 gquillacote, M. E. J. Chem. Soc. Chem. Commun. 1986, 1406.

81 The AG®, AH°, and AS® values for the axial to equatorial change of the benzyl group were found
to be —1.76 kcal/mol, —1.52kcal/mol, and +0.81eu, respectively. Juaristi, E.; Labastida, V.;
Antinez, S. |. Org. Chem. 1991, 56, 4802.
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conformations is thus greater than one but smaller than two butane gauche
interactions. This means that the enthalpy difference between the two con-
formers of ethylcyclohexane should be less than the difference in enthalpy of
the methylcyclohexane conformers. Similarly, the AS°® values for the methyl,
ethyl, and isopropyl substituents, —0.03, +0.64, and + 2.31 eu, respectively,
can be rationalized on the basis of the different number of rotamers
possible for each group in the axial and equatorial positions.”” The
overall AG® values calculated at 300K for methyl, ethyl, and isopropyl were
1.74, 1.79, and 2.21 kcal /mol, respectively. At room temperature, therefore,
the entropy term actually determines the trend in the A values of these three
substituents.

The conformational preference of disubstituted cyclohexanes can be
computed from the A values of the two substituents individually if the two
substituents do not directly interact with each other. For cis-1-methyl-4-
phenylcyclohexane, AG for axial phenyl to equatorial phenyl is —1.13 kcal/
mol. Using 1.74kcal/mol as the A value for methyl and assuming that the
effects of the two substituents on the 1 and 4 positions are independent of each
other, then the A value for phenyl is 2.87 kcal/mol.** With an A value of at
least 5.4 kcal/mol for the t-butyl group, t-butylcyclohexane is predicted to
exist in solution at 25° with only about 0.01% of the t-butyl groups in the axial
position. This strong preference is the basis for the use of t-butyl as a “locking
group”” in studies of chemical reactions at axial or equatorial positions. Thus,
trans-4-t-butylcyclohexanol can be used to study reactions of an equatorial
alcohol, while the cis isomer can be used to study the reactions of an axial
hydroxyl group.”®

Most natural products having cyclohexane rings exhibit chair conforma-
tions, but a class of compounds found in hops has been found to exhibit a
(twist) boat conformation in one of four six-membered rings.83 Theresults of a
molecular mechanics study indicated that cis,trans,cis-1,2-diisopropyl-3,4-
dimethylcyclohexane is the smallest monocyclic cyclohexane that is expected
to exhibit a twist boat as its lowest energy conformation.® If a cis substituent
at C4 of a t-butylcyclohexane derivative is very large, that substituent may not
be axial because the cyclohexane may not be in the chair conformation. Noe
and co-workers were able to detect both the twist boat and chair conforma-
tions (Figure 3.24) of cis-1,4-di-t-butylcyclohexane with low temperature '*C
NMR.#> The twist boat was found to be more stable than the chair by
0.47 kcal/mol at 129 K.

For the 1,2-dimethylcyclohexanes, we must not only worry about 1,3-
diaxial interactions of the substituents with the ring hydrogens, but we must
also consider possible interactions of the substituents with each other.' Shown
in Figure 3.25 are the two chair conformations of cis-1,2-dimethylcyclohexane

82 Eliel, E. L.; Manoharan, M. J. Org. Chem. 1981, 46, 1959. A value of AG =—0.32 kcal/mol was
determined for axial phenyl to equatorial phenyl in 1-methyl-1-phenylcyclohexane. Here the A
values are not additive on the same carbon atom because the presence of the methyl keeps the
phenyl from adopting the most stable orientation.

83 Dasgupta, S.; Tang, Y.; Moldowan, ]. M.; Carlson, R. M. K.; Goddard, W. A.IIL. J. Am. Chem. Soc.
1995, 117, 6532.

84 Weiser, ].; Golan, O.; Fitjer, L.; Biali, S. E. . Org. Chem. 1996, 61, 8277.

85 Gill, G.; Pawar, D. M.; Noe, E. A. . Org. Chem. 2005, 70, 10726.
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as well as the two corresponding conformations for the trans isomer.?* We
first determine that the diequatorial (e,e) conformation of the trans isomer
should be about 2.7 kcal/mol more stable than the diaxial (a,a) conformation.
The equilibrium mixture of trans-1,2-dimethylcyclohexane conformers at
room temperature therefore should be composed almost exclusively of
molecules in the e,e conformation. As a result, the energy of the e,e con-
formation can be used to approximate the energy of the trans isomer.

For the cis isomer of 1,2-dimethylcyclohexane, both conformations have
one axial and one equatorial methyl, so the e,a and a,e conformations are
equivalent in energy. Thus, we conclude that the cis isomer has two 1,3-diaxial
methyl-hydrogen interactions for the axial methyl group, plus one additional
gauche interaction between the two methyls.*” The trans isomer has only the
butane gauche interaction between the two methyls in the e,e conformation
(which represents the great majority of molecules), so we predict that the trans
isomer should be more stable than the cis isomer by two methyl 1,3-diaxial
interactions or 1.8 kcal/mol. The literature value (Table 3.3) is 1.87 kcal/mol.
One can similarly analyze other dimethylcyclohexanes and compare the

86 Numerous articles in J. Chem. Educ. have addressed the problem of recognizing cis and trans
isomers of cyclohexanes. For example, see Richardson, W. S. J. Chern. Educ. 1989, 66, 478. A useful
technique s to say that each carbon atom has two substituent positions, one “more up than down”
and one “‘more down than up.”” If two substituents are both ““more up’’ or are both “more down,”
then they are cis to each other. If one is “‘more up’’ and the other is ““more down,” then they are
trans.

8 Although a 1,3-diaxial interaction between a methyl and a hydrogen is often presumed to be
exactly equal to a butane gauche interaction, this is not necessarily the case. The gauche butane can
adopt a conformation in which the C—C—C—C dihedral angle is more than 60° (see the sample
MM2 calculation beginning on page 140) to minimize some van der Waals repulsion, although at
the cost of introducing some other strain. In cyclohexane some flattening of the ring can lead to
decreased van der Waals repulsion, although again at the cost of other kinds of strain. The data
suggest that the A value of methylcyclohexane is more than twice as much as two gauche
interactions in butane. For a discussion, see Hendrickson, J. B. J. Am. Chem. Soc. 1967, 89, 7043.
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FIGURE 3.24

Conformations of cis-1,4-di-t-butyl-
cyclohexane.

FIGURE 3.25

Conformations of trans- and cis-
1,2-dimethylcyclohexanes.
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Conformationaldesignationsfor
methylene hydrogens in cyclo-
hexene.
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TABLE 3.3 Conformational Preference of Dimethylcyclohexanes

Substitution More Stable Isomer AH (kcal/mol)
1,2 trans 1.87
1,3 cis 1.96
14 trans 1.90

Source: Reference 49.

results with those shown in Table 3.3. In the 1,3 and 1,4 isomers, there are no
gauche interactions between the two methyls, so only the number of 1,3-diaxial
interactions in each isomer need be considered.

We should not assume that all alkyl substituents prefer the equatorial
conformation. Goren and Biali reported that the preferred conformation of
all-trans-1,2,3,4,5,6-hexaisopropylcyclohexane has all six isopropyl groups
axial rather than equatorial.*® They concluded that severe torsional and steric
interactions between the equatorial isopropyl groups are responsible for the
surprising conformational preference. Moreover, Biali determined that, with
an appropriately shaped substituent, it might be possible for a monoalkylcy-
clohexane to be more stable with the substituent in the axial rather than in the
equatorial position.*

The relative energies of the dialkylcyclohexanes are not affected signifi-
cantly by dipole-dipole interactions, but that factor is much more important
in the conformational equilibria of molecules that have polar groups.>* With
trans-1,2-dichlorocyclohexane, for example, about 25% of the molecules are in
the diaxial conformation in benzene solution at room temperature. This
arrangement minimizes the unfavorable dipole-dipole interaction present
in the diequatorial conformation. With trans-1,2-dibromocyclohexane, the
population of diaxial conformer is more than 50% under the same conditions.
There is van der Waals repulsion as well as a dipole-dipole interaction in the
diequatorial conformation.”® The trans isomer of 1,4-dibromocyclohexane
also exhibits a greater population of diaxial than diequatorial conformation in
solution, although the diequatorial conformation is favored in the solid
state.”’ With polar substituents capable of hydrogen bonding, still another
factor comes into play. The diequatorial conformer of trans-1,2-cyclohexane-
diol is favored due to hydrogen bonding, since intramolecular hydrogen
bonding is not feasible in the diaxial conformation.*?

The discussion to this point has concerned only cycloalkanes. Additional
considerations come into play with cycloalkenes. For example, cyclohexene is
said to adopt a half-chair conformation having methylene hydrogen atoms in
four different environments.” The hydrogen atoms are considered to be in
axial or equatorial positions on C4 and C5, but those on C3 and C6 are said to
be pseudoaxial and pseudoequatorial (Figure 3.26).

8 Goren, Z.; Biali, S. E. J. Am. Chem. Soc. 1990, 112, 893; see also reference 8.

8 Biali, S. E. J. Org. Chem. 1992, 57, 2979.

% Bender, P.; Flowers, D. L.; Goering, H. L. J. Am. Chem. Soc. 1955, 77, 3463.

91 Kozima, K.; Yoshino, T. J. Am. Chem. Soc. 1953, 75, 166.

92 Kuhn, L. P. J. Am. Chem. Soc. 1958, 80, 5950.

3 Barton, D. H. R.; Cookson, R. C.; Klyne, W.; Shoppee, C. W. Chem. Ind. (London) 1954, 21.
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One of the limitations of conformational analysis is that it uses a limited set of
interactions to predict the energy of a conformation. That is, a cyclohexane
substituent is said to be either axial or equatorial; a dihedral angle is either
staggered or eclipsed; a staggered conformation is either anti or gauche.
Furthermore, it requires data for rather specific reference compounds for each
type of comparison we make. For example, if there is a 1,3-diaxial interaction
involving a methyl and a carbomethoxy group, we would be hard pressed to
estimate the resulting strain from the A values of the two substituents alone. If
there is a van der Waals repulsion between those same two groups on a
different molecular framework, the A values for cyclohexane would be of
limited value. Therefore, it would be advantageous to be able to calculate
conformational energies from equations in which energy is a function of a
structural parameter (bond length, bond angle, etc.) and not a particular
molecular skeleton. This approach has given rise to a field of computational
chemistry known as molecular mechanics.

The term molecular mechanics distinguishes this approach from quantum
mechanics because the method uses a classical mechanics (mass and spring)
approach to ascribe the energy of a particular conformation to specific
bonding parameters. Molecular mechanics has also been called the Westheimer
method because equations for calculating steric strain were used bgy
Westheimer in a study of racemization of optically active biphenyls.”**>
Other terms include quantitative conformational analysis’® and (more generally)
the force field method. A force field is defined as a set of equations and constants
that relate energy to internal coordinates.”” Both the equations and the
constants are important. A reliable force field must have a correct analytic
form (the equations) and a valid parameterization (the specific constants for
each type of interaction).”*%° Molecular geometries and energies can also be
obtained from molecular orbital calculations (Chapter 4), but molecular

%4 For example, see Allinger, N. L.; Hirsch, J. A,; Miller, M. A,; Tyminski, I.].; Van-Catledge, F. A.
J. Am.Chem. Soc. 1968, 90, 1199.

% See Westheimer, F. H. in Newman, M. S., Ed. Steric Effects in Organic Chemistry; John Wiley &
Sons: New York, 1956; p. 523 ff; Westheimer, F. H.; Mayer, J. E. ]. Chem. Phys. 1946, 14, 733;
Westheimer, F. H. J. Chem. Phys. 1947, 15, 252. Similar ideas were developed independently by
Hill, T. L. J. Chem. Phys. 1946, 14, 465.

% Williams, J. E.; Stang, P. J.; Schleyer, P. v. R. Annu. Rev. Phys. Chem. 1968, 19, 531.

%7 This definition is revised slightly from that givenby Hagler, A. T.; Stern, P. S.; Lifson, S.; Ariel, S.
J. Am. Chem. Soc. 1979, 101, 813.

% In order to carry out a molecular mechanics calculation, all the force constants for each type of
atom under consideration must be known. In the case of MM2, only some atom types were
included at the time of development of the procedure. Others were added later, in some cases by
other researchers. Lipkowitz has provided a summary of parameter sources: Lipkowitz, K. B.
QCPE Bulletin 1992, 12, 6.

% The parameters are based on diverse experimental data and must be optimized so that the force
field produces reliable results. For a discussion, see Pearlman, D. A.; Kollman, P. A. J. Am. Chem.
Soc. 1991, 113, 7167.

190 parameterization has been called an art and a science. Bowen, J. P.; Allinger, N. L. in
Lipkowitz, K. B.; Boyd, D. B., Eds. Reviews in Computational Chemistry II; VCH Publishers:
New York, 1991; pp. 81-97.
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mechanics calculations are much faster because the time required for a
molecular mechanics calculation varies with the square of the number of
atoms, while the computation time for an ab initio calculation varies with the
fourth power of the number of orbitals.'®! In addition, molecular mechanics
calculations can be quite accurate for structures that have intramolecular
interactions similar to those in the reference compounds used to develop the
molecular mechanics program.’®

Among the more widely used molecular mechanics methods are those
developed by Allinger and co-workers. The original formulation, MM1, was
reported in 1973.'%" A modification published in 1977 was named MM2 and is
frequently cited as MM2(77).'®> MM3 was released in 1989,'** and MM4 was
released in 1996.'® Alternative approaches were reported by Schleyer,'*
Bartell,'”” Goddard,'® and Rappé.mg’110 Among other widely cited force
fields are AMBER! and CHARMM.'!? For further discussion about mole-
cular mechanics, see the reviews by Schleyer”®'% and by Allinger'*” and the
monograph of Burkert and Allinger.'?

Unlike conformational analysis, in which relative energies are com-
pared by assigning fixed amounts of strain to specific interactions (such as
butane gauche interactions), molecular mechanics determines the energy of
a conformation by computing the value of a mathematical function. An
equation such as equation 3.3 can be used to calculate the total steric
energy of the molecule as the sum of a number of different kinds
of interactions. ''*!'* Most molecular mechanics methods include as a

191 Allinger, N. L. Ado. Phys. Org. Chem. 1976, 13, 1.

102 For example, the MM3 calculation of the heat of formation of C¢ was much closer to the
experimental value than were the values calculated by the molecular orbital methods to be
discussed in Chapter 4. Beckhaus, H.-D.; Riichardt, C.; Kao, M.; Diederich, F.; Foote, C.S. Angew.
Chem. Int. Ed. Engl. 1992, 31, 63.

103 Allinger, N. L. J. Am. Chem. Soc. 1977, 99, 8127.

104 (a) Allinger, N. L.; Yuh, Y. H.; Lii, ].-H. J. Am. Chem. Soc. 1989, 111, 8551; (b) Lii, ] -H.; Allinger,
N.L.J. Am. Chem. Soc. 1989, 111, 8566; (c) Lii, J.-H.; Allinger, N. L. J. Am. Chem. Soc. 1989, 111, 8576.
105 Allinger, N. L.; Chen, K.-H.; Lii, J.-H. J. Comput. Chem. 1996, 17, 642.

106 Engler, E. M,; Andose, ]. D.; Schleyer, P. v. R. J. Am. Chem. Soc. 1973, 95, 8005.

197 Fitzwater, S.; Bartell, L. S. ]. Am. Chem. Soc. 1976, 98, 5107.

108 Mayo, S. L.; Olafson, B. D.; Goddard, W. A. III. J. Phys. Chem. 1990, 94, 8897.

109 Rappé, A. K,; Casewit, C. J.; Colwell, K. S.; Goddard, W. A. Il Skiff, W. M. J. Am. Chem. Soc.
1992, 114, 10024.

10 Casewit, C. J.; Colwell, K. S.; Rappé, A. K. J. Am. Chem. Soc. 1992, 114, 10035, 10046.

11 Weiner, S. J.; Kollman, P. A_; Nguyen, D. T.; Case, D. A. J. Comput. Chem. 1986, 7, 230.

112 Niilsson, L.; Karplus, M. J. Comput. Chem. 1986, 7, 591. Also see Smith, J. C.; Karplus, M. J. Am.
Chem. Soc. 1992, 114, 801.

'3 Burkert, U.; Allinger, N. L. Molecular Mechanics, ACS Monograph 177; American Chemical
Society: Washington, DC, 1982.

"4 The discussion here is a simplified presentation of the principles of molecular mechanics
calculations in MM2. The treatment in MM3 is more complex‘104
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minimum the components in equation (3.3), and frequently other terms are
also included."*>"'"7

Eueic = E(r) + E(0) + E(®) + E(d) (3.3)

E(r) is the energy of stretching or compressing an individual bond,
E(0) is the energy of distorting a bond angle from the ideal,
E(®) is the torsional strain (due to nonstaggered bonds), and

E(d) is the energy of nonbonded interactions arising from van der
Waals forces, which may be stabilizing or destabilizing.!®

The magnitude of E(r) for each bond is a function of the extent of stretching or
compression of the bond and is given by the formula

E(r) = 0.5k, x (Ar)* x (1+CS x Ar) (3.4)

where k, is the force constant associated with the deformation, Ar is the
deformation of the bond length from the minimum energy length, and CSis a
cubic stretching constant. Note that the energy increases with the square of
the deformation (although a negative value for CS allows the bond to weaken
somewhat at large deformations). Apparently the resistance to deformation is
quite strong; stretching or compressing a carbon—carbon single bond by 0.1 A
is endothermic by about 2.5 kcal/mol (Table 3.4). As a result, carbon—carbon
bond lengths usually vary only slightly over a wide variety of strained and
unstrained compounds.'”*** For example, the minimum energy geometry
calculated for cyclohexane has a C—C bond length of 1.5356 A, which is a
bond length deformation of 0.0126 A, and that is calculated to give a
stretching energy for each C—C bond of 0.0487 kcal /mol.***

The magnitude of E(f) is determined from the formula

E(0) = 0.5kg x (A0)* x (1 + SF x A8 (3.5)

'1> There may also be an energy associated with ““out of plane deformation” for some molecules.
For a discussion of the forces included in a MM calculation, see Susnow, R.; Nachbar, R. B., Jr.;
Schutt, C.; Rabitz, H. J. Phys. Chem. 1991, 95, 8585.

116 For a discussion of the components of a force field and the use of ab initio methods in force field
development, see Dinur, U.; Hagler, A. T. in Lipkowitz, K. B.; Boyd, D. B., Eds. Reviews in
Computational Chemistry II; VCH Publishers: New York, 1991; pp. 99-164; Hwang, M. ].;
Stockfisch, T. P.; Hagler, A. T. J. Am. Chem. Soc. 1994, 116, 2515.

"7 In addition to the terms in equation 3.3, other types of interactions may be important. These
include dipole-dipole forces (which may be stabilizing or destabilizing), as well as hydrogen
bonding, electrostatic effects, donor-acceptor interactions, and solvation effects. Understanding
these interactions can be vital to calculating the conformation of molecules more complex than the
simple hydrocarbons discussed here. For discussions, see (a) Kingsbury, C. A. J. Chem. Educ. 1979,
56,431; (b) Liberles, A.; Greenberg, A.; Eilers, J. E. ]. Chem. Educ. 1973, 50, 676; (c) Juaristi, E. . Chem.
Educ. 1979, 56, 438; (d) reference 113.

'8 The kinds of noncovalent interactions that give rise to van der Waals forces are particularly
important in determining the structures and properties of molecular complexes. Hobza, P.;
Zahradnik, R.; Miiller-Dethlefs, K. Collect. Czech. Chem. Commun. 2006, 71, 443.

"' Clark, T.; McKervey, M. A. in Stoddart, J. F., Ed. Comprehensive Organic Chemistry, Vol. 1;
Pergamon Press: Oxford, England, 1979; p. 37.

120 1 jebman, J. F.; Greenberg, A. Chem. Rev. 1976, 76, 311.

12! Calculated with QCMP010 from the Quantum Chemistry Program Exchange, Bloomington,
IN, 1985. The program was written by Allinger, N. L.; Yuh, Y. H. and was modified by Petillo, P. A.
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TABLE 3.4 Dependence of Carbon-Carbon
Bond Deformation Energy on Ar

Ar (A) Strain Energy” (kcal/mol)
0.001 32x107*

0.002 1.3x 1073

0.005 7.8 %1073

0.01 3.1x1072

0.05 71x 107!

0.10 253

? Calculations based on equations and data from reference 121.

TABLE 3.5 Dependence of Strain Energy on
C—C-C Angle Deviation

A0 (deg) Angle Strain (kcal/mol)
0.1 9.8 x107°
0.5 25x 1073
1.0 98x 1072
3.0 84x1072
5.0 2.1%x107!

where Af is the deviation from ideal bond angles (e.g., 109.5° for sp> hybrid
orbitals) and SF is a constant. Note that there is again a dependence of the
energy on the square of the magnitude of the deformation, although thereis a
minor dependence on the sixth power as well.'?? In this case, however, the
energy penalty for deformation of a bond angle is much smaller than
the penalty for deformation of a bond length. A 5° deviation from 109.5°
raises the energy of a structure only about 0.2 kcal/mol. Table 3.5 shows the
energies calculated for C—C—C angle deviations from 109.5° using equa-
tion 3.5. The expected bond angle of 109.5° for tetrasubstituted organic
compounds is actually observed for only methane and a few other symme-
trically substituted carbon atoms. In other cases the C—C—C bond angles are
found to vary from 111° to 113° for acyclic alkanes.

In addition to the pure bending strain given in equation 3.5, it is also
useful to calculate a stretch-bending strain energy, Egg, which incorporates
both bond angle and bond length deformations. The rationale for this para-
meter is that the energy of an angle deformation is affected by stretching of the
bonds that make that angle.'” The energy for this term is given by the
equation

Esp = ksp X Alupe X (Ara_p + Arp_,) (3.6)

122 1 the example on page 145, the value of SF is 0.7 x 1077

123 Because coordinates for bond lengths, bond angles, and other easily visualized sources of
strain are interrelated, the types of strain are not totally separate (reference 96). Therefore, it may
be necessary to add some cross terms to achieve a better calculation. The choice of such cross terms
depends on the model used. The MUB-2 force field included a stretch—torsion term (reference
107).
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In the example of cyclohexane, the C1—-C2—C3 bond angle is calculated to be
110.88°, which differs by 1.41° from the ideal bond angle of 109.47°. The
resulting contribution to E(8) (for one C—C—C unit) is calculated to be
0.01kcal/mol. By comparison, the value of Egg for this same C—C—C unit
is determined to be 0.02kcal/mol, based on a carbon-carbon bond length
deformation of 0.0126 A.

The torsional strain equation for a pair of tetrasubstituted carbon atoms,
each bearing three identical substituents, has the form

E(®)=0.5Vy x (1+cos3d) (3.7

where V) is the rotational energy barrier and @ is the torsional (dihedral)
angle. If the three substituents on each carbon are not identical, then a more
general equation applies:**!

E(®) =0.5V; x (1 +cos®)+0.5V, x (1—cos2®) +0.5V5 x (1 + cos3P)
(3.8)

where the values of V, V,, and V; vary with the particular atom types. In this
formulation positive values for V; and V; destabilize eclipsed forms, while a
positive value for V, destabilizes 90° arrangements.

The van der Waals strain energy, included in E(d), depends on the extent
and pattern of substitution within the structure. The interaction of atoms that
are not bonded to each other is very weak at long distances but initially
becomes slightly attractive due to London dispersion forces when the
atoms begin to come close. If the two atoms are pushed too close together,
however, the interaction very quickly becomes quite repulsive. Different
force fields use different values for van der Waals radii and different
equations for the change in energy with distance between the nonbonded
atoms. The effect of internuclear distance on the van der Waals energy of two
nonbonded hydrogen atoms, calculated from the equation on page 143, is
shown in Figure 3.27."%*

Let us examine the molecular mechanics approach by carrying out a very
simple calculation—the optimization of the gauche conformation of butane.
We start with an initial conformation in which the C—C—C—C dihedral angle
(atoms 1-2-3—4 in Figure 3.28) is 60°."** The following lines show part of the
input file for the gauche conformation of butane in a format used by one
molecular mechanics program.'?® The input file includes the name of
the compound, any constraints on the program, and information about the
connectivity of the atoms. There is a connected atoms list (1 2 3 4 in the third
line), and an attached atoms list (151 6, etc. in the next line, meaning that atom
5isbonded to atom 1, and so on.) Then come the x, y, and z coordinates of each

124 For a discussion of different formulations of the van der Waals interaction, see Halgren, T. A.].
Am. Chem. Soc. 1992, 114, 7827. van der Waals force field parameters can be obtained from
theoretical calculations. Compare Bordner, A.J.; Cavasotto, C.N.; Abagyan, R. A. |. Phys. Chem. B
2003, 107, 9601.

' The initial geometry was determined by carrying out a molecular mechanics calculation on a
structure in which the C-C—~C—C dihedral angle was fixed at 60°.

126 The input file was written with the program PCMODEL (Serena Software, Bloomington, IN).
The force field used in PCMODEL is known as MMX. For a discussion, see Gajewski, J. J.; Gilbert,
K. E.; McKelvey, ]. in Liotta, D., Ed. Advances in Molecular Modeling, Vol. 2; JAI Press: Greenwich,
CT, 1990; pp. 65-92. Some portions of the input file, as well as some portions of the molecular
mechanics output, have been omitted for clarity.
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van der Waals energy of non- -1 T T T T T |
bonded hydrogen atom inter- 2 2.5 3 3.5 4 45 5
actions. Nonbonded distance (A)
H6 H13 atom and the atom type. Type 1 is a tetravalent carbon; type 5 is a
H12 hydrogen.'?”
HT-_ C4——Hu4
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H5 Input File
Hll—\—/C:i\ P
c2 <H9 gauche BUTANE
i H10 12 34 00 0000 © 0O 0 0 0
1 5 16 1 7 28 2 9 3 10 3 11 4 12
FIGURE 3.28 4 13 4 14
Initial butane gauche conforma- -0.99450 0.36461 1.25785 -0.19237 -0.79026 0.64416
tion with 60° dihedral angle. 0.16751 -0.57567 —0.83551 1.02035 0.67436-1.08807

-1.22001 0.14650 2.32252
-1.94901 0.49837 0.70753
0.73596 -0.594743 1.23223
-0.76285 -0.51485 -1.43806
0.47470 1.58046 -0.75181

-0.40988 1.30620 1.19903
-0.76482-1.73514 0.75297
0.70118-1.46973-1.22046
1.24327 0.76931-2.17124
1.97614 0.60119~-0.52865
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The molecular mechanics program reads the input file and uses the atom
coordinates and bonding information to compute the steric energy of the
initial conformation of the structure.

Initial Calculation of Coordinates and Energy

gauche BUTANE
GEOMETRY AND STERIC ENERGY OF INITIAL CONFORMATION.
CONNECTED ATOMS
1-2-3-4-
ATTACHED ATOMS
1-5,1-6, 1-7, 2-8, 2-9, 3-10, 3-11, 4-12,

4-13, 4-14,

INITIAL ATOMIC COORDINATES
ATOM X Y Z TYPE
c(1) -.99450 .36461 1.25785 (1)
C(2) -.19237 -.79026 .64416 (1)
C(3) .16751 -.57567 ~.83551 (1)

1% For a discussion and more extensive examples, see the monograph by Clark, T. A Handbook of
Computational Chemistry; John Wiley & Sons: New York, 1985.
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c(4) 1.02035 .67436 -1.08807 (1)
H(5) -1.22001 .14650 2.32252 (5)
H(6) -.40988 1.30620 1.19903 (5)
H(7) -1.%94901 .49837 .70753  (5)
H(8 -.76482 -1.73514 .75297  (5)
H(9) .73596  -.94743 1.23223 (5)
H(10) .70118 -1.46973 -1.22046 (5)
H(11) -.76285 -.51485 -1.43806 (5)
H(12) 1.24327 76931 -2.17124 (5)
H(13) .47470 1.58046 -.75181 (5)
H(14) 1.97614 .60119 -.52865 (D)

INITIAL STERIC ENERGY IS 3.6711 KCAL.

COMPRESSION .1756
BENDING . 6224
STRETCH-BEND .0670
VANDERWAALS
1,4 ENERGY 2.2947
OTHER .1294
TORSIONAL .3820

The molecular mechanics calculation thus indicates that the steric energy
of the initial 60° conformer is 3.67 kcal/mol and that this energy is made up
mostly of van der Waals repulsion but also has significant bending and
torsion contributions.

The next step is to vary the location of the atoms in a systematic way to
achieve a more stable conformation. This process is repeated until the change
in steric energy from one such procedure to the next is less than some
predetermined value, at which time the energy of the structure is said to be
“minimized.” Initially, the hydrogens attached to carbon atoms are moved
with the carbon atoms, but later the hydrogens are moved independently.

Iterative Minimization of Total Steric Energy

gauche BUTANE
ENERGY MINIMIZATION
INITIAL ENERGY

TOTAL ENERGY IS 3.6711 KCAL.

COMPRESS .1756  VANDERWAALS TORSION .3820
BENDING .6224 1,4 2.2947
STRBEND .0670 OTHER L1294 DIPL/CHG .0000

ko ok ok ok ok ok ok ok ok Kk Kk x Kk CYCLE 1*************

(CH) MOVEMENT = 1
ITERATION 1 AVG. MOVEMENT = .01320 A

ITERATION 2 AVG. MOVEMENT = .00616 A
ITERATION 3 AVG. MOVEMENT = .00390 A
ITERATION 4 AVG. MOVEMENT = .00237 A
ITERATION 5 AVG. MOVEMENT = .00153 A
TOTAL ENERGY IS 3.0383 KCAL.
COMPRESS .1695 VANDERWAALS TORSION L4315
BENDING .6027 1,4 2.1050
STR-BEND L0752 OTHER . 3457 DIPL/CHG .0000

ITERATION 6 AVG. MOVEMENT = .00097 A
ITERATION 7 AVG. MOVEMENT = .00062 A
ITERATION 8 AVG. MOVEMENT = .00040 A
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ITERATION 9 AVG. MOVEMENT = .00025A
ITERATION 10 AVG. MOVEMENT = .00017A

TOTAL ENERGY IS 3.0349 KCAL.

COMPRESS .1670 VANDERWAALS TORSION .4490
BENDING .5937 1,4 2.1112
STRBEND .0742 OTHER .3603 DIPL/CHG .0000

ITERATION 11 AVG. MOVEMENT = .00011 A
ITERATION 12 AVG. MOVEMENT = .00008 A

ITERATION 13 AVG. MOVEMENT = .00006 A
ITERATION 14 AVG. MOVEMENT = .00005 A
ITERATION 15 AVG. MOVEMENT = .00004 A
TOTAL ENERGY IS5 3.0348 KCAL.
COMPRESS .1667 VANDERWAALS TORSION .4509
BENDING .5930 1,4 2.1121
STRBEND .0741 OTHER .3620 DIPL/CHG .0000

* k K% k Kk k k %k k Kk Kk Kk * CYCLEZ*************

(CH) MOVEMENT = 0

ITERATION 16 AVG. MOVEMENT = .00003 A

TOTAL ENERGY IS 3.0348 KCAL.

COMPRESS .1667  VANDERWAALS TORSION L4510
BENDING .5930 1,4 2.1122
STRBEND .0741 OTHER .3621 DIPL/CHG .0000

* & %+ * ENERGY IS MINIMIZED WITHIN .0011 KCAL * * * * %
* % & % % ENERGY IS 3.0348 KCAL * * * * *

Then the program writes the final coordinates of all atoms and computes the
contribution of all interactions to the overall steric energy of the molecule.

Final Coordinates and Energy

gauche BUTANE
GEOMETRY AND STERIC ENERGY OF FINAL CONFORMATION.
CONNECTED ATOMS

1-2- 3~ 4~

ATTACHED ATOMS
1-5,1-6, 1-7, 2-8, 2- 9, 3-10, 3-11, 4-12,
4-13, 4-14,

FINAL ATOMIC COORDINATES AND BONDED ATOM TABLE

ATOM X Y Z TYPE BOUND TO ATOMS
C(1) -1.02860 .32977 1.27109 (1) 2, 5, 6, 17

C(2) -.17615 -.78428 .64958 (1) 1, 3, 8, 9

C(3) .13702 -.55745 -.83879 (1) 2, 4, 10, 11
C(4) 1.01904 .67110 -1.09710 (1) 3, 12, 13, 14
H(b5) -1.29907 .08253 2.32393 (5 1,

H(6) -.48525 1.30158 1.29228 (5) 1,

H(7) -1.97660 .47462 .70367 (5) 1,
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BOND LENGTHS AND STRETCHING ENERGY

C
C
C

c

H(38) -.72460 -1.
H(9) .77684 -.
H(10) .66177 -1
H(11l) -.81609 -
H(12) 1.28620

H(13) .50045 1.
H(14) 1.96872

ENERGY = 71.94 (KS) (DR) (DR) (1+(CS) (DR))

DR = R-RO

Cs=-2.000
BOND LENGTH
(1)-C(2) 1.5343
(1)-H(5) 1.1148
(1)-H(®6) 1.1136
(1)-H(7) 1.1143
(2)-C(3) 1.5378
(2)-H(8) 1.1170
(2)-H(9) 1.1162
(3)=-C(4) 1.5343
(3)-H(10) 1.1170
(3)-H(11) 1.1162
(4)-H(l2) 1.1148
(4)-H(13) 1.1136
(4)-H(14) 1.1143

NON-BONDED DISTANCES, VAN DER WAALS ENERGY

54 VDW INTERACTIONS (1, 3 EXCLUDED)
ENERGY = KV* (2.90 (10**5)EXP(-12.50/P) = 2.25(P**6))

RV = RVDW(I) + RVDW (K)

KV = SQRT (EPS (I) *EPS (K) )
P = (RV/R) OR (RV/R#)

(IF P.GT.3.311, ENERGY =KV (336.176) (P**2))

# IN THE VDW CALCULATIONS THE HYDROGEN ATOMS ARE RELOCATED

SO THAT THE ATTACHED HYDROGEN DISTANCE IS REDUCED BY
ENERGY

ATOM PAIR R R#
(1), C(3) 2.5685

(1), C(4) 3.1492

(1), H(8) 2.1649

(1), H(9) 2.1784

(1), H(10) 3.5141 3.4297
(1), H(11) 2.8044 2.7677
(1), H(12) 4.1738 4.0849
(1), H(13) 2.8924 2.8985
(1), H(14) 3.5017 3.4592
(2), C(4) 2.5686

(2), H(5) 2.1945

(2), H(6) 2.2044

(2), H(7) 2.1976

(2), H(10) 2.1718

(2), H(11 2.1824

(2), H(12) 3.5320 3.4466
(2), H(13) 2.8951 2.8519
(2), H(14) 2.8133 2.7760

3

ww www

w

RV KV

.800 .0440
.340 .0460
.340 .0460
.340 .0460
.340 .0460
.340 .0460
.340 .0460
.340 .0460
.340 .0460

75130 .75768 (5) 2,
88816 1.22141 (5) 2,
.45957 -1.23684 (5) 3,
.45968 -1.41149 (5) 3,
.74842 -2.17665 (5) 4,
61672 -.81973 (5) 4,
.61329 -.51708 (5) 4,
(13 BONDS)
R(0) K(S) ENERGY
1.5230 4.4000 .0395
1.1130 4.6000 .0011
1.1130 4.6000 .0001
1.1130 4.6000 .0006
1.5230 4.4000 .0671
1.1130 4.6000 .0052
1.1130 4.6000 .0034
1.5230 4.4000 .0394
1.1130 4.6000 .0052
1.1130 4.6000 .0034
1.1130 4.6000 .0011
1.1130 4.6000 .0001
1.1130 4.6000 .0006

0989

.0527

.1037

.0279

.0172

.0520

.0524

.0418
.0964

.915
(1,4)
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C(3), H(5) 3.5320
C(3), H(6) 2.8956
C(3),H(7) 2.8128
C(3),H(8) 2.1717
C(3), H{(9) 2.1825
C(3), H(12) 2.1945
C(3), H(13) 2.2044
C(3), H(14) 2.1976
C(4), H(5) 4.1742
C(4), H(6) 2.8930
C(4), H(7) 3.5008
C(4), H(8) 3.5141
C(4), H(9) 2.8045
C(4), H(10) 2.1649
C(4), H(11) 2.1784
H(5), H(6) 1.7924
H(5), H(7) 1.7995
H(5),H(8) 2.4791
H(5),H(9) 2.5431
H(5), H(10) 4.3477
H(5), H(11) 3.8053
H(5), H(12) 5.2328
H(5), H(13) 3.9338
H(5), H(14) 4.3625
H(6), H(7) 1.8040
H(6), H(8) 3.1086
H(6), H(9) 2.5284
H(6), H(10) 3.9161
H(6), H(11) 3.2437
H(6), H(12) 3.9341
H(6), H(13) 2.3519
H(6), H(14) 3.1256
H(7), H(8) 2.5544
H(7), H(9) 3.1156
H(7), H(10) 3.8036
H(7), H(11) 2.5872
H(7), H(12) 4.3609
H(7), H(13) 3.1243
H(7), H(14) 4.1322
H(8), H(9) 1.7929
H(8), H(10) 2.4465
H(8), H(11) 2.5263
H(8), H(12) 4.3477
H(8), H(13) 3.9157
H(8), H(14) 3.8040
H(9), H(10) 2.5264
H(9), H(11) 3.1070
H(9), H(12) 3.8059
H(9), H(13) 3.2430
H(9), H(14) 2.5879
H(10), H(11) 1.7929
H(10), H(12) 2.4796
H(10), H(13) 3.1086
H(10), H(14) 2.5540
H(11), H(12) 2.5426

H(11l), H(13) 2.5288
H(1l), H(14) 3.1155

BW BN W NN W WWWhNND B w U wds NN N W w N N

N ww NN WWS NN

NNDNDDNDNDN

.4465
.8524
L7755

.0852
.8991
.4583
L4297
.7678

.3892
.4457
.1964
.6823
L0511
.8523
L2569

.9421
.4337
.7824
.1508
.8526
.4107
.1085
L4549
.9487
.6800
.5856
.2554
L1072
.0101

.3596
.4297
.1964
.7820
.6803
.4299
.2404
.6828
.1501
.5862

.3895
.9422
.4545
.4453
.4341
. 9487

3.340
3.340
3.340

3.340
3.340
3.340
3.340
3.340

3.000
3.000
3.000
3.000
3.000
3.000
3.000

3.000
3.000
3.000
3.000
3.000
3.000
3.000
3.000
3.000
3.000
3.000
3.000
3.000
3.000

3.000
3.000
3.000
3.000
3.000
.000
.000
.000
.000
.000

w

w W ww

.000
.000
.000
.000
.000
.000

w W wwww

.0460
.0460
.0460

.0460
.0460
.0460
.0460
.0460

.0470
.0470
.0470
.0470
.0470
.0470
.0470

.0470
.0470
.0470
.0470
.0470
.0470
.0470
.0470
.0470
.0470
.0470
.0470
.0470
.0470

.0470
.0470
.0470
.0470
.0470
.0470
.0470
.0470
.0470
.0470

.0470
.0470
.0470
.0470
.0470
.0470

.0524
.0415
.0968

.0279
.0169
.0521
.0527
.1035

.2329
.1512
.0138
.0280
.0046
.0221
.0127

.0542
.1667
.0244
.0517
.0221
.1990
.0531
.1401
.0544
.0281
.0276
.0127
.0532
.0178

.2856
.1720
.0138
.0244
.0280
.1718
.0542
.0279
L0517
.0272

.2322
.0542
.1405
.1518
.1662
.0544

E
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H(12), H(13) 1.7924
H(12), H(14) 1.7895
H(13), H(14) 1.8040

BOND ANGLES, BENDING AND STRETCH-BEND ENERGIES (24 ANGLES)
EB=0.021914 (KB) (DT) (DT) (1+SE*DT**4)
DT = THETA-TZERO
SF=.00700E-5
ESB(J) =2.51124(KSB(J)) (DT) (DR1+4DR2)
DR(I) =R(I) - RO(I)

ATOMS THETA TZERO KB EB KSB ESB
C(2)-C(1)-H(5) 110.875 110.000 .090 .0022 .360 .0060
C(2)-C(1)-H(6) 111.733 110.000 .090 .0044 .360 .0237
C(2)-C(1)-H(7) 111.149 110.000 .090 .0029 .360 .0104
H(5)-C(1l)-H(6) 107.095 109.000 .320 .0254
H(5)-C(1)-H(7) 107.658 109.000 .320 .0126
H(6)-C(1)-H(7) 108.141 109.000 .320 .0052

C(1l)-C(2)-C(3) 113.460 105.500 .120 .0311 .450 .1546
C(l)-C(2)-H(8) 108.458 109.410 .090 -.0024 .360 .0071

C(1)-C(2)-H(9) 109.536 109.410 .080 .0003 .360 .0001
C(3)-C(2)-H(8) 108.746 109.410 .090 -.0022 .360 .0035
C(3)-C(2)-H(9) 109.615 109.410 .090 .0007 .360 .0003
H(8)-C(2)-H(9) 106.802 109.400 .320 .0473

)

c(2)-C(3)-C(4
C(2)-C(3)-H(10) 108.751 109.410 .090 -.0022 .360 .0034
C(2)-C(3)-H(11) 109.610 109.410 .090 .0007 .360 .0003
)
)

113.461 109.500 .120 .0311 .450 .1548

C(4)-C(3)-H(10) 108.459 109.410 .090 -.0024 .360 .0071

C(4)-C(3)-H(11) 109.533 109.410 .090 .0003 .360 .0001
H(10)-C(3)-H(11) 106.801 109.400 .320 .0474
C(3)-C(4)-H(12) 110.875 110.000 .090 .0022 .360 .0060
C(3)-C(4)-H(13) 111.734 110.000 .090 .0044 .360 .0237
C(3)-C(4)-H(14) 111.148 110.000 .090 .0029 .360 .0104
H(12)-C(4)-H(13) 107.093 109.000 .320 .0255
H(12)-C(4)-H(1l4) 107.663 109.000 .320 .0125
H(13)-C(4)-H(14) 108.137 109.000 .320 .0052

DIHEDRAL ANGLES, TORSIONAL ENERGY (ET) ( 27 ANGLES)

ET=(V1/2) (1+COS(W))+(V2/2) (1-COS (2W) ) +(V3/2) (1+COS (3W))
SIGN OF ANGLE A-B-C-D 0 WHEN LOOKING THROUGH B TOWARD C,
IF D IS COUNTERCLOCKWISE FROM A, NEGATIVE.

ATOMS OMEGA V1 \ V3 ET
C(l)yC(2)C(3)C(4) 65.249 .200 .270 .093 .366
C(1)yC(2) C(3)H(10) -173.963 .000 .000 .267 .007
C(l)yC(2)C(3)H(11) -57.540 .000 .000 .267 .001
C(2)yC(3)C(4)H(12) 175.465 .000 .000 .267 .004
C(2)C(3)C(4) H(13) -65.151 .000 .000 .267 .005
C(2)C(3)C(4)H(L4) 55.748 .000 .000 .267 .003
C(3)C(2)C(1)H(5) 175.388 .000 .000 .267 .004
C(3)C(2)C(1l)H(6) -65.226 .000 .000 .267 .005
C(3)C(2)yC(1l)yH(T) 55.677 .000 .000 .267 .003
C(4)C(3)C(2)H(8) -173.970 .000 .000 .267 .007
C(4)C(3)C(2)yH(Y9) =-57.547 .000 .000 .267 .001
H(5) C(1)C(2) H(8) 54.445 .000 .000 .237 .005
H(S5)C(1l)yC(2)H(9) -61.774 .000 .000 .237 .001
HE(6) C(1l)yC(2)H(8) 173.831 .000 .000 .237 .006
H(6) C(1)C(2)H(Y) 57.613 .000 .000 .237 .001
H(7) C(1)C(2)H(8) -65.265 .000 .000 .237 .004

145



146

3 CONFORMATIONAL ANALYSIS AND MOLECULAR MECHANICS

H(7)C(1l) C(2)H(9) 178.516 .000 .000 .237 .000
H(8) C(2) C(3)H(10) -53.183 .000 .000 .237 .007
H(8) C(2)C(3) H(11) 63.240 .000 .000 .237 .002
H(9) C(2)C(3) H(10) 63.241 .000 .000 .237 .002
H(9) C(2)C(3)H(11) 179.665 .000 .000 .237 .000
H{(10) C(3) C( 4) H(1l2) 54.513 .000 .000 .237 .005
H(10) C(3) C(4) H(13) 173.898 .000 .000 .237 .006
H(10) C(3) C(4) H(14) -65.203 .000 .000 .237 .004
H(11) C(3) C(4) H(12) -61.703 .000 .000 .237 .000
H(11) C(3) C(4) H(13) 57.681 .000 .000 .237 .001
H(11) C(3) C(4) H(14) 178.580 .000 .000 .237 .000

FINAL STERIC ENERGY IS 3.0348 KCAL.

COMPRESSION .1667
BENDING .5930
STRETCHBEND .0741
VANDERWAALS
1,4 ENERGY 2.1122
OTHER -.3621
TORSIONAL .4510

The steric energy of the minimized gauche conformation of butane is
found by this calculation to be more than 0.6 kcal/mol lower than the initial
conformation. Note that the C—C—C—C dihedral angle is no longer 60° but is
now 65° and that a torsional strain of 0.366 kcal/mol is associated with the
larger dihedral angle. Note also that the van der Waals strain decreases from
2.42 kcal/mol in the 60° conformer to 1.75 keal /mol in the 65° conformer,'?®
and most of the other strain parameters are also less in the 65° conformer. This
example indicates two important points:

1. The minimum energy conformation is that conformation having the
lowest sum of the components of steric strain, but some individual
components of strain might be higher in a more stable conformation
than they are in a less stable conformation.

2. A gauche conformer need not be exactly 60°.

If the initial conformation entered for butane is closer to 180° than to 60°,
then the program finds an energy minimum in which the dihedral angle for
the C—C—-C—C bonds is 180°. That conformation has the following compo-
nents of steric energy:

FINAL STERIC ENERGY IS 2.1714 KCAL.
COMPRESSION .1569

BENDING .2909
STRETCH-BEND .0524
VANDERWAALS

1,4 ENERGY 2.0697
OTHER -.4058
TORSIONAL .0073

128 There is 2.11 keal /mol of repulsive 1,4 van der Waals strain, but this is partially compensated
for by 0.36 kcal/mol of attractive van der Waals interactions between other atoms.
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Local
minimum

Global
minimum

Potential Energy Surface ———>

The difference in steric energy between the 65° gauche conformer and the anti
conformer of butane is thus computed to be 0.86 kcal/mol, very close to the
value used in our discussion of conformational analysis.

Why did the molecular mechanics program not optimize the initial 60°
conformation to the anti conformation? The answer is that the gauche
conformation is a local minimum, while the anti conformation represents
a global minimum on the butane conformational potential energy surface.
These terms are illustrated for a simplified two-dimensional potential energy
surfacein Figure 3.29. A minimization routine that starts with a geometry near
a local minimum will generally optimize to that local minimum, even if there
is a different geometry that is lower in energy. The problem is simple for
butane because we can recognize likely minima and adjust the coordinates of
the atoms in the input file so that the global minimum can be found. For large
structures, determining the lowest energy conformation through computa-
tion can be difficult because the number of local minima increases drama-
tically with molecular size.'® Therefore, it is essential to provide the mole-
cular mechanics program with a wide variety of initial conformations so that
all possible minima can be located.'***

The output from a molecular mechanics calculation on butane is quite
lengthy, but that from a calculation on cyclohexane is even longer. Several
results from the calculation on cyclohexane are shown in Table 3.6. The
minimum energy geometry places atoms C1 and C4 2.959 A apart, while the
sum of their van der Waals radii is 3.800 A.** This gives rise to a calculated
van der Waals repulsion of 0.31 kcal/mol between C1 and C4 (Figure 3.30).
The same interaction energy is calculated for the repulsion between C2 and C5
as well as between C3 and C6, so carbon—carbon van der Waals repulsion
accounts for 1.23 kcal/mol of the steric energy calculated for this conforma-
tion. Similarly, there is a repulsive van der Waals interaction between C1 and
H11. They are calculated to be 2.810 A apart, but the sum of their van der
Waals radii is 3.340 A. There is also 1,4-repulsion between hydrogen atoms on
adjacent carbon atoms, such as H9 with H11 (0.204 kcal/mol) and H9 with
H12 (0.171 kcal/mol). The interaction of the ““1,3-diaxial hydrogens,” such as
H10 with H14, is only 0.009 kcal /mol, since they are about the same distance

12 Geg, for example, Kolossvary, L; Guida, W. C. J. Am. Chem. Soc. 1993, 115, 2107.

130 A procedure for finding the global minimum in large molecules was reported by Saunders, M.
J. Am. Chem. Soc. 1987, 109, 3150.

131 The van der Waals radii used in MM2 calculations differ somewhat from those tabulated in
Chapter 1. In general they are 0.2-0.3 A larger.
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FIGURE 3.29

Local(left)andglobal(right)minima
on a simplified potential energy
surface.
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FIGURE 3.30

Atom numbering for discussion of
van der Waals interactions in

cyclohexane.

H
H CH;
Ja
H “% CH;
H
A = 56.33°
C =57.26°
FIGURE 3.31

Dihedral angles in chair cyclo-
hexane from a molecular me-

chanics calculation.
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TABLE3.6 Selected van der Waals Interactions from an MM2 Calculation

Atom Pair r(A) T ryaw (A) Energy (kcal/mol)
Cl1-C4 2.959 3.800 0.312
C1-H11 2.810 3.340 0.102
C1-H12 3.499 3.340 —0.053
C1-H13 3.971 3.340 —0.035
C1-H14 3.376 3.340 —0.054
C1-H15 2.769 3.340 0.102
Ci-H16 3.499 3.340 -0.053
H10 Hi4

H1Z |
| H18 ;
HO ~C2 |— ¢ __C4—H13

H8 ~_ |~ C6 —~C5 —H16

| g HIL\
H7 H15

apart as the sum of their van der Waals radii (2.629 A). Some of the van der
Waals interactions are stabilizing dispersion effects, however, such as the
interaction of C1 with H12.

The minimum energy conformation of cyclohexane calculated with a
molecular mechanics program is shown in Figures 3.31 and 3.32, and the
summary of the different contributions to the steric energy are listed in
Table 3.7. Note that the C1-C2—C3—C4 dihedral angle is 56.33°, producing
a torsional energy, Er, of 0.343kcal/mol. This value is quite close to the
experimental value of 56.1°.*3

In the discussions of Baeyer strain (page 123), we concluded that the
chair conformation of cyclohexane has no angle strain, and the heat of
combustion per methylene unit was found to be the same as that of an acyclic
alkane. Examination of the chair conformation reveals that there are actually
six butane gauche interactions, two evident from each conformation seen by
a 120° rotation. Moreover, we have noted that there are three repulsive
carbon—carbon transannular van der Waals interactions (e.g., the C1-C4
repulsion). Why, therefore, does cyclohexane not have 6 (0.8 kcal/mol) + 3
(0.31kcal/mol) = 5.7 kcal/mol of strain energy? Wiberg noted that the heat
of combustion comparison may be misleading.*® Combustion of the alkanes
is done on samples that are not at 0K but are at room temperature, meaning
that the population of alkane gauche conformations is not negligible. There-
fore, cyclohexane is not being compared with a reference structure having all
the CH; groups anti but, instead, is referenced to alkanes having a mixture of
conformers. Wiberg calculated, however, that correcting for this mix of

132 Curtis, J.; Grant, D. M.; Pugmire, R. ]. J. Am. Chem. Soc. 1989, 111, 7711.



3.3 MOLECULAR MECHANICS

Iy _p = 2.62864
e Ay

Ic-H,, = 1-11614
Alc_ﬂeq = 1.1167A

t-<HCH = 107.084°
. '<CCH = 109.460°

‘< CCC = 110.889°

TABLE 3.7 Calculated Contributions to Steric
Energy of Cyclohexane in the Chair
Conformation

Parameter E (kcal/mol)
Compression 0.3376
Bending 0.3652
Stretch-bend 0.0826
van der Waals
1,4-Interaction 4.6733
Other —1.0633
Torsional 2.1556
Total 6.5510

alkane conformations still suggested no more than 0.28 kcal /mol per cyclo-
hexane gauche interaction.'*>"%*

This question serves as a reminder that the calculation of the components
of internal energy in a molecular mechanics represents a model that is based
on a set of nonobservables. Two molecular mechanics calculations that use
different force fields might produce a similar value for the total strain of a
structure, but they might partition that total into different internal contribu-
tions. For example, the MM1 and the MUB-2 procedures differed significantly
in their handling of van der Waals forces. The MM1 procedure used a van der
Waals potential for hydrogen that was large and hard but used a potential for
carbon that was small. The potentials in the MUB-2 force field were smaller
and softer for hydrogen, but they were larger for carbon. In the MM2 force
field, the butane gauche interaction was modeled with a different torsional
potential function, thus making the van der Waals characteristics of the atoms
less important.’® As Allinger has noted,

If different force-fields give the same results, as far as they can be checked
against experimental values, but different results in terms of internal details
which are not experimentally accessible, it is clear that one cannot assign
physical significance to the different sets of internal details.'®*

133 A possible explanation based on the electronic properties of the molecular orbitals used for
sigma bonding was also offered by Dewar, M. J. S. |. Am. Chem. Soc. 1984, 106, 669.

134 Schleyer, P.v.R.; Williams, J. E.; Blanchard, K. R. J. Am. Chem. Soc. 1970, 92, 2377 concluded that
the gauche interactions in the cyclohexane skeleton are not comparable to those of gauche butane
because the nonbonded hydrogen-hydrogen interactions are minimized in cyclohexane.
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FIGURE 3.32

Calculated minimum energy con-
formation of cyclohexane.
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H Y& H H
H H H H
H Y&~
FIGURE 3.33

Electrostatic interactions in
gauche (left) and anti (right)
conformers of XCH,CH,Y.

FIGURE 3.34

Effect of curved bond path on
C—C bonding in anti (left)
and gauche (right) conformers
of 1,2-difluoroethane. (Repro-
duced from reference 138.)
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This conclusion may be reinforced by considering conformations of
compounds with the general structure X—CH,—~CH,—Y. We have seen that
when X and Y are both alkyl groups, the anti conformation is favored over the
gauche conformation because of van der Waals strain. When X and Y are
electronegative groups, we might expect that the gauche conformation would
be even more destabilized through a combination of van der Waals forces and
the electrostatic repulsion of the two partially negative substituents
(Figure 3.33).

It may be surprising, therefore, that in the gas phase the gauche conformer
of 1,2-difluoroethane is more stable than the anti conformer by about 1 kcal/
mol. (For the other 1,2-dihaloethanes, the anti conformer is lower in energy,
with the anti preference increasing along the series chlorine, bromine, and
iodine.*®) Similar observations are made if X and Y are other electronegative
atoms, such as oxygen, and the general trend is that the proportion of gauche
conformer increases as X and Y become more electronegative.'*® This phe-
nomenon is known as the gauche effect, which is ““a tendency to adopt that
structure which has the maximum number of gauche interactions between
the adjacent electron pairs and/or polar bonds.”**

Aninteresting explanation for the gauche effect was offered by Wiberg.'*®
If the bond paths of methy! fluoride are curved as was discussed in Chapter 1,
then those in 1,2-difluoroethane might be curved also. In Figure 3.34, the angle
@, designates the difference between the carbon—carbon internuclear bond
line and the preferred curved bond path from one carbon atom to another.
Wiberg suggested that the curved bond path would lead to poor C—C orbital
overlap in the anti conformer, but that bonding would not be affected as much
in the case of the gauche conformer. Poorer orbital overlap would be expected
to produce a longer carbon—carbon bond distance, and ab initio calculations
did indicate that the C—C (internuclear) bond distance is 0.010 A greater in
the anti conformer than in the gauche conformer.'* Because bond curvature
is expected to increase as the electronegativity of the substituent increases,
this explanation provides a simple model to explain a wide array of con-
formational phenomena.

Some theoretical work has supported Wiberg’'s proposal for bent car-
bon—carbon bonds in 1,2-difluoroethane. However, one study found mixing
of aC—Hbonding orbital with a C—F antibonding orbital (see Chapter 4) to be
more significant than bond curvature in determining the minimum energy
conformation of 1,2-difluoroethane.!*®14? It remains noteworthy, however,
that straight bonds are usually assumed in contemporary treatments of
conformational analysis and molecular mechanics. If curved bonds are found
to offer conceptual or computational advantages over straight bonds, then the
straight bonds in contemporary model kits may be as deficient as was the
hinged bond model that led Baeyer to propose angle strain in cyclohexane.

135 Huang, ].; Hedberg, K. J. Am. Chem. Soc. 1990, 112, 2070.
136 Phillips, L.; Wray, V. J. Chem. Soc. Chem. Commun. 1973, 90.
137 Wolfe, S. Acc. Chem. Res. 1972, 5, 102.

138 Wiberg, K. B.; Murcko, M. A_; Laidig, K. E.; MacDougall, P. J. J. Phys. Chem. 1990, 94, 6956;
Wiberg, K. B. Acc. Chem. Res. 1996, 29, 229.

3% Durig, J. R; Liu, J.; Little, T. S.; Kalasinsky, V. F. J. Phys. Chem. 1992, 96, 8224.
140 Goodman, L.; Gu, H.; Pophristic, V. J. Phys. Chem. A 2005, 109, 1223.

141 Gee also Freitas, M. P.; Rittner, R. J. Phys. Chem. A 2007, 111, 7233.

142 Gee the discussion of hyperconjugation in Chapter 4.
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We saw in Chapter 2 that glucose can cyclize to form either the a or B
hemiacetal. All of the substituents on the tetrahydropyran ring of glucose are
equatorial except for the hemiacetal hydroxyl group, which may be either
axial (for the o anomer) or equatorial (for the £ anomer). If the conformational
preferences of the tetrahydropyran ring are similar to those of cyclohexane,
then an A value for OH of 0.87 in a protic solvent would predict that the axial
anomer should comprise no more than 10% of the mixture. Experimentally, it
has been determined that the a anomer is present to the extent of 34% of the
equilibrium population of conformers. In the case of D-mannose, the « anomer
(10) is the major isomer, and the 8 anomer (11) comprises only 32% of the
equilibrium mixture.'* This preference for axial conformer in carbohydrates
has been termed the anomeric effect. This term is also used for any system
R—Y—-C—X, where Xis an electronegative atom and Y is an atom with at least
one lone pair.

H
CH,OI-(I) CH?OI(I)
HO
HO O o

HO H .—_ HO OH

H Y on H "ag
o~p—-Mannose p-p-Mannose

10 11

This anomeric effect is considered a stereoelectronic effect—an effect
that results from the ““stereochemistry of particular electron pairs, bonded
or nonbonded.””'**!*> The origins of the anomeric effect have been discussed
extensively."*>'#'%” An early rationale was that local dipole moments
interact more unfavorably in conformations when the R—Y—-C—X confor-
mation is gauche than when it is anti (Figure 3.35)."*> A more commonly
cited explanation is an interaction of a nonbonded pair of electrons on
oxygen with an antibonding orbital of the C—X bond in a process called
hypercongugation (Figure 3.36),'*> but other origins have been suggested as
well 148-150

The ability to calculate conformational energies with molecular me-
chanics provides a useful means to correlate calculated structures with

3 Kirby, A.J. The Anomeric Effect and Related Stereoelectronic Effects at Oxygen; Springer-Verlag:
Berlin, 1983; p. 7.

" Deslongchamps, P. Stereoelectronic Effects in Organic Chemistry; Pergamon Press: Oxford,
England, 1983.

145 Thatcher, G. R. J., Ed. The Anomeric Effect and Associated Stereoelectronic Effects; American
Chemical Society: Washington, DC, 1993.

146 Juaristi, E.; Cuevas, G. Tetrahedron 1992, 48, 5019.

147 Salzner, U.; Schleyer, P. v. R. J. Am. Chem. Soc. 1993, 115, 10231 and references therein.

148 For more details, see chapter 2 of reference 143. See also reference 113, p. 220; Allinger, N. L.;
Rahman, M; Lii, ].-H. |. Am. Chem. Soc. 1990, 112, 8293; Cramer, C.]. ]. Org. Chem. 1992, 57, 7034.
49 For an explanation of the anomeric effect in terms of “hardness,” see Pearson, R. G. J. Am.
Chem. Soc. 1988, 110, 7684; Hati, S.; Datta, D. J. Org. Chem. 1992, 57, 6056.

159 Gee also Perrin, C. L.; Armstrong, K. B.; Fabian, M. A.]. Am. Chem. Soc. 1994, 116, 715; Roohi, H.;
Ebrahimi, A.; Habibi, S. M.; Jarahi, E. |. Mol. Struct. 2006, 772, 65; Vila, A.; Mosquera, R. A. ].
Comput. Chem. 2007, 28, 1516; Weinhold, F.; Landis, C. R. Valency and Bonding: A Natural Bond
Orbital Donor-Acceptor Perspective; Cambridge University Press: Cambridge, UK, 2005; p. 240.
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FIGURE 3.35

Dipole—dipole interactions sug-
gested as an explanation for the
anomeric effect.
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FIGURE 3.36

Hyperconjugation explanation
for the anomeric effect.
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TABLE 3.8 Energies and Populations of 1-Bromo-2-methylbutane

Conformers
Conformation Relative E (kcal/mol) Population (%)
Gg 1.162 42
Ag* 0.511 124
Aa 0.399 15.0
G a 0.311 174
Gta 0.187 21.5
Grg* 0.00 29.5

experimental results. The relative population of a conformation is given by
the Boltzmann distribution (equation 3.9), where E; is the energy of the ith
conformation and 7 is the number of conformations:*'

o Ei/RT
Pi=5— (3.9)
S eEi/RT
i=1

For example, six conformations of 1-bromo-2-methylbutane may be identi-
fied as shown in Table 3.8. Here the uppercase identifier refers to the C1-C2
bond, and the lowercase identifier designates the conformation of the C2—C3
bond.'! It may be seen that two conformations (G* g+ and G * a) account for
half of the equilibrium distribution, but the other four conformations are also
present in significant amounts.

One very useful tool for studying conformations in solution is a relation-
ship between dihedral angles and three-bond NMR coupling constants (°J) of
vicinal protons. The relationship was derived theoretically by Karplus, and
one form of the resulting equation is shown in equation 3.10, where ¢ is the
H—-C-C—H' dihedral angle:

3Jur=A + Bcos ¢ + Ccos 2¢ (3.10)

For structural units having C—C bond lengths near 1.54 A and bond angles
near 109.5°, Karplus proposed values of 4.22, —0.5, and 4.5 for A, B, and C,
respectively.'®? As shown in Figure 3.37, values of ¢ near 90° lead to negligible
coupling constants, while dihedral angles near 180° produce J values near
9 Hz. Karplus emphasized that equation 3.10 is only an approximation and
that variations in bond lengths, bond angles, and electronegativities of
substituents also need to be taken into account. Later authors have proposed
empirical equations that account for such structural variations, and they
enable more accurate correlations of NMR coupling constants with molecular
geometry.153

151 Wang, F.; Polavarapu, P. L.; Lebon, F.; Longhi, G.; Abbate, S.; Catellani, M. J. Phys. Chem. A
2002, 106, 12365. In this paper anti conformations are designated trans, so Aa in Table 3.8 is
reported as Tt in the reference.

152 Karplus, M. J. Chem. Phys. 1959, 30, 11; . Am. Chem. Soc. 1963, 85, 2870.
153 Compare Haasnoot, C. A. G; de Leeuw, F. A. A. M.; Altona, C. Tetrahedron 1980, 36, 2783.
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Using the Karplus equation to calculate the J values expected for con-
formational minima and the distribution (mole fraction) of the conformations
from their calculated relative energies allows the J value for a compound to be
predicted from the relationship

m
J=> ni; (3.11)
i=1

where n; equals the mole fraction of the ith conformation and m is the number
of conformers. As an example, two conformations of the y-butyrolactone
derivative 12 are shown in Figure 3.38. In conformation 12a the hydrogen
atoms on C2 and C3 are nearly anti, and the calculated J; 3 value is 9.0 Hz. In
12b, the H,—C2—-C3—Hj; dihedral angle is much smaller, and the calculated
Jvalue is 0.5 Hz. A molecular mechanics study indicated that 12a and 12b are
very close in energy, so their equilibrium populations should be approxi-
mately 50 : 50. According to equation (3.11), the J value observed in solution
should thus be 5.0, which matches the experimental value.’™*

The principles of molecular mechanics may be used in a molecular
simulation calculation, which is a type of computational statistical me-
chanics.’®® The goal of molecular simulation is to analyze a theoretical model
of molecular behavior in order to determine the macroscopic properties of a
substance. In one approach, known as molecular dynamics (MD), Newton's
laws of motion for individual particles and a set of potential energy terms
describing the forces on the structures are applied to all of the atoms in the
calculation. Integration of the resulting differential equations over a short
time period leads to new locations and new velocities for the atoms.

15 Jaime, C.; Ortufio, R. M.; Font, J. J. Org. Chem. 1986, 51, 3946.

135 Sadus, R. J. Molecular Simulation of Fluids: Theory, Algorithms and Object-Orientation; Elsevier:
Amsterdam, 2002.

FIGURE 3.37

3Jurvalues calculated with
equation 3.10.
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FIGURE 3.38

Calculated J values for conformers
of 12.

3 CONFORMATIONAL ANALYSIS AND MOLECULAR MECHANICS

Hsy H H
E Me\) O
- Hs 0]
HO H,
12a 12b
J, 5 (calc) =9.0 Hz Jy5 (calc) =05 Hz

This stepwise process is repeated continually, allowing the system to evolve
over time.

Molecular dynamics simulations may also be used to study the properties
of individual molecules, such as probing the internal dynamics of cyclohex-
ane and the intermolecular interactions of biomolecules'**'>” and can pro-
vide insights into the bulk properties of substances. For example, Hammonds
and co-workers reported a simulation of the properties of liquid n-octane at
20°."® There are five C—C—C—C segments in n-octane, and each may exhibit
either anti or one of two possible gauche conformations. As a result, there are
31 different possible conformational patterns possible. The results indicated
that the all-anti ("“zigzag’’) conformation was exhibited by 11% of the mol-
ecules, while about 35% had a single gauche conformation somewhere along
the chain. About 37% of the molecules had two gauche conformations along
the chain, 15% had three, 2% had four gauche conformations, and less than 1%
had five. These results were useful in modeling the distribution of end-to-end
dimensions of the molecules, which could then be related to macroscopic
properties such as diffusion.

An alternative molecular simulation method is known as Monte Carlo
statistical mechanics (MC)."* In this approach, a trial configuration of the
system is generated by randomly altering the positions of individual atoms or
of entire molecules. The resulting changes in energy or other properties of the
new arrangement are then used to determine an ““acceptance criterion.” The
acceptance criterion is compared with a random number, after which the new
arrangement is either retained or rejected. Repeated application of the
procedure yields a weighted-average model of the molecular structures and
the thermodynamic properties of the system. This process is made more
efficient through a technique known as Metropolis sampling, which generates
trial arrangements that are more likely to make a significant contribution to
the properties of the ensemble of molecules. In one study applying both
molecular dynamics and Monte Carlo statistical mechanics to liquid hexane,
the results of the two methods were found to be comparable, but the Monte
Carlo method required less computer time.'

15 Kawai, T.; Tomioka, N.; Ichinose, T.; Takeda, M.; Itai, A. Chem. Pharm. Bull. 1994, 42, 1315;
Beyer, A.; Schuster, P. Monat. fiir Chemie 1990, 121, 339.

157 Compare Aleksandrov, A.; Simonson, T. J. Am. Chem. Soc. 2008, 130, 1114.
158 Hammonds, K. D.; McDonald, I. R.; Ryckaert, J.-P. Chem. Phys. Lett. 1993, 213, 27.
159 Jorgensen, W. L.; Tirado-Rives, ]. J. Phys. Chem. 1996, 100, 14508.
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3.4 MOLECULAR STRAIN AND LIMITS
TO MOLECULAR STABILITY

If a structure is well modeled by the parameters in the force field, molecular
mechanics provides a means to calculate its AH; that is said to rival experi-
ment for accuracy. Molecular mechanics can also be used to calculate a value
for the strain energy of a structure. The strain energy of a molecule is not the
same as the steric energy obtained from a molecular mechanics calculation,
however, and the term strain is less precise than one might expect. “Qualita-
tively, organic chemists usually recognize a strained molecule when they see
one,””**’but strain is a parameter that can only be determined by reference toa
model structure that is defined to be strain free.

Even the minimum energy conformation of a structure has some strain
because it is impossible for every 1po’cential energy function to be at its energy
minimum in the same geometry.''® For example, van der Waals interactions
between nonbonded atoms might be optimized at a distance that is greater
than the optimum bond distance for atoms to which those groups are bonded.
Steric energies do give relative strain energies for conformers because the
strainless reference compound is the same in both cases. However, the steric
energy of butane cannot be compared directly with the steric energy of
cyclobutane to determine the strain in cyclobutane. Therefore, strain calcula-
tions use “’strainless” group contributions to determine a strainless heat of
formation for the compound under consideration, and the difference between
the two heats of formation can be said to be the strain energy of the structure.
The relationships among strain energies, steric energies, and heats of forma-
tion are shown in Figure 3.39.'%

The relationships of the components used to calculate strain energy from
steric energy may be made clearer by considering an example. A final portion
of the output of the molecular mechanics calculation for the anti conformation
of butane is shown here.

FINAL STERIC ENERGY IS 2.1714 KCAL.
HEAT OF FORMATION AND STRAIN ENERGY CALCULATIONS (UNITS ARE
KCAL.)

FIGURE 3.39

Qualitative representation of
enthalpy relationships used in
calculating strain energies.
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BOND ENTHALPY (BE) AND STRAINLESS BOND ENTHALPY (SBE) CONSTANTS

AND SUMS
# BOND OR STRUCTURE - - - NORMAL - - - =~ - - STRAINLESS- - -
3 C-CSP3-SP3 .004 -.01 .493 1.48
10 C-HALIPHATIC -3.205 -32.05 -3.125 =-31.25
2 C(SP3)-METHYL -1.510 -3.02 -1.575 -3.15

PARTITION FUNCTION CONTRIBUTION (PFC)

CONFORMATIONAL POPULATION INCREMENT (POP) .00
TORSIONAL CONTRIBUTION (TOR) .00
TRANSLATION/ROTATION TERM (T/R) 2.40
PFC = 40
HEAT OF FORMATION (HFO) =E + BE + PFC -30.51
STRAINLESS HEAT OF FORMATION (HFS) = SBE + T/R  -30.52
INHERENT STRAIN (SI) =E + BE - SBE .01
STRAIN ENERGY (S) = POP + TOR + SI .01

As indicated, the heat of formation (HF0) is taken as the sum of three
terms. The first is the steric energy (E). The second is the bond enthalpy (BE),
which is calculated from normal bond increments.'®® The third is a partition
function increment (PFC), which is itself the sum of three terms: a conforma-
tional population increment (POP), a torsional contribution term (TOR), and a
translation/rotation term (T /R)."®! Since the molecular mechanics calculation
has considered only one conformation, the POP and TOR terms are defined to
be zero for this calculation (but see below). The T/R term is a molecular
translational and rotational term that is always taken to be 2.4 kcal/mol at
room temperature, since even an anti-butane molecule that is not rotating
about the C2—C3 bond will still be undergoing translation and rotation of the
entire molecule as a unit. Therefore, HFOQ is the total of the bond increment
contributions (BE = —35.08) plus the steric energy (E =2.17) plus the partition
function increment (PFC = 2.4). The sum, —30.51 kcal/mol, is slightly lower
than the literature value of —30.15 kcal/mol.'%?

'%0 Neither the group increments nor the steric energies from one type of molecular mechanics
calculation can be compared to the corresponding terms from calculations involving other force
fields. The reason is that one force field might assign a particular interaction to a component of
steric energy, but another force field might include some of that same energy in the bond or group
increments used for calculation of AH,. For example, Schleyer (reference 106) noted that three
different force fields calculated values of 49.61,31.48, and 40.40 kcal /mol as the steric energy of tri-
tert-butylmethane. However, the group contributions to AH; for these same force fields were
—102.69, —88.85, and —96.20 kcal/mol, respectively. Therefore, the calculated heats of formation
were —53.08, —57.37 and —55.80kcal/mol. The point is that the calculated heats of formation
varied by only about4 kcal/mol, even though the steric energies varied by more than 18 kcal /mol.

161 For details on the calculation of heats of formation from molecular mechanics, molecular
orbital theory, or bond/group increments, see the discussion in Allinger, N. L.; Schmitz, L. R;
Motoc, 1.; Bender, C.; Labanowski, J. K. J. Am. Chem. Soc. 1992, 114, 2880. The strain energy of a
conformation can be calculated from values of heats of formation from these sources also. The
relationships in Figure 3.39 among heat of formation, T/R, strainless increments, and strain
energy hold no matter what the source of the heat of formation value.

162 gull, D. R.; Westrum, E. F., Jr.; Sinke, G. C. The Thermodynamics of Organic Compounds; John
Wiley & Sons: New York, 1969; p. 245.
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We can also calculate a strainless heat of formation of anti-butane, which
is the heat of formation of an anti structure made up of hypothetical strainless
bonding interactions. As shown, we add the strainless bond increments to
obtain the value of —32.92kcal/mol for the strainless bond enthalpy (SBE).
This value must also be corrected for the T/R term, but the POP and TOR terms
are again taken to be zero. Thus, the strainless AH; (HFS) is the sum of —32.92
and + 2.40, which is —30.52 kcal/mol. That differs from the heat of formation
calculated with normal bond increments (—30.51 kcal /mol) by 0.01 kcal /mol,
which is the inherent strain energy of anti-butane.'®*

There is an important difference between the heat of formation (HFQ)
determined above and an experimental heat of formation, however. The
calculated value is based on only one conformation, while the experimental
value is determined from a sample of the substance, usually at or above room
temperature, in which there is a distribution of conformations. For example,
the POP term for butane should include the contribution to the AH; that arises
because at 25° some butane molecules are in the gauche conformation. The
excess enthalpy of butane that results from the presence of the higher energy
conformers can be calculated from the knowledge of the energies of both the
gauche and anti conformers and the Boltzmann distribution, and it is found to
be 0.3 kcal/mol.""> We must also use a nonzero value for TOR to account for
the change in enthalpy with temperature resulting from the presence of
nonstaggered conformations, and that is calculated to be 0.36 kcal/mol.'*?
The T/R term remains 2.4 kcal /mol, since it does not vary with conformation.
Therefore, the value of PFC becomes 0.3 + 0.36 + 2.4 =3.06 kcal/mol. Add-
ing that value to the sum of the bond increments for butane (—35.08 kcal /mol)
and the steric energy calculated for the anti conformer (2.17 kcal/mol) gives a
AHf of butane of —29.85kcal/mol, which is close to the literature value
(—30.15kcal/mol).

The strain energy at 25° of the substance butane should therefore be taken
to be the difference between the strainless heat of formation and the heat of
formation value that includes estimates of POP and TOR, and that difference is
0.67 kcal /mol. Notice that this value is not shown on the molecular mechanics
output. Again, it must be emphasized that the strain energy shown on the
molecular mechanics output above reflects only the inherent strain of the
particular conformer calculated, not the strain in the substance represented by
the computer model. A value of zero for POP and TOR on the output is an
indication that appropriate values must be entered if the calculated value of
AH; is expected to reproduce an experimental value and if a more accurate
value for the strain energy is desired.

For molecules with many bonds about which rotation can occur and
many conformations that might be populated at room temperature, the POP
and TOR corrections can be significant. For relatively rigid molecules, how-
ever, these terms are less important, and the strain energies calculated from
molecular mechanics can more closely approximate those that would be
determined with consideration of POP and TOR. For example, consider the
results of a molecular mechanics calculation for puckered cyclobutane, the
final portion of which is reproduced here.

163 Burkert and Allinger (reference 113) distinguished between inherent strain (shown as SI),
which does not include POP and TOR, and total strain (shown as 3), which does include those
terms. By this distinction, one can either consider only the structural components of strain or both
the structural and conformational components.
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FINAL STERIC ENERGY IS 29.2202 KCAL.

COMPRESSION .8020

BENDING 16.2111

STRETCH-BEND ~.9344

VANDERWAALS

1, 4 ENERGY 2.3242
OTHER -.2521

TORSIONAL 11.0693

HEAT OF FORMATION AND STRAIN ENERGY CALCULATIONS (UNITS ARE

KCAL.)
BOND ENTHALPY (BE) AND STRAINLESS BOND ENTHALPY (SBE) CONSTANTS
AND SUMS
# BOND OR STRUCTURE —— NORMAL — — — —STRAINLESS— —
4 C-C SP3-SP3 -.004 -.02 .493 1.97
8 C-HALIPHATIC -3.205 =25.64 -3.125 -25.00

BE = -25.66 SBE = -23.03

PARTITION FUNCTION CONTRIBUTION (PFC)
CONFORMATIONAL POPULATION INCREMENT (PCP) .00

TORSIONAL CONTRIBUTION (TOR) .00
TRANSLATION/ROTATION TERM (T/R) 2.40
PFC = 2.40
HEAT OF FORMATION (HFQ0) = E + BE + PFC 5.96
STRAINLESS HEAT OF FORMATION (HFS) =SBE + T/R  -20.63
INHERENT STRAIN (SI) =E + BE - SBE 26.59
STRAIN ENERGY (S) = POP + TOR + SI 26.59

The steric energy for cyclobutane is calculated to be 29.22 kcal/mol.
Because the molecule is cyclic, there should not be free rotation about any
bonds. Nevertheless, the conformational dynamics associated with inversion
of puckered geometries (Figure 3.17) means that some internal energy must
be included in the calculation of the heat of formation, and the total correction
for POP and TOR amounts to 0.36 kcal/mol.'*® Thus, the strain energy of
cyclobutane should be greater than the amount shown by 0.36 kcal/mol, or a
total of 26.95 kcal /mol.

Cyclobutane shows a significant amount of strain, but not as much as
many compounds. One of the continuing challenges in organic chemistry is
the design, synthesis, and characterization of novel molecular structures.'®*
Molecular mechanics calculations (as well as quantum mechanics calcula-
tions, Chapter 4) are particularly helpful in these studies because they allow
calculation of the heats of formation of highly strained molecules and the
assignment of the components of the strain energy of the structures. This
information can be a very useful guide to chemists trying to synthesize ever
more strained organic compounds. Some of these structures are of interest
primarily for their aesthetic appeal and intellectual challenge. Others allow
chemists to put theories about molecular structure and bonding to extreme
tests.

164 For an introduction to the chemistry of strained organic molecules, see (a) reference 120;
(b) Greenberg, A.; Liebman, ]. F. Strained Organic Molecules; Academic Press: New York, 1978.
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Some molecules are designed to test the limits on torsional strain. For
example, the compound iceane (13) incorporates three cyclohexane boat
conformations.'® The limits on the lengths of carbon—carbon bonds can be
estimated by experimental data on molecules with very long or very short
bond distances. There are reports of structures having carbon—carbon bond
lengths around 1.8 A or more in highly strained molecules.'®®*%” Structure 14
has a C(sp’) - C(sp®) bond length that was found by X-ray diffraction to be
1.729 A, 19819 and the “hexaphenylethane” single bond in 15 was determined
to be 1.761 A.'° There was also one report of a system having a 2.9 A
carbon—carbon bond.!”! On the other hand, the carbon—carbon nonbonded
distance in derivatives of bicyclo[1.1.1]pentane is quite short. Adcock and co-
workers have identified one derivative in which two carbon atoms that are not
bonded to each other are only 1.80 A apart.!” Thus, it appears that two carbon
atoms that are formally bonded to each other in one molecule may be about
the same distance apart as are two carbon atoms in another molecule that are
not formally bonded to each other.”?

Ct

t-Bu, +-Bu
OO. 1729 A
PH Ph

Ct

13 14 15

Steric strain in alkanes may also be due to van der Waals repulsion
resulting from concentrated alkyl branching. Consider the structures in
Figure 3.40, all of which have three t-butyl groups and one other alkyl group
bonded to a central carbon. De Silva and Goodman studied these structures
with molecular mechanics calculations and determined that 16, 17, and 18
should be stable at room temperature.'”* The possible existence of 19 was

1_65 Cupas, C. A.;Hodakowski, L. J. Am. Chem. Soc. 1974, 96, 4668. See also Farcasiu, D.; Wiskott, E.;
Osawa, E.; Thielecke, W.; Engler, E. M.; Slutsky, J.; Schleyer, P.v. R. J. Am. Chem. Soc. 1974, 96, 4669.

166 Bianchi, R.; Mugnoli, A.; Simonetta, M. J. Chem. Soc. Chem. Commun. 1972, 1073; Bianchi, R.;
Morosi, G.; Mugnoli, A.; Simonetta, M. Acta Crystallogr. Sec. B 1973, 29, 1196; Zhou, X,; Liu, R;;
Allinger, N. L. J. Am. Chem. Soc. 1993, 115, 7525.

167 An extensive review of organic molecules having atypical geometric parameters was pro-
vided by Komarov, I. V. Russ. Chem. Rev. 2001, 70, 991.

168 Toda, F.; Tanaka, K.; Watanabe, M.; Tamura, K. Miyahara, I.; Nakai, T.; Hirotsu, K. J. Org.
Chem. 1999, 64, 3102.

167 For a theoretical study of strained compounds, see Galasso, V.; Carmichael, I. J. Phys. Chem. A.
2000, 104, 6271.

170 Guzuki, T.; Takeda, T.; Kawai, H.; Fujiwara, K. Pure Appl. Chem. 2008, 80, 547.
171 Novoa, ]. J.; Lafuente, P_; Del Sesto, R. E.; Miller, J.S. Angew. Chem. Int. Ed. Engl. 2001, 40, 2540.
Y72 Adcock, J. L.; Gakh, A. A.; Pollitte, J. L.; Woods, C. J. Am. Chem. Soc. 1992, 114, 3980.

173 Bor a discussion of long bonds in strained molecules, see Osawa, E.; Kanematsy, K. in
Liebman, J. F.; Greenberg, A., Eds. Molecular Structure and Energetics, Vol. 3; VCH Publishers:
Deerfield Beach, FL, 1986; p. 329 ff.

174 De Silva, K. M. N.; Goodman, J. M. ] Chem. Inf. Model. 2005, 45, 81.
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FIGURE 3.40 §>< % i; i ; ; i ; ; ’
16 17 18 19 20

Highly branched alkanes.

N>
FIGURE 3.41 N
Proposed reaction sequence for - - @ — @
generation of a structure contain-

21 22

ing a pyramidal carbon.

deemed questionable, and structure 20 was predicted to be unstable because
of van der Waals strain. The authors suggested that 19 may be the ““smallest
saturated alkane that cannot be made.” Because of this strain, Paton and
Goodman concluded that calculations of the number of hydrocarbon isomers
having a %iven molecular formula overstate the number of stable
structures.’

Chemists have also sought to synthesize compounds with unusual bond
angles. One goal has been to prepare compounds with pyramidal carbon
atoms, meaning atoms in which the four valences are all directed toward one
side of a plane passing through the carbon atom.'”® The reaction of endo-3-
diazotriclo[3.2.1.0%*]oct-6-ene (21, Figure 3.41) produces products consistent
with the intermediacy of the pentacyclooctane 22, in which the carbon atom at
the top of the structure (as drawn here) is constrained to be pyramidal.'”’

Other interesting examples of compounds with this structural feature are
the propellanes,'”® such as [1.1.1]propellane (23)."” A theoretical analysis
indicated that the C1—C3 bond has a bond order of about 0.7 and that the
orbitals that comprise the bond have much p character.’®*®! The compound
has surprising stability, with a half-life for thermal rearrangement of 5 minutes
at 114°. This example illustrates that we should not necessarily equate high
strain with high chemical reactivity, because there may be a high activation
barrier for chemical reaction, even for a very strained molecule.

23

175 Paton, R. S.; Goodman, J. M. |, Chem. Inf. Model. 2007, 47, 2124.
176 For reviews, see Wiberg, K. B. (a) Acc. Chem. Res. 1984, 17, 379; (b) Chem. Rev. 1989, 89, 975.
177 Mieusset, J.-L.; Brinker, U. H. J. Org. Chem. 2006, 71, 6975.

'78 The term propellane denotes a structure “‘having three nonzero bridges and one zero bridge
between a pair of bridgehead carbons’ (reference 176b).

17° Wiberg, K. B.; Walker, F. H. J. Am. Chem. Soc. 1982, 104, 5239.
189 Ehrahimi, A.; Deyhimi, F.; Roohi, H. J. Mol. Struct. 2003, 626, 223 and references therein.

181 Messerschmidt, M.; Scheins, S.; Grubert, L.; Patzel, M.; Szeimies, G.; Paulmann, C.; Luger, P.
Angew. Chem. Int. Ed. 2006, 44, 3925.
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One might expect that if a structure with a pyramidal carbon atom is
capable of existence, then one with a flattened carbon atom should be more
stable and therefore easier to synthesize. That has turned out not to be the
case.’¥718 For example, a great deal of interest was expressed in fenes-
tranes, named for the Latin word for ““window.” 818 Structure 24 would be
[4.4.4.4]fenestrane, since each “‘pane” is composed of four carbon atoms. The
figure suggests that the central carbon atom should be planar, but more
detailed consideration suggests that nonplanar geometries are more
stable.'* Another approach to planar carbon is the proposed class of
compounds named alkaplanes, such as hexaplane (25), in which the central
carbon atom is held with the right symmetry for the carbon atom to be
planar.187_189

H
H. JH
X L
H
[4,4,4,4)fenestrane
24 25

Many compounds are interesting because they represent novel geometric
shapes that have not previously been identified in naturally occurring
products. Tetrahedrane (26), in the shape of one of the Platonic solids, has
not yet been synthesized,' but theoretical calculations suggest that it might

182 Interest in planar tetraligant carbon was stimulated by a paper by Hoffmann and co-workers,
who used extended Hiickel theory to consider how to stabilize a planar geometry so that it might
serve as a transition state for isomerization of a chiral center. Hoffmann, R.; Alder, R. W.; Wilcox,
C. F, Jr. J. Am. Chem. Soc. 1970, 92, 4992.

183 Higher level calculations later indicated that planar methane could be characterized as a
complex between a singlet methylene (see Chapter 5) and a side-on hydrogen molecule. Pepper,
M. J. M; Shavitt, L; Schleyer, P. v. R.; Glukhovtsev, M. N.; Janoschek, R.; Quack, M. J. Comput.
Chem. 1995, 16, 207.

184 Gee also Perez-Peralta, N.; Sanchez, M.; Martin-Polo, J.; Islas, R.; Vela, A.; Merino, G. . Org.
Chem. 2008, 73, 7037.

185 Georgian, V.; Saltzman, M. Tetrahedron Lett. 1972, 4315. See also the discussion in Nickon, A.;
Silversmith, E. F. The Name Game. Modern Coined Terms and Their Origins; Pergamon Press:
New York, 1987; pp. 55-56.

186 For a review, see Venepalli, B. R.; Agosta, W. C. Chem. Rev. 1987, 87, 399.

187 McGrath, M. P.; Radom, L. J. Am. Chem. Soc. 1993, 115, 3320.

188 Theoretical studies suggested thata Cs*~ structure could have a planar tetracoordinate carbon
atom. Merino, G.; Méndez-Rojas, M. A.; Beltran, H. 1.; Corminboeuf, C.; Heine, T.; Vela, A. J. Am.
Chem. Soc. 2004, 126, 16160.

189 Keese, R. Chem. Rev. 2006, 106, 4787 summarized research directed toward the synthesis of
planar tetraligant carbon compounds and the fenestranes.

190 Seott, L. T.; Jones, M., Jr. Chem. Rev. 1972, 72, 181.
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be sufficiently stable tobe isolated.’”! However, tetra-t-butyltetrahedrane (27)
has been reported.'”> Other compounds with geometries of Platonic solids are
cubane (28),1%1%* octahedrane (29),'*> and dodecahedrane (30).'%°

C(CHa)a
I (HaC)sC C(CHg)s
C(CHy)s
Tetrahedrane Tetra-r-butyltetrahedrane Cubane Octahedrane Dodecahedrane
26 27 28 29 30

Other structures with interesting geometries, such as those shown
in Figure 3.42, are novel compounds that have provided challenges to
synthetic chemists. Some, but not all, of these compounds have been
synthesized."”’

The compounds in Figure 3.42 formally have only single carbon—carbon
bonds. Even more strain can be present in structures that incorporate non-
planar double or nonlinear triple bonds. The former case may arise if a double
bond occurs at a bridgehead carbon atom, as was originally noted by Bredt.
Therefore, the idea that such compounds are incapable of existence has
become known as “Bredt’s Rule.”'#*'*® A formal statement of the rule was
given by Fawecett:

In polycyclic systems having atomic bridges, the existence of a compound
having a carbon-carbon or carbon-nitrogen double bond at a bridgehead
position is not possible, except when the rings are large, because of the strain
which would be introduced in its formation by the distortion of bond angles
and/or distances. As a corollary, reactions which should lead to such
compounds will be hindered or will give products having other structures.”®

Violations of the rule are possible, especially if one of the rings has eight
atoms or more, and structures such as 31 (Figure 3.43) are known as “anti-
Bredt” compounds.”®' Anti-Bredt compounds with smaller rings may also

191 Nemirowski, A.; Reisenauer, H. P.; Schreiner, P. R. Chem.~Eur. J. 2006, 12, 7411.
92 Maier, G. Angew. Chem. Int. Ed. Engl. 1988, 27, 309.
193 Eaton, P. E.; Cole, T. W., Jr. J. Am. Chem. Soc. 1964, 86, 3157.

194 Griffin, G. W.; Marchand, A. P. Chem. Rev. 1989, 89, 997 reviewed the synthesis and chemistry
of cubanes.

195 de Meijere, A.; Lee, C.-H.; Kuznetsov, M. A.; Gusev, D. V.; Kozhushkov, S. 1.; Fokin, A. A.;
Schreiner, P. R. Chem.~Eur. J. 2005, 11, 6175.

196 Ternansky, R. ].; Balogh, D. W.; Paquette, L. A. |. Am. Chem. Soc. 1982, 104, 4503.

197 For a discussion of structures with multiple carbon rings, see Osawa, E.; Yonemitsu, O., Eds.
Carbocyclic Cage Compounds: Chemistry and Applications; VCH Publishers: New York, 1992.

1% A bridgehead carbon atom is part of two different rings.

192 Bredt, J.; Thouet, H.; Schmitz, J. Liebigs Ann. Chem. 1924, 437, 1.
20 Fawecett, E. S. Chem. Rev. 1950, 47, 219.

21 Prelog, V. J. Chem. Soc. 1950, 420.
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exist as transient species. For example, bicyclo[2.2.0]hex-1(4)-ene (32) was
produced but was found to polymerize at —23° with a half-life of less than
10 seconds.”® Warner reviewed the wide variety of structures with strained
bridgehead double bonds that have been studied.”*

The geometry of a carbon—carbon double bond can also be distorted in
monocyclic compounds. Cycloalkenes with a trans double bond show si%—
nificant deviations from normal bond angles when the rings are small.**
Nevertheless, trans-cyclooctene (33) has been isolated,*® and trans-cyclohep-
tene and trans-cyclohexene have been implicated as reaction intermedi-
ates.’”% Even cis double bonds may be highly strained in very small rings.
Billups and Haley obtained evidence for the existence of spirocyclopenta-
diene (34) as a transient species whose existence was confirmed by trapping
with cyclopentadiene.”'’

202 Casanova, J.; Bragin, ].; Cottrell, F. D. . Am. Chem. Soc. 1978, 100, 2264.

203 Warner, P. M. Chem. Rev. 1989, 89, 1067.

204 For a review, see Johnson, R. P. in Molecular Structure and Energetics, Vol. 3; Liebman, J. F.;
Greenberg, A., Eds.; VCH Publishers: Deerfield Beach, FL, 1986; pp. 85-140.

205 Cope, A. C.; Pike, R. A.; Spencer, C. F. J. Am. Chem. Soc. 1953, 75, 3212; Turner, R. B.; Meador,
W.R. J. Am. Chem. Soc. 1957, 79, 4133.

206 Corey, E. J.; Carey, F. A; Winter, R. A. E. |. Am. Chem. Soc. 1965, 87, 934.

297 trans-Cycloheptene was prepared photochemically at -78°C by Inoue, Y.; Ueoka, T.; Kuroda,
T.; Hakushi, T. J. Chem. Soc. Perkin Trans. 2 1983, 983. The decay of trans-cycloheptene to the cis
isomer was found to occur by a bimolecular process, suggesting that isolated trans isomers would
be stable at higher temperatures: Squillacote, M. E.; DeFellipis, J.; Shu, Q. J. Am. Chem. Soc. 2005,
127, 15983.

208 Kropp, P. J. Mol. Photochem. 1978-79, 9, 39.

2% For a theoretical study of trans-cyclohexene, see Verbeek, J.; van Lenthe, ]. H.; Timmermans,
P.].J. A; Mackor, A.; Budzelaar, P. H. M. ]. Org. Chemn. 1987, 52, 2955.

210 Billups, W. E.; Haley, M. M. J. Am. Chem. Soc. 1991, 113, 5084.
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FIGURE 3.42

Challenging molecular structures.
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FIGURE 3.43
Anti-Bredt compounds.

FIGURE 3.44

Cyclocumulenes.

3 CONFORMATIONAL ANALYSIS AND MOLECULAR MECHANICS

Bridgehead\ CO,R

31 32

= ¥

Cycloalkynes must also be strained if the ring does not allow the
acetylenic carbon atoms to have 180° bond angles. A cycloalkyne with eight
or more carbon atoms in the ring (e.g., cyclooctyne, 35) is generally large
enough to be stable,”''*'? and smaller ring cycloalkynes have been proposed
as reactive intermediates.?’*2'® For example, both cyclohexyne and cyclo-
heptyne can be generated through elimination reactions of iodinium salts.*'®

35

Isomeric with cycloalkynes are 1,2-cycloalkadienes (also known as cy-
clocumulenes). The structures in Figure 3.44 have been reported either as
stable compounds or as reactive intermediates.””

Acyclic alkenes may have strained 7 bonds due to steric hindrance. The
isomers 36a and 36b are distorted because of steric strain associated with the

10 00 O O)

(a) Brandsma, L.; Verkruijsse, H. D. Synthesis of Acetylenes, Allenes and Cumulenes: a Laboratory
Manual; Elsevier: Amsterdam, 1981. (b) For a discussion of triple bonds in small rings, see Sander,
W. Angew. Chem. Int. Ed. Engl. 1994, 33, 1455.

212 Blomquist, A. T.; Liu, L. H. . Am. Chem. Soc. 1953, 75, 2153.
12 Erickson, K. L.; Wolinsky, J. J. Am. Chem. Soc. 1965, 87, 1142.
214 Tseng, J.; McKee, M. L.; Shevlin, P. B. J. Am. Chem. Soc. 1987, 109, 5474.

213 Krebs, A.; Kimling, H. Angew. Chem. 1971, 83, 540; Sander, W. Angew. Chem. Int. Ed. Engl. 1994,
33, 1455.

216 Okuyama, T.; Fujita, M. Acc. Chem. Res. 2005, 38, 679.

217 Daoust, K. J.;Hernandez, S. M.; Konrad, K. M.; Mackie, I. D.; Winstanley, J., Jr.; Johnson, R. P. J.
Org. Chem. 2006, 71, 5708.
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bulky alkyl substituents about the carbon-carbon double bond. Compound
36a is stable, and an X-ray analysis indicated that the double bond is twisted
from planarity by 36.7°. Compound 36b is even more strained and is unstable,
isomerizing with an activation energy of only about 21 kcal /mol. Molecular
mechanics calculations suggest that the substituents on 36b are twisted by
73°21% Tetra-t-butylethylene (37) should also be highly twisted about the
carbon—carbon double bond. The compound has not been synthesized, but a
theoretical calculation suggested that it might be stable.'?

SO Ol

| hy |
E —1
QL QU
36a 36b
t-Bu, t-Bu
t-Bu *-Bu
37

A particularly interesting case of a twisting distortion of the double
bond is illustrated by a structure having the trivial name orthogonene
(38, Figure 3.45).%%° As the first part of the name suggests, the two substituents
on one end of the double bond are oriented nearly perpendicular to the two
substituents on the other end. Therefore the p orbitals of the alkene should be
nearly perpendicular. Calculations indicated that the C; structure, which has
an 83° dihedral angle across the double bond, is unstable with respect to
rearrangement, but the D, isomer with an 88° dihedral angle (39) may be
stable at room temperature.”*!

H H H H

C> D, |
FIGURE 3.45

Orthogonene (38) and a possibly
38 39 stable D, isomer (39).

N H H

218 Gano, J. E.; Park, B. S.; Pinkerton, A. A.; Lenoir, D. J. Org. Chem. 1990, 55, 2688.
219 1 enoir, D.; Wattenbach, C.; Liebman, J. F. Sruct. Chem. 2006, 17, 419.

220 Jeffrey, D. A.; Maier, W. F. Tetrahedron 1984, 40, 2799.

21 Lewars, E. G. J. Phys. Chem. A 2005, 109, 9827.
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FIGURE 3.46

Definition of pyramidalization
angle, ¢.

3 CONFORMATIONAL ANALYSIS AND MOLECULAR MECHANICS

A different kind of alkene distortion is pyramidalization, in which one or
both of the substituents attached to a double-bonded carbon do not lie in the
same plane as the other double-bonded carbon and its two substituents (as
illustrated for distorted ethene in Figure 3.46).** The pyramidalization angle,
¢, is defined as the angle through which the H-C—H plane deviates from the
geometry expected for a planar alkene. As noted earlier, the energy barrier to
distortion of bond angles around tetraligant carbon is relatively small. The
same is true of bond angles to olefinic carbons. Rasul and co-workers
calculated that an 18° deformation of both ends of a carbon—carbon double
bond costs only 4.4 kcal/mol, and a 54° deformation costs only 38.3 kcal/
mol.**>??* As an example, Forman and co-workers calculated the pyramida-
lization angle of pentacyclo[4.3.0.0%*.0*%.0°"Inon-4-ene (40) to be about
65°.2%> Such olefins can be used to generate other, strained structures, as
is illustrated by the Diels—Alder reaction of 40 with 2,5-dimethylfuran
(equation 3.12). Another intriguing example is the highly strained cubene
(1,2-dehydrocubane, 41), where the pyramidalization angle appears to be
90°.%2° Some investigators have considered the possibility of “molecular loops
and belts” based on pyramidalized double-bonded carbons. Among such
structures are the beltenes (e.g., 42), which have double bonds only at each of
the ring junctures, and cyclacenes (e.g., 43), where each ring is formally a
benzene ring (Figure 3.47).%*” Structures such as 43 have not been reported,
but Gleiter and co-workers synthesized [6.8];cyclacene (44), consisting of
three six-membered benzene-like rings interspersed with three eight-mem-
bered cyclooctatetraene-like rings.?*®

(3.12)

40

Alkenes with unusual arrangements of double bonds are of interest
in molecular orbital calculations (to be discussed in Chapter 4). Among

222 Bor a review of pyramidalized alkenes, see Borden, W. T. Chem. Rev. 1989, 89,
1095.

23 Rasul, G.; Olah, G. A; Prakash, G. K. S. J. Phys. Chem. A 2006, 110, 7197.

224 The theoretical foundations of these calculations will be discussed in Chapter 4.

225 Eorman, M. A.; Moran, C.; Herres, ]. P.; Stairs, J.; Chopko, E.; Pozzessere, A.; Kerrigan,
M.; Kelly, C.; Lowchyj, L.; Salandria, K.; Gallo, A.; Loutzenhiser, E. J. Org. Chem. 2007, 72,
2996.

226 Baton,P.E,; Maggini, M. ]. Am. Chem. Soc. 1988, 110, 7230. Also see Hrovat, D. A.; Borden, W. T.
J. Am. Chem. Soc. 1988, 110, 4710.

7 Tahara, K.; Tobe, Y. Chem. Rev. 2006, 106, 5274; Yao, T.; Yu, H.; Vermeij, R. J.; Bodwell, G.]. Pure
Appl. Chem. 2008, 80, 533.

228 Fgser, B.; Rominger, F.; Gleiter, R. J. Am. Chem. Soc. 2008, 130, 6716.
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SSRGS SH

A beltene (42), a cyclacene (43),
42 and [6.8]scyclacene (44).

structures that have been studied are [4]radialene (45),**° barrelene (46),*°
and Dewar benzene (47).”*' Dewar benzene and benzvalene (48)**? are
valence isomers of benzene because they have the formula (CH)s. Another
isomer is fulvene (49), which is formed photochemically from benzene.?*
Note that 49 is not a valence isomer of benzene because one carbon has two
hydrogen substituents, while another carbon has no hydrogen substituent.
Each valence isomer of benzene has only one hydrogen atom bonded to each

carbon atom.

X A O O O

[4]Radialene Barrelene Dewar Benzvalene Fulvene
benzene
45 46 47 48 49

Compounds that are isomers of aromatic compounds are termed iso-
aromatics, and 1,2,4-cyclohexatriene is an isobenzene (50).234

50

2% Griffin, G. W.; Peterson, L. 1. ]. Am. Chem. Soc. 1963, 85,2268. See also Hopf, H.; Maas, G. Angew.
Chem. Int. Ed. Engl. 1992, 31, 931.

20 Zimmerman, H. E.; Paufler, R. M. J. Am. Chem. Soc. 1960, 82, 1514.
21 yan Tamelen, E. E.; Pappas, S. P. J. Am. Chem. Soc. 1963, 85, 3297.
22 Wilzbach, K. E.; Ritscher, J. S.; Kaplan, L. J. Am. Chem. Soc. 1967, 89, 1031.

233 The heats of formation of the valence isomers of benzene were reported by Schulman, J. M.;
Disch, R. L. J. Am. Chem. Soc. 1985, 107, 5059. The values for Dewar benzene, benzvalene,
prismane, and 3,3'-bicyclopropenyl were 94.0, 90.2, 136.4, and 137.6 kcal/mol, respectively.

234 Christl, M.; Braun, M.; Miiller, G. Angew. Chem. Int. Ed. Engl. 1992, 31, 473.
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Arynes are structures havin§ an additional bond in an aromatic ring. The
classic aryne is benzyne (51),”>° which is thought to be an intermediate in
some substitution reactions (Chapter 8). Pyridyne (52) has also been de-

tected.?3®
“
N\

51 52

Cyclo;)hanes are aromatic rings joined at two positions to form a cyclic
structure.”*” The smallest known is [6]paracyclophane (53), which is stable at
room temperature. The aromatic ring carbon atoms attached to the alkyl chain
are bent about 20° out of the plane defined by the other four aromatic carbon
atoms.”® In [2.2]paracyclophane (54), one aromatic ring is held above an-
other.”®

_®_
_©__

Just as analytical chemists seem able to detect ever smaller quantities, so
organic chemists seem able to synthesize increasingly strained species. Michl
and Gladysz noted that

The concept of strain has fascinated organic chemists for about a century, and
the interest shows no sign of abatement; if anything it is growing. Over this
period of time, our attitudes have changed dramatically. Today, we accept
the remarkable stability of [1.1.1]propellane and tetra-tert-butyltetrahedrane
casually. Two decades ago, a student who would draw such “impossible”
structures during an examination would have surely failed. We wonder what
other marvels lie in store.*’

235 The structure shown is that of 1,2-didehydrobenzene, more commonly known as o-benzyne.
The 1,3-didehydro- and 1,4-didehydrobenzenes are known as m-benzyne and p-benzyne, re-
spectively. The heats of formation of 0-, m-, and p-benzyne have been determined to be 106 + 3,
116 3, and 128 + 3 kcal /mol, respectively: Wenthold, P. G.; Paulino, J. A.; Squires, R. R. J. Am.
Chem. Soc. 1991, 113, 7414.

26 Nam, H.-H.; Leroi, G. E. J. Am. Chem. Soc. 1988, 110, 4096.

237 For further reading, see Keehn, P. M.; Rosenfeld, 5. M., Eds. Cyclophanes, Vols. I and II;
Academic Press: New York, 1983. For a discussion of “super’ phanes, see Gleiter, R.; Kratz, D.
Acc. Chem. Res. 1993, 26, 311.

2% Tobe, Y.; Takemura, A.; Jimbo, M.; Takahashi, T.; Kobiro, K.; Kakiuchi, K. J. Am. Chem. Soc.
1992, 114, 3479.

239 See Boekelheide, V. Acc. Chem. Res. 1980, 13, 65.

240 Michl, J.; Gladysz, J. A. Chem. Rev. 1989, 89, 973.



PROBLEMS

Problems

3.1. How many staggered conformations (other than those that involve rotation of a

3.2

3.3.

34.

3.5.

3.6.

3.7.

3.8.

methyl group) are possible for 55.
o} OH

55

Use the principles of conformational analysis to predict the difference in heats
of combustion of cis- and trans-1,3-dimethylcyclohexane. How does your
calculated value compare with the data in Table 3.3?

Rationalize the observation that only the more stable of the two isomers of 1,2-
dimethylcyclohexane is chiral, but only the less stable isomer of 1,3-dimethyl-
cyclohexane is chiral.

We usually expect larger substituents on cyclohexane rings to have A values
that are greater than those of smaller substituents. The increase in equatorial
preference is not linear with increasing size of alkyl substituents, however.
Rationalize the data in Table 3.9.

TABLE 3.9 Equatorial Preference of Cyclohexane
Substituents

Substituent A (kcal/mol)
Methyl 1.70
Ethyl 1.75
Isopropyl 2.15
t-Butyl >5.4

At 202K, the conformational equilibrium of cis-1-benzyl-4-methylcyclohexane
favors the chair conformation having the benzyl group axial by 0.08 keal/mol.
However, at room temperature or higher, the equilibrium favors the chair
conformation with the benzyl group equatorial by 0.04 kcal/mol. Explain this
result.

Suggest explanations for the following observations concerning equatorial
preferences (Table 3.2):

a. The A values of the OH and NH, groups are different in protic and aprotic
solvents.

b. The A value of the carboxylate (CO, ™) group is greater than that of the CO,H
group.

c. The A values of the halogens do not increase in the order F <Cl<Br< L

The interconversion of the rotamers of the 2/,6'-dialkyl-2-halo-N-methylacetan-
ilides 8 and 9 (page 118) is slower in polar and hydrogen-bonding solvents than
in nonpolar solvents. Rationalize this result.

The gas phase molecular structure of 2-fluoroethanol has been studied by
electron diffraction and microwave spectroscopy at temperatures of 20°C,
156°C, and 240°C. At the two lower temperatures only the gauche conformation
was seen; at 240°C the anti conformer was found to comprise 9.8% of the sample,
while the gauche conformer comprised 90.2% of the sample.
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3.9.

3.10.

3.11.

3.12.

3.13.

3 CONFORMATIONAL ANALYSIS AND MOLECULAR MECHANICS

a. Why is the anti conformer not the predominant conformer of 2-fluoroethanol?

b. Calculate the difference in free energy between the gauche and anti con-
formers at 240°C.

c. The calculated vibrational and rotational contributions to the entropies of
each conformer were found to be very nearly equal. However, there are two
gauche conformers (in each of which the OH group does not rotate because of
hydrogen bonding), while there is one anti conformer (in which there are
three potential energy minima for rotation of the OH group about the
carbon-oxygen bond). Therefore, the AS°® for conversion of the anti to the
gauche conformer was determined tobe R x (In3 —In2)=0.81 cal K" mol .
What is the AH® for conversion of the gauche conformer to the anti conformer?

Using the data in Table 1.7 (page 13), calculate AH; for the following compounds
with molecular formula C;Hi¢: n-heptane, 2-methylhexane, 3-methylhexane,
2,2-dimethylpentane, 2,3-dimethylpentane, and 3,3-dimethylpentane. Remem-
ber to include unavoidable butane gauche interactions in the calculations.
Arrange the isomers in order of decreasing calculated AH; . Can you rationalize
any apparent trends in this order? How do your values compare with literature
values?

Locate a recent paper about the compounds listed below. (Some of them
have been synthesized; some are still unknown.) Briefly summarize what the
publications say about each of the compounds or its attempted synthesis. What
types of strain would you expect to see in each of the compounds that have not
yet been synthesized?

fenestrane

twistane

cubane

prismane

basketane

tetrahedrane
tricyclo[2.1.0.0’]pentane

Tetrahedrane has not been synthesized, but the compound tetra-t-butyltetrahe-
drane has been prepared. Suggest reasons why the substituted compound has
been made but the parent compound has not.

The heats of hydrogenation of 2,4,4-trimethyl-1-pentene and of 2,4 4-trimethyl-
2-pentene are —25.5 kcal/mol and —26.8 kcal/mol, respectively. Which isomer
is more stable? Is the result consistent with the common generalization that the
more stable alkene isomer is the one with the greater number of alkyl sub-
stituents on the carbon—carbon double bond? If not, explain why the general-
ization does not offer the correct prediction in the case of these two compounds.

Classify each of the following conformations according to the nomenclature
shown in Figure 3.3.

a H b H
CH,4 CH,
NdH NdACH,
[P T
c H d H
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3.14.

3.15.

3.16.

3.17.

3.18.

3.19.

3.20.

3.21.

3.22.

3.23.

3.24.

Which is more stable, the sc conformer of 3-(2-isopropylphenyl)-2,2,4 4-tetra-
methylpentan-3-ol or the ap conformer?

Predict whether cis- (56) or trans-decalin (57) should be more stable, and estimate
the energy difference between them.

H H
H H
cis-decalin trans-decalin

56 57

Use conformational analysis to explain why trans-anti-trans-perhydrophenan-
threne (58) is about 5.7 kcal/mol more stable than the trans-syn-trans isomer (59).

Saglent

trans-anti-trans trans-syn-trans

58 59

The A value for the acetoxyl (—O,CCHj3) group at —88°C was determined to be
0.71 kcal/mol. Calculate the fraction of equatorial and axial conformers of that
substituent present in cyclohexyl acetate at that temperature.

At —80°C the ratio of equatorial to axial cyclohexyl isocyanate was determined
by NMR to be 3.74 : 1.0. Determine the A value for the NCO group.

At 40K, the equatorial preference for alkyl substituents on cyclohexane is
methyl > ethyl > isopropyl. However, the opposite trend is observed at room
temperature. Explain this result.

AG for conversion of the cis-1-methyl-4-vinylcyclohexane conformation having
the vinyl group axial to the conformation with the vinyl group equatorial is
—0.06 kcal/mol. What is the A value for the vinyl group?

The AH® value for axial to equatorial conformational change of methylthiocy-
clohexaneis —1.05 £ 0.09 kcal /mol. The corresponding AS° valueis 0.48 + 0.31 eu.
What is the A value of the methylthio (CH3S) group at 298K? Is the equatorial
conformer favored to a greater or lesser extent at 178 K?

Identify the local maxima, local minima, global maximum, and global minimum
in Figure 3.13.

Predict the major kinds of strain present in any three of the structures in
Figure 3.42.

In dilute CCl, solution, 1,2-disubstituted ethylene glycols (RCHOH-CHOHR)
usually show two different O—H stretch peaks in the infrared spectrum. One
peak near 3635 cm ! is associated with the free OH stretch, while a peak in the
region of 3585cm ™' is associated with hydrogen-bonded OH stretch. The
intensity of the hydrogen-bonded OH stretch varies with the stereochemistry
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3 CONFORMATIONAL ANALYSIS AND MOLECULAR MECHANICS

TABLE 3.10 Results of Molecular Mechanics Calculations on Two
Conformations of Cyclobutane

Steric Energy Cyclobutane Cyclobutane
Component Conformation A Conformation B
Stretch 0.68 kcal/mol 0.80kcal /mol
Bend 13.47 16.24
Stretch-bend -0.78 —0.94

Torsional 14.82 11.03

van der Waals 1.95 2.08

of the diol and the nature of the R groups. Hydrogen-bonded OH stretch is seen
for the racemic diols when R = methyl, isopropyl, or t-butyl. For the correspond-
ing meso diols, however, the IR absorption is strong for R = methyl, weak for
R =isopropyl, and undetectable for R = t-butyl. Explain this result.

3.25. Table 3.10 shows the results of two different molecular mechanics calculations
on cyclobutane.?*! In one calculation the C1-C2—C3—C4 dihedral angle was
fixed at 0°, but all other parameters were optimized to obtain the lowest steric
energy for the planar conformation. In the second calculation, that dihedral
angle was also allowed to vary in the geometry optimization, and the final
geometry of the cyclobutane ring was puckered. The results of one calculation
are shown below the heading Conformation A, and the results of the other
calculation are shown under the heading Conformation B. Which conformer is
puckered cyclobutane and which is planar cyclobutane? Rationalize the relative
magnitudes of stretch, bend, torsional, and van der Waals energies for the two
conformations. (It may be helpful to use molecular models.)

3.26. A molecular mechanics calculation was used to identify two conformers of
bicyclo[3.2.1Joctane.?*! The components of steric energy for each are listed in
Table 3.11.

a. Which conformer, A or B, is lower in steric energy?

b. Using a set of molecular models and the energy parameters given in
Table 3.11, suggest the most likely geometry for each of the two conformers.

c. Can you relate the difference in total steric energy between the two con-
formers to the energy difference predicted using conformational analysis for a
model monocyclic compound?

TABLE 3.11 Steric Energy Parameters for Two Conformers of
Bicyclo[3.2.1]octane

Steric Energy

Component Conformation A Conformation B
Stretch 0.76 kcal /mol 0.86 kcal/mol
Bend 3.62 4.38
Stretch-bend -0.05 -0.02
Torsional 9.70 12.55
van der Waals 5.24 6.97

3.27. Consider two twist boat conformations of methylcyclohexane—one in which the
methyl group is in the “flagpole’ position and one in which the methyl group is
in the “bowsprit” position (page 124). A molecular mechanics calculation

24! The calculations were carried out with PCMODEL (Serena Software).
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TABLE 3.12 Components of Steric Energy Calculated for Pentane

Conformers

Steric Energy

Component Conformer A Conformer B Conformer C ~ Conformer D
Stretch 0.23 0.24 0.27 0.25
Bend 0.38 0.69 1.38 1.11
Stretch-bend 0.08 0.09 0.12 0.12
Torsion 0.01 0.47 1.83 0.79
Non-1,4-vdW —0.62 —0.58 —0.68 —0.66
14-vdW 2.76 2.82 3.13 2.84

3.28.

3.29.

3.30.

3.31.

16.0

13.0

10.0

7.0

(Chem3D) indicates that conformation A has 6.6 kcal/mol of torsional strain,
while conformation B has 5.5 kcal/mol of torsional strain. Which conformation
is which?

Table 3.12 shows the results (in kcal/mol) of a Chem3D molecular mechanics
calculations for four conformations of n-pentane. Identify each conformation as
an,g%a, gtg ,org g

Consider a compound with a lowest energy conformation and two other
accessible conformations—one of which is 0.43 kcal/mol higher in energy and

another 1.79 kcal /mol higher in energy. What would be the relative population
of these three conformations at 25°C?

A bicyclic structure is predicted by molecular mechanics calculations to have
two low energy conformations—one involving a chair conformation in one
portion of the structure and the other having a boat conformation instead. For
one pair of vicinal hydrogens, >/ coupling constants predicted by a modified
Karplus equation are 2.15 Hz for the chair conformer and 11.17 Hz for the boat
conformer. The experimental J value is 3.90 Hz. What is the percentage of
molecules that are in the chair conformation under the conditions of the NMR
measurement?

Ore of the figures below shows potential energy as a function of rotation about
the C2—C3 bond of meso-2,3-dichlorobutane, while the other figure shows a
corresponding plot for one enantiomer of (2R,3R)-2,3-dichlorobutane. Which
figure represents which isomer?

Conformational Energy Conformationat Energy

15.0

12.0

7.0

-180

-135 90 -45 4] 45 90 135 180 -180 -135 -90 -45 0 45 90 135 180
Cl(4)-C(1)-C(2)-Cl(7)(degrees) Cl(4)-C(1)-C(2)-CI(7){degrees)
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Applications of
Molecular Orbital
Theory and Valence
Bond Theory

4.1 INTRODUCTION TO MOLECULAR ORBITAL THEORY

The discussions of stereochemistry and molecular mechanics in Chapters 2
and 3 were based implicitly on localized electron pair bonds. Now we will
consider bonding models in which electrons are not restricted to the space
between two atoms but are delocalized over a molecular structure. The
approach we will consider in greatest detail is Hiickel molecular orbital
(HMO) theory, a simple method that nevertheless yields useful insights into
structures and properties of organic compounds.'? Later we will consider
some more advanced computational models.

Huckel Molecular Orbital Theory

The fundamental assumption of HMO theory is that we may calculate
molecular orbitals through a process known as LCAO: the linear combination
of atomic orbitals.> That is, we use some combination of the wave functions
of the atomic orbitals to produce a set of molecular orbitals. In the Hiickel
method, we combine a set of atomic p orbitals to produce a set of 7 molecular
orbitals. For a set of n parallel p orbitals, the Hiickel molecular orbitals have
the form shown in equation 4.1. In this equation #; is the wave function

! Hiickel, E. Grundziige der Theorie ungesittigter und aromatischer Verbindungen; Verlag Chemie:
Berlin, 1938 and references therein.

2 Sources for further reading include references cited below as well as (a) Flurry, R. L., Jr. Molecular
Orbital Theories of Bonding in Organic Molecules; Marcel Dekker: New York, 1968; (b) Salem, L.
Electrons in Chemical Reactions: First Principles; John Wiley & Sons: New York, 1982; (c) Coulson, C.
A.; Streitwieser, A., Jr. Dictionary of n-Electron Calculations; W. H. Freeman and Co.: San Francisco,
1965; see especially reference 8; (d) Wiberg, K. B. Physical Organic Chemistry; John Wiley & Sons:
New York, 1964; (e) Zimmerman, H. E. Quantum Mechanics for Organic Chemists; Academic Press:
New York, 1975.

3 Coulson, C. A. Q. Rev. Chem. Soc. 1947, 1, 144.

4 Coulson, C. A. J. Chem. Soc. 1955, 2069.

® Pople, J. A. Acc. Chem. Res. 1970, 3, 217.

Perspectives on Structure and Mechanism in Organic Chemistry, Second Edition By Felix A. Carroll
Copyright © 2010 John Wiley & Sons, Inc.
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.,”C C“‘.

00"

FIGURE 4.1

Relationship of p orbitals
assumed in an HMO calculation
for ethene.

for the ith MO, ¢ is the wave function for a p orbital on the kth carbon atom,
and ¢, is a constant.

k
¢i:C1¢1+02¢2+C3¢3+ +ck¢k:Zc#¢,u, (41)

n=1

In order to illustrate the nature and some of the limitations of the HMO
procedure, we will begin with a very simple n molecular system, that of
ethene. As shown in Figure 4.1, the HMO model uses the o7 formulation for
carbon—carbon double bonds.® We assume that two carbon atoms are close
enough to each other that a carbon—carbon ¢ bond can be formed through
overlap of an sp? hybrid orbital on each. The other two sp® orbitals on each
carbon atom are used to form C-H bonds. Each carbon atom has a
remaining p orbital that is perpendicular to the plane defined by the sp
orbitals. It is the interaction of the two p orbitals that will produce the
7 molecular orbitals. Note that in HMO theory we assume that the o and =
systems may be treated separately and that the o bonds and the = bonds do
not interact.” Rewriting equation 4.1 for the specific case of two p orbitals
produces equation 4.2.

Y, = ad; + 2, (4.2)

Now we use ¢, in the Schrodinger equation, Hys = Ey, and calculate the
energies of the HMOs produced. Details of the procedure were given by
Roberts, so only an outline is provided here.® Multiplying both sides of
Hyr = Ey by ¢ (or * as is appropriate), dividing by ¥?, and then integrating
over all space in both the numerator and denominator gives equation 4.3.

Jl[/“"(l/ld‘t

- Jl//Zdr

(4.3)

We can use equation 4.3 to solve for ¢ with a technique known as the
variational principle.” In essence, we assume that any wave function that
we propose will underestimate the stability of a molecule. That was what we
saw in the case of the MO and VB calculations of molecular hydrogen in
Chapter 1, but must it always be s0? A number of texts offer proofs of the
variational principle,”®®'° but an intuitive approach will be sufficient here.
A stable molecule has an arrangement of electrons and nuclei that represents
an energy minimum. The best we can hope to do is describe that arrangement.
If we propose a wave function that does not describe the most stable

& The popularity of HMO theory has helped the o,n formulation become the standard pictorial
representation of double bonds. The applicability of the bent bond model to benzene was
discussed by Schultz, P. A.; Messmer, R. P. J. Am. Chem. Soc. 1993, 115, 10943.

7 This is ““an assumption that is often no more than a convenient fiction ...”: Coulson, C. A;
Stewart, E. T.in Patai, S., Ed. The Chemistry of the Alkenes, Vol. 1.; Wiley-Interscience: London, 1964;
p- 106.

8 Roberts, J. D. Molecular Orbital Calculations; W. A. Benjamin: New York, 1961.

° Nesbet, R. K. Variational Principles and Methods in Theoretical Physics and Chemistry; Cambridge
University Press: Cambridge, UK, 2003.

10 Eyring, H.; Walter, J.; Kimball, G. E. Quantum Chemistry; John Wiley & Sons: New York, 1944;
p- 99.



4.1 INTRODUCTION TO MOLECULAR ORBITAL THEORY

arrangement of electrons, our calculation will err by predicting a higher
energy.''? A mathematical statement of the variational principle is shown in
equation 4.4.

Ecalc (¢ proposed) > Ecac (¢ correct) (44)

In HMO theory we assume that we know the H for the system and that
we know all but the coefficients ¢; and c; of . If we minimize the energy of the
wave function with respect to ¢; and ¢, by taking the partial derivatives of E
with respect to ¢; and then with respect to c,, we will obtain the best estimate
of the energy of the system that is possible with our theoretical model.

Expanding equation 4.3 by substituting c1¢; + ca¢p» for ¢, produces
equation 4.5.

j(ml + eapy) H(erh) + cabo)dx

E= (4.5)
[0+ a2 0z
Multiplying all of the terms in equation 4.5 produces equation 4.6.
J(C1¢1'HC1¢| +c1p Herd, + o Herdy + cadyHeady)de
E= (4.6)

J(c%ﬁ L 2eicaby by + G2 dn

Equation 4.6 can be simplified by making the following substitutions.
First we note that the Hamiltonians are Hermitian (equation 4.7)."® Then we
use the abbreviations and make the definitions shown in equations 4.8
though 4.11.

Jd)l?‘td)z dt = J ¢, Hp, dt Hermitian properties of Hamiltonian 4.7

Jd)] He, dt = Hyy Coulomb integral (giving the energy of
an electron in an isolated p orbital) (4.8)
Jd)] Hep, dv = Hyp resonance integral (4.9)
qu,d)ldr =S normalization integral for identical
atoms’* (4.10)
Jd)] b, dt = S1p overlap integral for adjacent atoms (4.11)

' Applying the variational principle to obtain the best energy for a structure is often assumed to
produce the best geometry and other observable properties as well, but that is not necessarily the
case: Reed, L. H.; Murphy, A. R. J. Chem. Educ. 1986, 63, 757 and references therein.

12 This argument covers only electron distribution or slight bond length or angle changes within
the same structure, not isomerization to produce a different molecular structure.

13 pilar, F. L. Elementary Quantum Chemistry; McGraw-Hill: New York, 1968; p. 71.

" The value of this integral is unity if the wave functions are normalized.
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4 APPLICATIONS OF MOLECULAR ORBITAL THEORY AND VALENCE BOND THEORY

Now we use the variational principle and set 0E/dc; equal to 0 in order to
determine the lowest energy that can be obtained by variation of the coeffi-
cient cy.

6_E . (C%S“ +2¢1¢28712 +C%S22)(2C1H11 +2€2H12)
Ocy (C%S}] +2¢102812 + C%Szz)

(4.12)
_ (c3Hyy +2¢102H 12 + Hp ) (261811 +262812) _0
(€181 +2¢162812 + C5522)2

Rearranging terms gives equation 4.13.

C%H]l +2ci1cH ;2 + C%sz
(C%S][ + 2C1C2S12 + C%Szz)

(2C1H11 +2C2H12) = (2C1511 +26‘le2) (413)

Substituting E (from equation 4.5) for the fraction in equation 4.13 and then
dividing both sides of the resulting equation by 2 gives equation 4.14.

cHyy +cHip = E(€1S11 + ¢2512) (4.14)
Rearranging the terms leads to equation 4.15.

ci(H—ES\)+c(Hi,—ES;p) =0 (4.15)
Similarly, setting 0E/0c, equal to 0 produces equation 4.16.

c1(Hy—ESy ) + ¢2(Hn—ES») =0 (4.16)

In these equations itis the coefficients ¢; and ¢, that we do not know—we
presume that we know Hyy, Hia, S11, and Sy,. Thus, we have two equations
(equations 4.15 and 4.16) in two unknowns (c; and ¢;). In order for there to be
a solution for the two unknowns other than the trivial one (¢; =c,=0),
it must be true that the secular determinant of the coefficients of
the unknowns equals 0. The coefficients of the unknowns ¢; and c; are the
terms in parentheses in equation 4.15 and equation 4.16. Thus, we have
equation 4.17.

Hy —ES; 1 Hpi;—ESp

- (4.17)
Hy —ESy; Hy — ESy

For the more general HMO calculation (equation 4.1), the corresponding
determinant is given by equation 4.18. Here k is the number of p orbitals
combined, and the ellipses are place holders for one or more additional
elements of the matrix.

Hy —ES;; - Hy—ES
=0 (4.18)
Hy —ESpr -+ Hig—ESg



4.1 INTRODUCTION TO MOLECULAR ORBITAL THEORY

Before solving the determinant in equation 4.17, we will make some
simplifying assumptions and approximations. The overlap integral, S, is a
measure of the degree to which two orbitals occupy the same volume of space.
It is not too difficult to see the rationale for assuming that S;; = 1, since it is
a property of normalized atomic orbitals that

J¢i¢idT =1 (4.19)

Now we must define the value of fqﬁ,-d)jdr if i#j. The overlap of two
atomic orbitals on different atoms varies according to the distance between
the two atomic nuclei and with the orientation of the two orbitals in space
(except for spherically symmetric s orbitals). A calculation by Mulliken
determined that the value of S;; for two adjacent parallel p orbitals in ethene
(1.34 A apart) is 0.27, while that expected for two adjacent p orbitals in ben-
zene (1.39 A apart) is about 0.21."° In general, we will not know the distance
between p orbitals before starting a calculation. More important, trying to
assign a value of S;; would make the computation more complex. Therefore,
we make the obviously incorrect but very convenient assumption that 5; = 0
unless i =j.

Hjy; represents the energy of an electron in an isolated p orbital and is
given the symbol a. Our reference system is an empty p orbital and an electron
at infinite separation. If we define the energy of that reference system as 0,
then the energy of the system is reduced as the electron and carbon atom
approach each other. Therefore, « is a negative number.

A more difficult problem is that of H;, where i#j. There are two
situations to consider. If atoms i and j are o-bonded to each other, Hj
represents the extra stability of an electron brought from infinity and placed
in the field of both nuclei. An intuitive model is that this H;; is the “’strength
of the n-electron bond between these atoms”'® and is therefore expected to
be a negative number. Since we do not have a numerical value for it now,
we will use the symbol B for the value of H;; when i and j are o-bonded to
each other.

Determining the value of H;; when atoms i and j are not o-bonded to each
other is more difficult. In general, atoms that are not o-bonded are further
apart than those that are bonded, and we would expect H;; to be in the range
from 0 to B, depending on the distance separating the two atoms and on
the spatial relationship of the p orbitals involved. Here we run into the
same problem we faced in evaluating the S;. Not only is it difficult to
determine what value we should use, but also it will complicate the analysis
if we use anything other than 0. Hence, we define H;; = 0 for all cases in which
iand j are different atoms but are not g-bonded to each other.? Gutman noted
that ““it would be completely outdated to search for some physical justification
of the above approximations,” which were introduced before computers
became available.'” Nevertheless, these approximations facilitate application
of the HMO method.

15 Mulliken, R. S. J. Am. Chem. Soc. 1950, 72, 4493,
16 Brown, R. D. Q. Rev. Chem. Soc. 1952, 6, 63.
7 Gutman, L. Top. Curr. Chem. 1992, 162, 29.
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FIGURE 4.2

Energy levels of HMOs of
ethene.

A

vr— o-p =

vi— a+p

Having made these assumptions, we can now rewrite the determinant in
equation 4.17 as equation 4.20.

o—E B
B oa—FE

’ =0 (4.20)

Dividing through by 8 and representing (o — E)/8 as X produces the deter-
minant in equation 4.21.

‘ =0 (4.21)

Solving the determinant by cross multiplication gives equation 4.22.'®
X*~1=0 (4.22)

The solutions to this equation are X=1 and X=—1. Recalling that
X=(x—E)/B, we find that the energies of the two molecular orbitals
are E=a + B and E=0—B."° We designate these two orbitals ¢, (having
E=a + B)and ¢, (having E = a — B). Since « and B are both negative numbers,
1 is a bonding orbital. That is, the energy of the 7 system is lower when an
electron is in ¢, than would be the case (E =) if the two p orbitals did not
interact. i, is an antibonding orbital because the energy of the 7 system is
greater when an electron is in ¢, than would be the case if the two p orbitals did
not interact. A schematic representation of the orbital energy levels is shown
on the left in Figure 4.2.

In order to calculate the coefficients ¢; and ¢, for 1, we substitute (x + 8)
for E into both equations 4.15 and 4.16. Doing so generates two new

'8 For this and other ways of solving determinants, see (a) reference 2e, chapters 1-3; (b) reference
2d, pp. 442-458.

1% As in the case of molecular hydrogen, combining two atomic orbitals produces two molecular
orbitals—one bonding and one antibonding. To generalize, combining 1 atomic orbitals produces
n molecular orbitals.
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equations 4.23 and 4.24, and this time the unknowns really are ¢; and c,.
Solving the equations produces the result in equation 4.25.

C](H”—ES”) +C2(H12—ES|2) = (O(—(OC+B)) + 3

=—cf+cB=0 (4.23)
C1 (H12—E512) +C2(H22—ES22) = C[B +CQ(O(—(OC+B)) = Clﬁ—Czﬁ =0 (424)
= =c (4.25)

We know that molecular orbital wave functions must be normalized, just
as atomic orbital wave functions must be. Therefore,

J¢*¢dr —1 (4.26)

which means that the probability of finding one electron in the molecular
orbital should be calculated to be exactly 1.0. Substituting (c ¢1 + ¢ ¢,) for ¥
produces equation 4.27,

jwl t e () +oady)di =1 (4.27)

which we can multiply through to produce equation 4.28.
A J¢1¢1dr +c3 J¢2¢>2dr +2¢ci0 J¢1¢>2dr =1 (4.28)

Ignoring the coefficients for the moment, we evaluate the integrals
individually. The first integral is just the overlap integral S;;, which we have
already defined to be 1.0. The second integral is S, and is also 1.0. The third
integral is the overlap of 515, which we have defined to be 0. Therefore,
equation 4.28 becomes

c4e=1 (4.29)

From equation 4.25 we know that ¢; =, =c. Therefore, we are left with the
result that

2% =1 (4.30)
SO

1
= (4.31)

An equally acceptable result is ¢ = —1/+/2. In that case all coefficients
in the following discussion would be the negative of the ones shown, but
bonding or antibonding interactions would be unchanged. Therefore, the
physical picture of the orbital interactions, Figure 4.2, also would not be
changed. Thus, ¢, is given by equation 4.32.

1 1

i = \/_zd)l + %‘1’2 (4.32)
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Q_Qz\
| OO A

Basis set atomic orbitals for the
allyl system.

Similarly, solving for the coefficients for the wave function having E=o —
produces

1 1

¥ ﬁqﬁl \/Edh (4.33)

The subscripts on the y terms follow the convention that the lowest
energy orbital is numbered ¢, with higher energy orbitals having higher
numbered subscripts. The MOs ; and s, are the familiar n and n* orbitals, so
Y1 may be called 7, and ¢, may be called =*.

The physical meaning of  is that the p orbitals on carbon atoms 1 and 2
combine to produce a molecular orbital with electron density over both
carbon atoms. The shading of this wave function in Figure 4.2 indicates that
it has a positive mathematical sign above the plane of the molecule and a
negative mathematical sign of the wave function below the plane of the
molecule. The bonding combination is thus formed by taking the combination
of two p orbitals with the positive sign of the wave function in the same region
of space (as indicated by the fact that both ¢; and ¢, are positive numbers in
equation 4.32). Hence, ¢, is a bonding orbital.

In equation 4.33, on the other hand, c; has a positive sign and c; has a
negative sign. This means that the mathematical sign is positive for the top
lobe of the p orbital ¢, but is negative for the top lobe of the p orbital ¢,. The
physical meaning of such an interaction is that one orbital cancels the other in
the region of space between the two carbon atoms. This interference produces
zero electron density in a plane perpendicular to the molecular plane and
midway between the two carbon atoms. In other words, for s, there is a node
between C1and C2. Since the electrons in s, are not likely to be found between
the two carbon nuclei, they cannot provide a force of attraction to overcome
the nucleus-nucleus repulsion. Therefore, ¥, is an antibonding orbital,
because electrons in this orbital produce molecular instability.

Now let us determine the HMOs of an allyl system by considering the
combination of three parallel p orbitals (Figure 4.3). It does not matter whether
we are interested in the allyl cation or the radical or the anion. In HMO theory
the molecular orbitals are calculated on the basis of the number of p orbitals in
the m system, not the number of electrons. We presume that we can determine
the HMOs for the assembled nuclei and then add the electrons later.

Combining three p orbitals should produce three molecular orbitals, and
the general format of each HMO should be

r=c1¢, + 2, + 3¢5 (4.34)

Fortunately, we do not have to go back to equation 4.1, make substitutions,
take partial derivatives, and so on. Instead, we proceed directly to the secular
determinant (equation 4.18). Thus, the determinant for allyl is shown in
equation 4.35.

S = P

10
X 1|=0 (4.35)
¢

It may be helpful to point out some features of this determinant that will
be seen in other cases. The iith element of the determinant (the term in the ith
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A

o . | .

ElV.—« C

Y, — a+ 14148

column and ith row, i.e., on the diagonal from top left to bottom right) is X
if the ith carbon atom has a p orbital participating in the 7 bonding. The ijth
element of the determinant is 1if C;and C; are o-bonded to each other and 0 if
they are not. That is a direct result of the assumptions about the overlap
integrals and resonance integrals that we made on page 179.

We can now solve the determinant, which produces the equation

X*-2X =0 (4.36)
Rearranging the terms on the left side of the equation produces
X(X—V2)(X+v2)=0 (4.37)
So the three solutions are
X=0, £V2 (4.38)

Again, X =(x—E)/B. Therefore, the three molecular orbitals include an
orbital (;) with energy of « + 1.414 8 and an orbital (3) with energy
o —1.414 B, as shown in Figure 4.4.  is a bonding orbital, and ¢ is an
antibonding orbital. The solution X = 0 produces a molecular orbital (i,) with
E =ua. The energy change associated with bringing an electron from a great
distance and placing it into i, is the same as the energy change for bringing
an electron from a great distance and placing it into an isolated p orbital.
Adding an electron to that orbital thus does not increase the bonding energy
of the © system, nor does it decrease it. Hence, ¢, is a nonbonding molecular
orbital (NBMO).

We can determine the coefficients for each of the three molecular orbitals
as before. The results are given in equations 4.39 — 4.41 and are shown

183
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orbitals.
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FIGURE 4.5
The butadiene system.

schematically in Figure 4.4. We see that these orbitals have electron density
over the entire n system and thus are true molecular orbitals. Notice that there
are no nodes in ¢, one node in ¢, and two nodes in ;. Now it is easy to see
why 1, is nonbonding. There is a node through C2, so electron density in
cannot contribute to bonding between C1 and C2 nor between C2 and C3,
but neither can an electron in that orbital contribute to any antibonding
relationships. On the other hand, y allows an electron to roam over all three
carbon atoms in a bonding relationship. ¢ also allows electron movement
over the entire molecule, but all interactions are antibonding.

v, :3¢1—Q¢2+ L (439)
by =20, 24, (4.40)

2
¢3:%¢1+§¢2+%¢3 (4.41)

We will use the HMOs of the allyl system later, but let us first generate the
HMOs of some larger systems. 1,3-Butadiene has four sp>-hybridized carbon
atoms, which we may number as shown in Figure 4.5. Now the secular
determinant can be written by inspection’ as shown in equation 4.42.

X 1 00
1 X 1 0
0o 1 x 1= 0 (4.42)
0 0 1 X
The solution to the determinant is
X*-3x*+1=0 (4.43)

from which we can obtain the solutions for X and the molecular orbital energy
levels shown in Figure 4.6. From these energy levels, we may determine the
coefficients of the MOs, thus producing the MOs shown in equations 4.44-447.

¥y = 0.372 ¢, —0.602 ¢, + 0.602 p;—0.372 ¢, (4.44)
Wy = 0.602 b, —0.372 p,—0.372 5 + 0.602 b, (4.45)
¥, = 0.602 b, +0.372 p,—0.372 b;—0.602 b, (4.46)
¥, = 0.372 ¢, +0.602 d, +0.602 b, +0.372 ¢, (4.47)

Note that the magnitude of the coefficients for ¢; and ¢, are the same in
all the orbitals, as are the magnitudes of the coefficients for ¢, and ¢; in all
four cases. This result must occur because of molecular symmetry: it should
not matter whether we call the carbon atom on the left C1 or whether we
start numbering from the right. As long as the two end carbon atoms have
the same magnitude for the coefficient of a particular orbital, the bonding
energies and other parameters we will calculate will be found to be the
same, no matter which end of the molecule we start from when writing the
determinant.
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Figure 4.6 illustrates several other principles of Hiickel molecular
orbitals. The pattern of nodes is the same as in the case of the allyl system:
0 nodes in ¢;, one node in ¢, and two nodes in 3. Continuing the pattern,
there are three nodes in ¢ 4. This leads to the generalization that, for linear n
systems, we will always see n — 1 nodes in ¢ ,,. Notice also that the bonding
and antibonding orbitals are symmetrically placed above and below the
nonbonding (E = ) level. That is a general result for linear = systems with an
even number of carbon atoms. For a linear 7 system with an odd number of p
orbitals (such as in Figure 4.4), one orbital will have E = «, and the rest of the
orbitals will be displaced symmetrically above and below this orbital on an
energy diagram.

It is the regularity of these features of molecular orbitals that makes them
so useful to us in predicting molecular properties. Without actually doing
the calculations, we can predict that the general pattern of the MOs for the
pentadienyl system will be as shown in Figure 4.7(a), with two bonding MOs,
one nonbonding MO, and two antibonding MOs. Similarly, we can predict
that the MOs of hexatriene, Figure 4.7(b), will have three bonding and three
antibonding MOs. In each case i , has n — 1 nodes. It is important to note that
Figure 4.7 shows not the actual molecular orbitals for the structure but only p
orbital shapes that suggest the overlap pattern for each MO. Specifically, all of
the p orbitals are drawn the same size no matter what the actual coefficients
are for a particular MO. We infer the bonding and antibonding relationships
from the mathematical signs on adjacent p orbital lobes or nonbonding

FIGURE 4.6

Orbitals and energy levels of
1,3-butadiene.

185



186 4 APPLICATIONS OF MOLECULAR ORBITAL THEORY AND VALENCE BOND THEORY

FIGURE 4.7

Qualitative representation of
the molecular orbitals for linear
n systems: (a) pentadienyl and
(b) hexatriene. (Adapted from
reference 8.)

(a) pentadienyl (b) hexatriene

interactions where there is a node (no p orbital shown on a carbon atom)
between two p orbital shapes.

The HMO method produces different patterns of energy levels for cyclic n
systems. For example, writing the 6 x 6 determinant for benzene gives
equation 4.48. Note the 1 in the upper right corner and the lower left corner
of the determinant, which results from the fact that C1 and C6 are o-bonded.

X 100 0 1
1'X 100 0
01 X 1 00

=0 (4.48)
00 1 X 10
000 1 X 1
1 000 1 X

Solving the determinant for X and finding the energy levels for the six
molecular orbitals gives the energy level diagram in Figure 4.8. Now we
find abonding orbitalat« + 28, twobonding orbitalsat« + 8,% twobonding
orbitals at « — 3, and an antibonding orbital at o — 28. The shapes of the MOs
are shown in Figure 4.9.

% Molecular orbitals having the same energy are said to be degenerate.
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Correlation of Physical Properties with Results
of HMO Calculations

So far we have considered only the energies of individual molecular orbitals.
In order to determine the energy of a particular structure, we must take into
account the number of electrons in each of those MOs. If electrons are placed
into the molecular orbitals according to the aufbau principle, the first two
electrons go into the lowest energy orbital, the next two electrons go into in the
next lowest energy orbital, and so forth. In the case of ethene, there are two

FIGURE 4.8

Benzene HMO energy levels.

Ys

L&

FIGURE 4.9

Schematic representation of
Huckel molecular orbitals of
benzene.
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FIGURE 4.10

Electron population of HMOs in
the allyl system: (a) cation, (b)
radical, and (c) anion.

imaginary
barrier

p orbital
with 0, 1, or
2 electrons

FIGURE 4.11

Reference system for allylic
delocalization. (Adapted from
reference 2e.)

(a) cation (b) radical (c) anion
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electrons in the 7 system (unless the structure has a charge). Both electrons can
go into the orbital with energy E=ua + B. Therefore, the energy of the =
system (E,) is 2 (o + B) =2« + 28.

The number of electrons in the allyl system depends on the charge on the
structure. The allyl cation has the same number of 7 electrons as a double bond
and an empty p orbital. Thus, there are two electrons in the t HMOs of the allyl
cation, so both can go into ¢, as shown in Figure 4.10(a). The allyl radical has
the same number of 7 electrons as a double bond and a methyl radical, so there
are three electrons in the 7 system, as shown in Figure 4.10(b). The allyl anion
has four electrons, so they are placed into the r HMOs as shown in Figure 4.10
(c). Thus, the 7 energy of the allyl cation is 2(a + 1.4148) =2a + 2.8288. For
the allyl radical itis 2¢ + 2.8288 (from the two electrons in ;) plus o (from the
one electron in ¥), so E, =3u + 2.8288. Similarly, E, for the allyl anion is
4o + 2.828B.

The actual E, of a particular system is often not as informative as is the
comparison of the delocalized system with a reference system having loca-
lized orbitals. Figure 4.11 shows the reference system for allyl: a double bond
separated by an imaginary barrier from a p orbital that may have 0 (cation),
1 (radical), or 2 (anion) electrons. 2! The molecular orbital description of that
system, then, is simply a sum of the HMOs of the double bond and of the
p orbital. Again, it does not matter whether we are talking about the cation,
radical, or anion in Figure 4.11. The HMOs of the reference system are simply
those of ethene (E=ua + B, E=a — ) superimposed on the one HMO for an
isolated p orbital (E =ua).

Putting electrons into the orbitals of the reference system according to the
aufbau principle, we calculate that the E, values of the reference localized
cation, radical, and anion are 2« + 28, 3o + 28, and 4a + 28, respectively
(Figure 4.12). The difference in E, between the delocalized system and the
reference localized system is the delocalization energy (DE ) of the structure.
For the allyl cation, DE; is 2« + 2.8283) — (2o + 28) =0.8288. Similarly, DE,
for the radical is (3a + 2.8288) — (3 + 28) =0.8288, and for the anion the
delocalization energy is (4a + 2.8288) — (4a + 28) =0.8288. Therefore, each

21 A chemical structure in which one p orbital is perpendicular (and therefore orthogonal) to the
p orbitals in the double bond, or one in which there is an insulating tetravalent carbon atom
between the p orbital and the double bond, would have the same HMOs as does the reference
system here.
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of the three delocalized allylic species is predicted to be more stable than the
reference localized systems with the same charge by 0.8288.%

An alternative description of allyl species is provided by the concept
of resonance, in which the best description of a structure is considered to be
the resonance hybrid of two or more classical valence bond structures.”>**
For example, in Figure 4.13 the resonance hybrids of the allyl cation, radical,
and anion are each shown as the average of a pair of contributing resonance
structures. In each case the resonance hybrid is lower in energy than either
one of the contributing resonance structures by an amount known as the
resonance energy. Resonance energy is derived from valence bond theory,
and delocalization energy is derived from molecular orbital theory. We
recognize that they have the same conceptual basis, however, which is the
extra stability of systems in which electrons are not localized between pairs
of atoms.

Let us consider another correlation of HMO results with physical proper-
ties. As noted in Chapter 3, conjugated dienes such as 1,3-butadiene exhibit
two main conformational minima for rotation about the C2-C3 bond, the s-cis
conformation and the s-trans conformation. Figure 4.14 shows that rotation
about the C2-C3 bond involves a transition state in which the p orbitals in the
C1-C2 = system are perpendicular to the p orbitals in the C3-C4 n system.
In that conformation the two n systems are orthogonal and therefore non-
interacting. Thus, the HMOs in the transition structure are effectively those
of two independent ethene systems, so the E, of the transition structure is

z Although the one electron in i, does not contribute to bonding in the radical, the two electrons
in ¢ produce bonding that causes the radical to be planar. Electron diffraction measurements on
the radical indicated a planar structure with C-C bond length of 1.428 A+ 0.013 Aand a C-C-C
bond angle of 124.6 +£3.4°. Vajda, E.; Tremmel, J.; Rozsondai, B.; Hargittai, I.; Maltsev, A. K.;
Kagramanov, N. D.; Nefedov, O. M. J. Am. Chem. Soc. 1986, 108, 4352. For a theoretical study of
allyl species, see Gobbi, A.; Frenking, G. J. Am. Chem. Soc. 1994, 116, 9275 and references therein;
Mo, Y. J. Org. Chem. 2004, 69, 5563; Linares, M.; Braida, B.; Humbel, S. ]. Phys. Chem. A 2006, 110,
2505.

2 Wheland, G. W. Resonance in Organic Chemistry; John Wiley & Sons: New York, 1955.
2 Coulson, C. A. Endeavour 1947, 6, 42.
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FIGURE 4.12

Molecular orbitals for the allyi
reference system shown
in Figure 4.11.

FIGURE 4.13

Resonance structures (top) and
resonance hybrid (bottom) for
(a) allyl cation, (b) allyl radical, and
(c) allyl anion.
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FIGURE 4.14

HMOs for 1,3-butadiene confor-
mational change.

4 APPLICATIONS OF MOLECULAR ORBITAL THEORY AND VALENCE BOND THEORY

(a) s-cis (b) transition (c) s-trans
conformation structure conformation
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2(2a + 2B) =4a + 4B8. The E, of planar 1,3-butadiene is 4o + 4.472f3, so the
s-cis to s-trans conversion should have an electronic energy barrier of 0.4728.

We have calculated that the rotation barrier for 1,3-butadiene is 0.4728,
but what is 8? The value that appears most frequently in the literature is based
on thermochemical data for benzene, which is considered to be the proto-
typical aromatic compound. With the six 7 electrons in the three bonding MOs
shown in Figure 4.8, the value of E, is 6a + 88. A system of three noninter-
acting double bonds would have an energy of 3(2x + 28) = 6a + 68. There-
fore, the delocalization energy of benzene is 28. If we equate this value to the
commonly cited value for the resonance energy of benzene, 36 kcal/mol, >
then B is 18 kcal/mol. Using this value means that the electronic barrier to
rotation about C2-C3 in 1,3-butadiene should be about 8 kcal/mol. This is
about twice the 3.7 kcal/mol conjugative stabilization of 1,3-butadiene esti-
mated by Kistiakowsky on the basis of heat of hydrogenation data®® and is
also larger than the 5.7 kcal/mol calculated by Feller et al.”” However, it is
very close to the 8.2 kcal/mol value reported by Jarowski et al.*® The HMO
prediction may seem reasonably accurate, but that should not be regarded as
a validation of the HMO method. Rather, this is likely to be the result of
fortuitous cancellation of errors in the HMO calculation. An obvious fault in
the HMO calculation is the set of approximations (e.g., S;;=0 unless i =j)
inherent in the method. In addition, the schematic representation of the
conformational change in Figure 4.14 ignores changes in bond angles and

% The value of 36 kcal/mol is not universally accepted; see the discussion on page 204.

% Kistiakowsky, G. B.; Ruhoff, J. R.; Smith, H. A.; Vaughan, W. E. J. Am. Chem. Soc. 1936, 58,137,
146. See also the discussion in reference 28.

¥ Feller, D.; Craig, N. C.; Matlin, A. R. J. Phys. Chem. A 2008, 112, 2131.

28 Jarowski, P. D.; Wodrich, M. D.; Wannere, C. S,; Schleyer, P. v. R.; Houk, K. N. J. Am. Chem. Soc.
2004, 126, 15036. This analysis took into account the effect of hyperconjugation on the AH values
determined by Kistiakowsky. See also Cappel, D.; Tillmann, S.; Krapp, A.; Frenking, G. Angew.
Chem. Int. Ed. 2005, 44, 3617.
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bond lengths that may occur during the rotation, and these bonding changes
will also affect the transition state energy.

Another possible source of error in the rotational barrier predicted from
the HMO calculation serves as a reminder of the inherent limitations of HMO
theory. Specifically, the calculation here assumed a set of four p orbitals, each
of which was capable of interacting equally with one or two p orbitals beside
it. In fact, the C1-C2bond length of 1,3-butadiene (1.3305 A) is shorter than the
C2-C3bond length (1.454 A). ? Thus, the interaction of the p orbital on C2 with
that on C3 is less than that with the p orbital on C1, so Hp3 is not equal to His.
Still, Craig and co-workers determined that the C1-C2 bond is 0.016 A longer
and the C2-C3 bond is 0.007 A shorter than the bond lengths that would be
expected for a completely localized system (having noninteracting double
bonds).?’ Thus, the 7 electrons do appear to be delocalized over the molecule
to some extent.

Other Parameters Generated Through HMO Theory

Even though HMO theory cannot be relied upon for quantitatively correct
predictions for some physical properties, it nevertheless provides a conven-
ient framework for the development of a number of useful concepts in
molecular bonding and reactivity. Among these are 7 electron density, charge
density, bond order, and free valence. We calculate the electron density (p;) at
each atom by summing the electron density at that atom for each occupied
molecular orbital. We have defined ¢; in equation 4.1:

k

Y= adtad,tads+ - tad = Z uPu (4.1)

w=1

Again, the wave functions must be normalized. Solving equation 4.26 and
taking the cross terms equal to 0° gives

C%I:J¢l¢ld7:| +C%“¢2¢2d11 + o +CiH¢k¢de] =1 (4.49)

Since the integrals in square brackets are unity (see equation 4.10), the sum
of the squares of the coefficients for each MO must equal 1. That is,

Erdy =1 (4.50)

Therefore, the square of the coefficient for ¢; in each wave function indicates
the fraction of electron density to be found at the ith carbon atom when there is
one electron in that . If there are two electrons in a particular MO, then the
electron density from that MO at the ith carbon atom is 2 ¢?. To calculate the
total electron density at a particular carbon atom, we must sum the electron
density at that position in each of the MOs. The general expression for electron
density at the ith position is then

pi= Y, nq (4.51)

occupied i

¥ Craig, N. C.; Groner, P.; McKean, D. C. J. Phys. Chem. A. 2006, 110, 7461.
30 A cross term is the integral | bipidr for j#k.
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TABLE 4.1 HMO Charge Densities for Allyl Cation, Radical, and Anion

Carbon Atom Cation Radical Anion
1 +3 0 -1
2 0 0 0
3 +3 0 -1

where 7 is the number of electrons in each . That is, p; is equal to the sum of
the squares of the coefficients at the ith carbon atom in each occupied orbital
multiplied by the number of electrons in that orbital.

As an example of electron density calculations, consider again the allyl
system (Figure 4.4). For the cation, there is electron density only in 4. The
coefficient for ¢, in i is 5, 2, and there are two electrons i 1n that MO. Thus, the
electron density for C1 in the allyl cation is p; = 2(} Y= 1. The density is
the same at C3, as we would expect from the symmetry of the molecule. The
density at C2is2(1/ v2)* = 1.For theallyl radical, there are two electrons inyn
and one electron in ¢, so the electron density on C1is 2(3 Y+ (1/v2)* = 1.The
electron densities on C2 and C3 are also calculated to be L. For the anion the
electron densities on the three carbon atoms are 14, 1, and 14, respectively.

Electron densities allow us to calculate char§e densmes The charge
density on the ith atom (denoted g;) is defined as

qi = ]—p,— (452)

An example will rationalize this relationship. In ethene, there are two
electrons in the 7 bond, and by symmetry they must be distributed equally
between the two carbon atoms. Since the molecule is electrically neutral, each
carbon atom must also be electrically neutral,**so g; = 0. Since p; = 1and g; =0,
equation 4.52 holds.

Equation 4.52 can be used to calculate the charge density for each position
of the allyl cation, radical, and anion, and the results are shown in Table 4.1.
These values are comforting, because they agree with our chemical experi-
ence with allylic systems. The resonance description of the allyl cation and
radical (Figure 4.13) suggests that exactly half of the charge or unpaired
electron density is associated with each of the terminal carbon atoms, and the
HMO result is the same.

Bond order is the calculated amount of bonding between two atoms.
Since there is usually a o bond between the same pair of atoms, we are most
often interested in the 7= bond order, sometimes called mobile bond order.
As in earlier examples (e.g., allyl, 1,3-butadiene), a pair of atoms may have the
same sign for their atomic orbital coefficients (therefore a bonding relation-
ship) for one molecular orbital but a different sign for their coefficients (thus

33

31 Wheland, G. W.; Pauling, L. J. Am. Chem. Soc. 1935, 57, 2086.

%2 This statement is rigorously true only for HMO theory, which does not consider the possibility
of charge on the carbon atoms arising due to opposite charge on the hydrogen atoms, because the
hydrogen atoms are considered not to be involved in the n system.

33 The concept of bond order was introduced by Coulson, C. A. Proc. R. Soc. (London) 1939, A169,
413. Carbon—arbon bond lengths correlate with bond orders; see Jug, K. J. Am. Chem. Soc. 1977, 99,
7800. For further discussion of bond order and related parameters, see Sannigrahi, A. B.; Kar, T. J.
Chem. Educ. 1988, 64, 674.
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1.896 1.448 1.896 FIGURE 4.15

Total bond order for 1,3-butadiene
C-C bonds.

an antibonding relationship) for a different molecular orbital. Bond order
calculations simply sum the contributions to bonding between each pair of
atoms over all the occupied molecular orbitals.

occupied ¥

Here P;;is the n bond order between atoms i and j, 7 is the number of electrons
in a particular MO, and c; and c; are the coefficients for the ith and jth carbon
atoms, respectively, for that MO. If we consider 1,3-butadiene (Figure 4.6) we
may calculate

P = 2(0.372)(0.602) + 2(0.602)(0.372) = 0.896 (4.54)

Py = 2(0.602)(0.602) + 2(—0.372)(0.372) = 0.448 (4.55)
......... (from gr;) =+ - s oo oo (from ) e e o

These values indicate that there is about 90% of a # bond between carbon Q
atoms 1 and 2 and about 45% of a = bond between carbon atoms 2 and 3. By Q
symmetry we also know P34 = P15. These P values are for just the 7 bond order. Q
If we add the ¢ bond between each of the carbon atoms, then the total bond C2—C1 O
order is the number indicated above the dotted lines in Figure 4.15.

Calculating bond order allows us to determine one more property of n
systems that will be useful in correlating the results of HMO theory with C4
chemical experience. We would like to have a measure of the reactivity of each
carbon atom in a 7 system. We define the parameter free valence, F;, as the G
difference between the maximum possible bond order of an atom and the
actual total bond order.>* What is the maximum possible bonding power of w
an atom? It would be difficult to imagine an sp>-hybridized carbon atom The trimethylenemethyl system.
being more strongly bonded than C1 in the trimethylenemethyl system
(Figure 4.16).

Calculation of the HMOs of that system shows that Py,, P13, and P14 each
have the value v/3/3, so the total = bond order to C1 is 3(v/3/3) = 1.732. Since
C1 also has three o bonds, its total bond order is 4.732. Therefore, we define

Fi=4732— > Py (4.56)

Boccupied ]

where P;; includes o bond order (usually 3) as well as = bond order. A free
valence index of 1 or more is usually associated with high chemical reactivity.

As an example, let us calculate F, the free valence index for C1 of
butadiene. P, for butadiene is 0.896 (equation 4.54). The o bond order is 3
(due to two o bonds to hydrogen atoms and one o bond to a carbon atom),

34 Coulson, C. A. Trans. Faraday Soc. 1946, 42, 265; Coulson, C. A. Faraday Soc. Discuss. 1947, 2, 9;
Coulson, C. A. J. Chim. phys. 1948, 45, 243; Burkitt, F. H.; Coulson, C. A.; Longuet-Higgins, H. C.
Trans. Faraday Soc. 1951, 47, 553.
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F:values for unique positions in
selected structures. (planar)

so the total bond order is 3.896. Subtracting 3.896 from 4.732 gives an F of
0.836. We represent F; as anumber written at the end of an arrow drawn from
a particular carbon atom. Figure 4.17 shows F; values for butadiene and for
several other interesting structures.

Properties of Odd Alternant Hydrocarbons

For very large molecules, it is not trivial to produce the molecular orbital wave
functions needed to calculate electron and charge densities, bond orders, and
free valence indices without using a computer. Moreover, often our goal is to
obtain the results of HMO calculations in order to solve chemical problems,
not just to solve mathematical equations. It is more than legend to say that
“back of the envelope’ calculations or “napkin” calculations done during
lunch may be the most stimulating to some chemists. Thus, many organic
chemists are well served by methods that produce useful results from MO
theory without requiring the actual calculations. Fortunately, there are short-
cuts that greatly facilitate the use of HMO theory in this way.

We begin by defining two types of structures. A molecule is said to be
alternant if every other = center can be “starred”” with no stars adjacent to
each other.> It is nonalternant if two starred or two nonstarred positions
must be adjacent. All linear structures are alternant, whether they have an
even or odd number of r centers. All even-membered rings are alternant, but
all odd-membered rings are nonalternant. Some bicyclic systems are alter-

35 A n center is an atom that contributes a p orbital to the set of orbitals used in an HMQ
calculation.

% Coulson, C. A.; Longuet-Higgins, H. C. Proc. R. Soc. (London) 1947, A192, 16.
% Longuet-Higgins, H. C. ]. Chem. Phys. 1950, 18, 265.
% Usually the symbol is an asterisk, but the terminology is “’starred” nonetheless.
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nant, but some are not. Within the category of alternant structures, we further

distinguish between even alternant systems, which have the same number of

starred and nonstarred = centers, and odd alternant systems which do not.

(We always label 7 centers so as to produce the greater number of starred

positions, so odd alternant structures have more starred than nonstarred =

centers.) In Figure 4.18, 1,3-butadiene (a) and naphthalene (b) are even
alternant, the benzyl radical (c) is odd alternant, and azulene (d) is
nonalternant.

Alternant n systems are of interest because the carbon atoms can be
divided into two sets—the starred positions and the nonstarred positions—so
that no carbon atoms in the same set have overlapping p orbitals.”” This
property means that some of the fundamental assumptions of HMO theory
turn out tobe valid for alternant systems but may not be valid for nonalternant
systems. For example, in HMO theory we assume that all carbon atoms are
electrically neutral. If that is true, then all values of H;; are the same («) and all
values of H;; for bonded atoms i and j are the same (8). If there are charges on
any of the atoms, however, then the values of H; and H;; will vary, and our
assumptions are contradicted by the results of the calculation. A specific case
is the nonalternant compound azulene, Figure 4.18(d). Even though azulene
is neutral, none of the g; values calculated with HMO theory are 0. Thus, there
can be a fundamental inconsistency between the assumptions of an HMO
calculation on a nonalternant structure and the calculated results. For alter-
nant structures, however, the g; values calculated from HMO theory are
always found to be 0.

Alternant systems have other important properties as well:*

1. Every even alternant conjugated 7 system has the bonding and anti-
bonding MOs arranged symmetrically above and below the energy
E=ua.

2. Every odd alternant conjugated n system has a nonbonding molecular
orbital, NBMO, with E = a. The remaining MOs are arranged symme-
trically above and below the NBMO.

With this knowledge we could have predicted the qualitative ordering of the
energy levels of the allyl and 1,3-butadiene systems (Figures 4.4 and 4.6)
without having to do the HMO calculation.

Another important property of odd alternant systems will allow us to
calculate the wave function of the NBMO without having to calculate the
entire set of HMOs.

3. If we star an odd alternant system so as to have more starred than
nonstarred positions, the NBMO will have nonzero coefficients only at
the starred positions.

% For mathematical proofs of the properties of alternant systems, see Dewar, M. J. S. The Molecular
Orbital Theory of Organic Chemistry; McGraw-Hill: New York, 1969; p. 199 ff.

FIGURE 4.18

Alternant and nonalternant
© systems.
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FIGURE 4.19

Determination of the NBMO of
benzyl.

This was, in fact, the result obtained for the allyl system (page 184). The
NBMO (y1,) has nonzero coefficients only on C1 and C3, which would be the
starred positions if the allyl system were designated as an odd alternant
system. 1 and i3 are arranged symmetrically above and below the NBMO.
The benzy! system (Figure 4.19) is an odd alternant system, so we can
immediately determine that the NBMO of benzyl will have nonzero coeftfi-
cients only at carbon atoms 1, 3, 5, and 7. Furthermore, we can determine the
actual coefficients of the NBMO by using another result of HMO theory:

4. The sum of the coefficients of the atomic orbitals of the starred atoms
directly linked to a given nonstarred atom is zero.*

Now we can write the following equations:

c3+es=0 (457)
cs+c7=0 (458)
ci+e3+ce7=0 (459)
If we let c5 =, then we have
3 = —C (4.60)
0= —c¢ (4.61)
¢ =2 (4.62)

Since the wave function for the NBMO must be normalized, we know that
A+d+d+d=1 (4.63)

Substituting the values in equations 4.60-4.62 for each ¢;in equation 4.63 gives

4+ 4P+ =72 =1 (4.64)
SO
. (4.65)
v .
Thus,

2 1 1 1
Ynpmo = W‘f’l - Wd’a + ﬁd’s— W‘fh (4.66)

At first glance it may not seem important to calculate NBMOs for odd
alternant systems. Most stable molecules have an even number of 7 centers,
and the method presented here allows us to determine only one of several
molecular orbitals. Nevertheless, the method is very valuable because odd
alternant systems may be important intermediates in chemical reactions, and
the properties of the NBMO are vital to their reactions. For example, the
benzyl radical is an intermediate in the a-halogenation of toluene, and benzyl
carbocations are intermediates in Sy1 reactions of benzyl halides. Therefore,
calculating properties of these systems can give useful information about
chemical reactions.
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Note that equation 4.66 gives the coefficient of each ¢ in the NBMO.
It is the square of the coefficient of each ¢ that tells us the electron density on
each atom due to one electron in that orbital. That is, in the benzyl radical the
unpaired electron density on C1 is 4, while the unpaired electron density is &
on C3, on C5, and on C7. The electron densities in the NBMO determine the
locations of charge density in an anion or cation produced by adding an
electron to or removing an electron from the radical.®*® As shown in
Figure 4.20, conversion of the benzyl radical to the benzyl cation removes
electron density only from /4. Each carbon atom in the radical was electrically
neutral, so removing 1th of the electron density from carbon atom 3 produces
a positive charge of + 1 at that position. Similarly, reduction of the radical to
the anion adds electron density only to . Again, adding 1th of the charge
of an electron to carbon atom 3 gives a net charge of —1 there. The unpaired
electron densities and charge densities predicted for the benzyl radical,
cation, and anion are shown in Figure 4.21.

It is interesting at this point to compare the HMO results with the
predictions of resonance theory. The resonance structures for the benzyl
systems are shown in Figure 4.22. We might expect the two resonance
structures in which a benzene ring is maintained to be more stable than the
other three and thus to make a greater contribution to the resonance hybrid.
Thus, the charge on C1 should probably be greater than that at C3, C5,and C7,
but we do not have a means for predicting how much. For now, therefore, we
treat all of the resonance structures equally and estimate that C1 in the benzyl
cation has a charge of + 2.

Clearly, the predictions of HMO theory (Figure 4.21) and resonance
theory (Figure 4.22) are qualitatively similar but quantitatively different.
Which is incorrect? The electron paramagnetic resonance spectrum of the
benzyl radical was interpreted to mean that about 50% of the unpaired
electron density is on the benzylic carbon atom, while 15.8% is on each of
the two ortho carbon atoms and 18.6% is on the para carbon atom.*® These

40 Fleming, 1. Frontier Orbitals and Organic Chemical Reactions; Wiley-Interscience: London, 1976;
p- 60.
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FIGURE 4.22

Resonance theory description of
benzyl systems.

(a) benzyl radical

O-0—0—0—U

(a) benzyl cation

- = r— Oy

(a) benzyl anion
J—0—TJ—0—07

results are intermediate between the predictions of resonance theory and
simple Hiickel MO theory. By this measure, these two procedures are nearly
equally “correct”” (or equally incorrect, if one prefers). It is easy to account
for differences between experiment and either theory. Because of the many
assumptions and simplifications in the HMO analysis, it is not surprising that
predictions of electron distribution by the HMO method are not quantita-
tively correct. Moreover, we did not quantify the resonance method by giving
greater weight to some resonance structures than to others, so that prediction
cannot be expected to be quantitatively correct either. Both theoretical
approaches can be extended to yield more accurate predictions, but the
greater complexity that results may reduce the utility that comes from
working with simple conceptual models. Therefore, we will continue to use
both simple resonance theory and Hiickel molecular orbital theory, but with
the understanding that they are only starting points for the calculation of
molecular structure and properties.

The Circle Mnemonic

There is another shortcut to the results of HMO theory that organic chemists
find particularly useful. As was noted by Frost and Musulin, the energy levels
of a monocyclic n system can be determined, either mathematically or
graphically, directly from the number of carbon atoms in the ring.*' The
graphical procedure involves inscribing the polygon corresponding to the
shape of the planar, monocyclic 7 system in a circle (with center at E =« and
radius 28) with one vertex of the polygon at the bottom of the circle. The
height of each vertex (as measured on a scale drawn to one side of the circle)
then gives the energy level of a molecular orbital for the n system. This
procedure is illustrated in Figure 4.23 for benzene, cyclopropenyl, and
cyclobutadiene. It may be seen that it predicts the energy of benzene to be
the values we saw earlier (Figure 4.8). For cyclopropenyl and for cyclobu-
tadiene the energy levels are the same as those that would be calculated by the
HMO method.

The circle mnemonic has also been adapted for use with linear systems.
A linear polyene with m p orbitals (where m is an integer >1) is transformed

4! Frost, A. A.; Musulin, B. ]. Chem. Phys. 1953, 21, 572.
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(a) benzene (b) cyclopropenyl (¢) eyclobutadiene

- — o — 28 — o~ 2B
E|L —— ——a-8 — —a-B
o - FIGURE 4.23
- o ——a+f Application of the circle method
L a+2p — a+2p — o+ 2P to benzen_e, cyclopropenyl, and
cyclobutadiene.
Ethene 1,3-Butadiene
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| ek A___a —0.618p FIGURE 4.24
R ) R ek oo ) s 6 Application of the circle method
—a+ B\ ’ to linear polyenes. (Adapted from
o —a+1618B

reference 2e.)

into a monocyclic polyene with 2m + 2sides, and this polyeneis inscribedina
circle of radius 23, just as we did with the monocyclic systems above. In this
case, however, the energy levels correspond only to the heights of vertices that
correspond to carbon atoms in the original linear structure. Figure 4.24
illustrates this technique for ethene and for 1,3-butadiene. It may be seen
that the energy levels so determined are the same as those we calculated
earlier.

We should note two points about the circle method. First, we are not really
calculating molecular orbital energy levels; we are simply using a graphical
method to reproduce the results of HMO calculations. Second, the circle
method works best for small linear or monocyclic polyenes—the very mol-
ecules for which we may most easily calculate the HMO energy levels by
solving the secular determinant. With larger rings or longer polyenes, the
levels pack together more tightly, making the graphical approach tedious.
Thus, the circle method should be considered a mnemonic device to remind
us of the pattern of the energy levels, not to derive them.

4.2 AROMATICITY

The circle mnemonic leads directly to a familiar result of HMO theory. As
illustrated in Figure 4.25, the molecular orbitals of monocyclic conjugated =
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(a) even-membered rings (b) odd-membered rings
—a-2B
E O —_
] P SR S
FIGURE 4.25 - -
Energy levels of monocyclic - -
systems. — a+2p — a+2p

systems have energy levels that follow a recurring pattern. There is always
one energy level at E=a + 28, and then there are pairs of degenerate energy
levels at successively higher energy levels. The highest energy level may be
a single orbital at E =« — 2 (if the ring has an even number of n centers) or
there may be a pair of energy levels slightly lower in energy (if the ring has an
odd number of 7 centers).

Figure 4.26 shows the HMOs for cyclopropenyl carbocation, square
planar cyclobutadiene, cyclopentadienyl anion, benzene, cycloheptatrienyl
carbocation, and planar (Dgy) cyclooctatetraene.** If we place electrons into
the molecular orbitals of each species according to the aufbau principle, we
notice an important relationship between the stability of the systems and the

(a) (b) (c)

FIGURE 4.26 - 4 TR 4k
_ﬁ_

Energy levels of HMOs of cyclic —o+ 28 -
systems. Note: All structures are

ks
assumed to be planar, and ali
carbon-carbon bond lengths in

a given structure are the same. +

2 Note the emphasis on planar cyclooctatetraene. As discussed on page 215, cyclooctatetraene has
a tub shape.

43 For a tabular summary, see Yates, K. Hiickel Molecular Orbital Theory; Academic Press: New
York, 1978; p. 143.
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number of 7 electrons (not the number of carbon atoms). Systems with 2 or
6 electrons in the 7 system (examples in Figure 4.26 (a, ¢, d, €)) have the highest
energy populated orbitals fully occupied. Therefore, these systems exhibit
what is known as a closed shell configuration, meaning that there is not a
partially filled HMO energy level. Consequently, there are not any unpaired
electrons. Systems with 4 or 8 n electrons (e.g., Figure 4.26 (b, f)) are found by
HMO theory to have two unpaired electrons, each in a different molecular
orbital. Such systems are said to exhibit an open shell configuration.*
Because there are both unpaired electrons and high energy orbital vacancies
in these orbitals, structures with 4 or 8 electrons exhibit high chemical
reactivity. Moreover, the delocalization energies of the cyclic 7 systems with
2 or 6 electrons are much lower than those of reference (localized or acyclic)
systems with the same number of 7 electrons. For example, DE, for benzene
is 28, while DE for 1,3,5-hexatriene is 0.998. On the other hand, cyclic systems
with 4 or 8 electrons do not have larger n delocalization energies than their
acyclic analogs. For cyclobutadiene DE, is 08, while that for 1,3-butadiene is
0.478.

The results observed in Figure 4.26 for cyclic systems with 2 or 6 n
electrons can be shown to be true also for those with 10, 14, 18,. . . = electrons.
Similarly, the trends observed for planar cyclic systems with 4 or 8 n electrons
canbe shown tobe true for those with 12,16, 20,. . . n electrons. Rewriting these
series as arithmetical progressions leads to the Hiickel 4n + 2 rule, where n is
an integer: planar cyclic systems with (4n + 2) 7 electrons are said to be
especially stable in comparison with acyclic analogs, while those with
4n 7 electrons are unstable in comparison with acyclic analogs. The name
that we apply to monocyclic systems with 4n + 2 electrons is aromatic, and
we associate aromaticity with the properties of benzene.*> Compounds with
4n electrons in a cyclic 7 system are unstable in comparison with acyclic
analogs and are said to be antiaromatic.***” These terms have great sig-
nificance in chemistry, since about two-thirds of known compounds are
classified as having at least some aromatic character.*®

Benzene

In the early days of chemical science, molecular structures were unknown for
substances such as benzaldehyde (from almonds) and methyl salicylate
(from oil of wintergreen). These compounds have distinctive aromas, so
they came to be called “aromatic.” As chemistry developed, it was recog-
nized that many of these aromatic compounds contain a benzene ring. In
time the term aromatic came to mean a certain kind of structure and not
a distinctive odor.

# By Hund’s rule, two electrons in degenerate orbitals are more stable if they are in separate
orbitals. The term open shell means that the orbitals at a particular energy level are only partially
filled.

45 For a historical overview of the concept of aromaticity, see Balaban, A. T. Pure Appl. Chem. 1980,
52, 1409.

46 Breslow, R. Chem. Eng. News 1965 (June 28), 43, 90.

7 QOur analysis will include only structures with an even number of electrons in the cyclic ©
system. For a discussion of the possibility of aromaticity in open shell, ion-radical cyclic n systems,
see Rosokha, S. V.; Kochi, J. K. J. Org. Chem. 2006, 71, 9357.

*® Balaban, A. T.; Oniciu, D. C;; Katritzky, A. R. Chem. Rev. 2004, 104, 2777.
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FIGURE 4.27

Electron density data for ben-
zene. (Reproduced from refer-
ence 53.)

1.08A
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H 1304
FIGURE 4.28

Experimental bond lengths and
angles in benzene.

Benzene itself is the simplest such neutral molecule. It was isolated by
Faraday in 1825, and the accepted structure for benzene is usually attributed
to a proposal by Kekulé in 1865.%**° Most organic chemists are familiar with
the (perhags apocryphal) ““snake tale” of Kekulé’s vision of cyclic benzene
molecules.” In the late 1800s there was great debate about the molecular
structure of benzene, and a number of possible structures were proposed
for it.>* The electron diffraction results shown in Figure 4.27 indicate a planar
structure with hexagonal symmetry.”® With other physical measurements,
benzene was determined to have the structure shown in Figure 4.28.%

The structure of benzene might not have been such an important question
if it were not clear to early researchers that there is something special about
benzene and its related compounds. In Earticular, benzene and its derivatives
were seen to have four unusual traits:*

1. Thermal stability, including ease of formation by pyrolytic methods
2. A pattern of substitution, not addition, with electrophilic reagents
3. An unusual resistance to oxidation

* For an account of the discovery of benzene and of the many names applied to it, see Badger,
G. M. Aromatic Character and Aromaticity; Cambridge University Press: Cambridge, 1969; p. 1 ff.
Visitors to London may visit the Faraday Museum in the Royal Institution, which has displayed
what was reported to be the very sample of benzene isolated by Faraday in 1825. Also see Berson,
J. A. Chemical Discovery and the Logicians’ Program: A Problematic Pairing, Wiley-Interscience:
Weinheim, 2003.

% Wiswesser concluded that credit for the structure of benzene should be given to Johann Josef
Loschmidt: Wiswesser, W. . Aldrichimica Acta 1989, 22, 17.

51 In most versions of the story, Kekulé was sitting before a fire in his room when he had a
daydream of writhing snakes, one of which formed a circle by biting its tail. Some historians of
chemistry have cast doubt on the validity of this part of chemical legend. For examples, see (a)
Wotiz, J. H.; Rudofsky, S. Chem. Br. 1984, 720; J. Chem. Educ. 1982, 59, 23; (b) Wotiz, J. H., Ed. The
Kekulé Riddle; Cache River Press: Vienna, IL, 1993; (c) Borman, S. A. Chem. Eng. News, 1993 (Aug 23),
20; (d) Heilbronner, E.; Dunitz, J. D. Reflections on Symmetry; Verlag Helvetica Chimica Acta: Basel,
1993; p. 47 ff. See also Seltzer, R. . Chem. Eng. News 1985 (Nov 4), 22. For a physiological explanation
of the snake legend, see Reese, K. M. Chem. Eng. News 1984 (Aug 13), 80.

52 Sementsov, A. J. Chem. Educ. 1966, 43,151; Kikuchi, S. J. Chem. Educ. 1997, 74,194; Balaban, A. T.;
Schleyer, P. v. R.; Rzepa, H. S. Chem. Rev. 2005, 105, 3436.

53 Cox, E. G.; Cruickshank, D. W.J.; Smith, J. A. S. Proc. R. Soc. A 1958, 247, 1. See also reference 49,
p.- 7 ft.

> Schomaker, V.; Pauling, L. J. Am. Chem. Soc. 1939, 61, 1769.
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@ +H, — O AH = —28.6 kcal/mol

AH = —55.4 kcal/mol

(expected: 2(—28.6)
+ —
© 2H, O or —57.2 keal/mol;

AAH = 1.8 kcal/mol)

AH = —49.8 kcal/mol

N (expected: 3(—28.6)
© +3H, O or —85.8 kcal/mol;

AAH = 36 kcal/mol)

4. Different physical properties from analogous aliphatic compounds:
for example, aniline is less basic than cyclohexylamine, and phenol is
more acidic than cyclohexanol.

Later, chemists associated other properties with benzene and structures
judged to be similar to it.>> Among these are

5. Geometric properties such that carbon—carbon bond lengths are inter-
mediate between the lengths of single and double bonds®®

6. Indication of a significant resonance energy determined through
comparison of AH values for a reaction with those of a reference
system57

7. Evidence from magnetic susceptibility measurements or NMR spec-
troscopy of a ring current in the n-electron system when the substance
is placed in a magnetic field.”®

We have come to associate this set of molecular properties with benzene and
similar structures, but defining exactly what aromaticity means remains
difficult. Frenking and Krapp described aromaticity as one of the ““unicorns
in the world of chemical bonding models,” meaning that its characteristics are
known to everyone, but aromaticity is nevertheless nonobservable.”® Thus,
we might ask the question: Is benzene so stable because it is aromatic, or is it
aromatic because it is so stable?

Firstlet us examine the question of stability and attempt to quantify it. The
traditional method to determine the resonance energy of benzene is to analyze
the heats of hydrogenation of cyclohexene, 1,3-cyclohexadiene, and benzene.
Figure 4.29 shows the AH values for these reactions.”® If each double bond in
benzene were a single olefinic unit, then we might naively predict that its heat
of hydrogenation should be 3 (—28.6) = —85.8 kcal/mol. The experimental
value is —49.8 kcal/mol, however, which is a difference of 36 kcal/mol.

> For a discussion of the methods for evaluating aromatic stabilization energies, see Cyrafiski,
M. K. Chem. Rev. 2005, 105, 3773.

56 Krygowski, T. M.; Cyranski, M. K. Chem. Rev. 2001, 101, 1385.

57 See, for example, Musci, Z; Viskolcz, B.; Csizmadia, I. G. J. Phys. Chem. A. 2007, 111, 1123.
%8 Gomes, J. A. N. F,; Mallion, R. B. Chem. Rev., 2001, 101, 1349.

59 Frenking, G.; Krapp, A. J. Comput. Chem. 2007, 28, 15.

FIGURE 4.29

Heat of hydrogenation data.
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/CEZ
H,C CH,
| [ — B +3H, AH = +49.8 kcal/mol
H,C._ _CH,
2
PR
H,C” “CH,
C — A I | AH = -85.8 kcal/mol
H,C.__CH,
CH,
FIGURE 4.30 C - — B AH = -36.0 kcal/mol

Enthalpy of conversion of 1,3,5-
cyclohexatriene to benzene.

We may conclude from the data in Figure 4.29 that a conjugated diene is
1.8 kcal/mol more stable than two nonconjugated double bonds and that
benzene is 36 kcal /mol more stable than three nonconjugated double bonds.*°
It might be just as reasonable to expect the AH value to be 3(—55.4/2) or
83.1 kcal /mol], since the double bonds in benzene really ought to be compared
to linearly conjugated double bonds, not to isolated double bonds. By that
reasoning, the resonance energy of benzene is only 33.3 kcal/mol.

The preceding analysis has omitted an important factor. Bond lengths
and hybridizations change when a double bond is converted to a single bond,
and there are energies associated with those changes. What we would like to
calculate is the difference in energy between benzene and a 1,3,5-cyclohex-
atriene with the same geometry as benzene but with imaginary barriers that
prevent electronic interaction of the m bonds. Therefore, let us consider the
data in Figure 4.29 in a slightly different fashion. As shown in Figure 4.30, the
AH value of —36 kcal /mol may be considered to be the sum of the enthalpies
for two different processes: one is the removal of the imaginary barrier to
resonance, and the other is the distortion of the molecule so that all carbon-
carbon bonds are the same length.

If we define resonance energy as the extra stabilization that a structure
gains by delocalization of electrons without movement of nuclei, then we should
separate the two factors that determine the net AH in Figure 4.30. Coulson
determined that the distortion of a 1,3,5-cyclohexatriene molecule with short
double bonds and long single bonds into a 1,3,5-cyclohexatriene structure in
which all the carbon—carbon bonds are the same length requires a bond length
distortion energy of +27kcal/mol. Writing such a process in the reverse,
as shown in Figure 4.31, leads us to calculate the resonance energy of benzene
to be 63 kcal/mol.**®® A recent analysis by Mo and Schleyer determined the

€ A value of 36 kcal /mol can also be calculated by comparing the observed heat of formation of
benzene with that expected on the basis of group additivity values: Franklin, J. L. J. Am. Chem. Soc.
1950, 72, 4278.

! Coulson, C. A.; Altmann, S. L. Trans. Faraday Soc. 1952, 48, 293.

%2 For a detailed discussion, see Streitwieser, A., Jr. Molecular Orbital Theory for Organic Chemists;
John Wiley & Sons: New York, 1961; p. 245.

63 See also the analysis of George, P.; Bock, C. W.; Trachtman, M. J. Chem. Educ. 1984, 61, 225.
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AH = —36 kcal/mol

AH = —27 kcal/mol

AH = ~63 kcal/mol
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resonance energy of benzene to be close to 57.5kcal/mol.* Many other
analyses are possible, and various authors reported values for the resonance
energy of benzene ranging from 13 to 112 kcal/mol.*>%

Not only is there evidence that the resonance energy of benzene is not
the 36 kcal/mol that most organic chemists assume, but some theoreticians
suggest that the special properties of benzene, while associated with the
delocalized 4n + 2 electrons, do not result from the propensity of these
electrons to be delocalized. In particular, Shaik and Hiberty reported that
“electronic delocalization in ... C¢Hg turns out to be a byproduct of the
o-imposed geometric symmetry and not a driving force by itself.”***” This
conclusion, which was supported by other investigators,®® thus called into
question a concept that has been called ““the most important general concept
for the understanding of organic chemistry.”®

Let us return briefly to the idea that the heat of hydrogenation of benzene
in Figure 4.29 should be —85.8 kcal/mol. One approach to determining the
aromaticity of benzene has been to study structures with geometric features
that make the bond length distortion upon hydrogenation less significant,
such as compound 1. The heat of hydrogenation of 1is very close to predicted
heat of hydrogenation of ““1,3,5-cyclohexatriene” having equal C-C bond
lengths (—85.8 kcal/mol) when the experimental value (—71.6 £ 1.5 kcal /mol)
is adjusted for the ca. 11.4 kcal/mol of extra strain estimated for 2 because of
the planarity of its cyclohexane ring.”® Thus, these results were consistent
with a model in which the central ring of 1 experiences strain-induced bond

64 Mo, Y.; Schleyer, P. v. R. Chem. Eur. J. 2006, 12, 2009.

% Suresh, C. H.; Koga, N. J. Org. Chem. 2002, 67, 1965.

% Shaik, S. S.; Hiberty, P. C.; Lefour, J.-M.; Ohanessian, G. J. Am. Chem. Soc. 1987, 109, 363;
Shaik, S. S.; Hiberty, P. C.; Ohanessian, G.; Lefour, ].-M. ]. Phys. Chem. 1988, 92, 5086.

¢ Jug, K.; Hiberty, P. C.; Shaik, S. Chem. Rev. 2001, 101, 1477

8 Stanger, A ; Vollhardt, K. P. C. J. Org. Chem. 1988, 53, 4889. See also Sironi, M.; Cooper, D. L;
Gerratt, J.; Raimondi, M. J. Chem. Soc. Chem. Commun. 1989, 675; Jug, K.; Koster, A. M. |. Am. Chem.
Soc. 1990, 112,6772; Koster, A. M.; Calaminici, P.; Geudtner, G.; Gémez-Sandoval, Z. J. Phys. Chem.
A 2005, 109, 1257; Pierrefixe, S. C. A. H.; Bickelhaupt, F. M. Chem. Eur. ]. 2007, 13, 6321 and
references therein.

69 Katritzky, A. R.; Barczynski, P.; Musumarra, G.; Pisano, D.; Szafran, M. . Am. Chem. Soc. 1989,
111, 7.

70 Beckhaus, H.-D.; Faust, R.; Matzger, A. ].; Mohler, D. L.; Rogers, D. W.; Richardt, C.; Sawhney,
A. K.; Verevkin, S. P.; Vollhardt, K. P. C.; Wolff, S. ]. Am. Chem. Soc. 2000, 122, 7819.
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energy of 1,3,5-cyclohexatriene
with all carbon-carbon bonds the
same length.
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FIGURE 4.32
Polycyclic aromatic compounds.

localization as a result of distortion of the o-bond frame by the cyclobutane
rings.

(4.67)

The idea that distortion of a benzene ring to produce alternating longer
and shorter bonds could produce localization of the n-electron density is
known as the Mills-Nixon effect and has been the subject of much debate in
organic chemistry.”! An experimental result that is consistent with a parti-
cular model is supportive evidence for that model, but it can never be
considered conclusive. For example, Mo and Schleyer found that bond
alternation would not necessarily decrease the aromaticity of a 1,3,5-cyclo-
hexatriene and that the heat of hydrogenation of 1 could be the result of other
factors, such as the avoidance of antiaromaticity in the four-membered
rings.**

If the calculation of the stabilization of benzene by electron delocalization
can be so complicated, the analysis of polycyclic aromatic compounds
such as naphthalene, anthracene, and phenanthrene is even more complex
(Figure 4.32). Their experimental resonance energies are found to be 61, 83.5,
and 91.3 kcal/mol, respectively.” Naphthalene is like benzene in many ways,
for example, by giving electrophilic aromatic substitution when treated with
bromine. Phenanthrene, however, undergoes electrophilic addition with
bromine,* which suggests that a greater resonance energy does not necessa-
rily result in more “aromatic” behavior. On the other hand, aromatic char-
acter is also associated with thiophene (resonance energy 28 kcal/mol) and
furan (resonance energy 16 kcal/ mol).2 How do we decide what magnitude
of experimental resonance energy qualifies a structure to be called aromatic?

These questions take on even greater significance as the size of the =
systems increase.”” Naphthalene and anthracene are the first members of a
family of compounds known as acenes (also called polyacenes), which have

9 9

OIS\

Naphthalene Anthracene Phenanthrene

71 Mills, W. H.; Nixon, I. G. ]. Chem. Soc. 1930, 2510. See also Baldridge, K. K; Siegel, J. S. J. Am.
Chem. Soc. 1992, 114, 9583; Siegel, J. S. Angew. Chem. Int. Ed. Engl. 1994, 33, 1721; Sakai, S. ]. Phys.
Chem. A 2002, 106, 11526; Alabugin, I. V.; Manocharan, M. J. Comput. Chem. 2007, 28, 373.

72 Schleyer, P. v. R.; Manoharan, M.; Jiao, H.; Stahl, F. Org. Lett., 2001, 3, 3643.
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the general structure shown in Figure 4.33.7>7* The next member of the series
would be tetracene (n=2), then pentacene (n=23), hexacene (n=4), and
heptacene (1 = 5). One major effect of increasing the dimensions of the acene
7 system is that the energy gap between the highest occupied MO and the
lowest unoccupied MO decreases along the series. As a result, the wavelength
of light absorbed by the acene changes with the size of the structure—from
312 nm for naphthalene to 475 nm to tetracene to 695 nm for hexacene.”” This
property makes the derivatives of tetracene and pentacene useful for a variety
of microelectronic devices, such as organic light-emitting diodes.”*”® For
example, Takahashi and co-workers demonstrated a light-emitting transistor
based on a tetracene single crystal.”” The larger acenes are not as suitable for
these purposes because chemical reactivity increases through hexacene (and
then remains constant because the molecular ground states become open
shell, diradical in nat“ure).80 For example, hexacene is quite unstable in the
presence of air or in solution at concentrations of 107*M, although it persists
for 12 hours when generated photochemically in a polymethyl methacrylate
matrix.®' Similarly, heptacene was generated photochemically in a polymer
matrix, but it was not sufficiently stable to be observed in solution.®? Inter-
estingly, some alkyl-substituted acenes are unstable with respect to their
methylene-substituted tautomers. For example, 6,13-dipropylpentacene (3)
is stable at 150°C in mesitylene solution, but it undergoes acid-catalyzed
tautomerization by camphor-10-sulfonic acid (CSA) to 6-propylidene-13-
propyl-6,13-dihydropentacene (4) in deuterated 1,1,2,2-tetrachloroethane
(Figure 4.34).%

If the system of fused benzene rings is extended in two dimensions,
structures are formed that resemble a portion of a graphite layer
(Figure 4.35).8485 Even larger structures of this type are therefore called
graphenes. Among such structures, those that are much longer than they
are wide are called graphene nanoribbons.* If some sp>-hybridized carbon
atoms are dispersed among the sp>-hybridized carbon atoms in a large
graphene-like structure, then a three-dimensional lattice can be formed.

73 Kivelson, S.; Chapman, O. L. Phys. Rev. 1983, 28, 7236.

74 For a discussion of the aromaticity of these compounds, see Aihara, J.; Kanno, H. J. Phys. Chem.
A 2005, 109, 3717.

”® Houk, K. N;; Lee, P. S.; Nendel, M. J. Org. Chem. 2001, 66, 5517.
7 Anthony, J. E. Chem. Rev. 2006, 106, 5028.
77 Anthony, J. E. Angew. Chem. Int. Ed. 2008, 47, 452.

78 Such devices depend not only on the particular acene used but also on the orientations of the
molecules. For an example, see Betti, M. G.; Kanyjilal, A.; Mariani, C. J. Phys. Chem. A 2007, 111,
12454.

7 Takahashi, T.; Takenobu, T.; Takeya, |.; Iwasa, Y. Adv. Funct. Materials 2007, 17, 1623.

8 Bendikov, M.; Duong, H. M.; Starkey, K.; Houk, K. N.; Carter, E. A.; Wud\, F. . Am. Chen. Soc.
2004, 126, 7416; Reddy, A. R.; Fridman-Marueli, G.; Bendikov, M. J. Org. Chem. 2007, 72, 51.

8 Mondal, R.; Adhikari, R. M.; Shah, B. K.; Neckers, D. C. Org. Leit. 2007, 9, 2505.
82 Mondal, R; Shah, B. K.; Neckers, D. C. J. Am. Chem. Soc. 2006, 128, 9612.
8 Takahashi, T.; Kashima, K.; Li, S.; Nakajima, K.; Kanno, K.-1. J. Am. Chem. Soc. 2007, 129, 15752.

84 See, for example, Aihara, J. J. Chem. Soc. Perkin Trans. 2 1996, 2185. Also see Clar, E.; Robertson,
J. M.; Schlogl, R.; Schmidt, W. J. Am. Chem. Soc. 1981, 103, 1320.

% For a discussion of the aromatic character of polycyclic conjugated systems, see Randi¢, M.
Chem. Rev. 2003, 103, 3449.

86 Gee, for example, Rudberg, E.; Salek, P.; Luo, Y. Nano Lett. 2007, 7, 2211.
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FIGURE 4.33

General formula for an acene
(n=0,1,2,...).
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FIGURE 4.34

Tautomerization of a 6,13-
dialkylpentacene.

FIGURE 4.35

Coronene (left), ovalene
(center), and circumanthracene

(right).
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Such structures show potential in nanoelectronics and for storage of H, in
alternative energy systems.87

If two edges of a graphene are connected, the structure becomes a single-
walled nanotube (SWNT). This transformation decreases the planarity of the
n system, so it decreases the overlap of the p orbitals and alters the n energy
levels. As a result, formation of nanotubes is endothermic.®® In addition, the
electrical properties of the nanotube differ according to its dimensions, with
some nanotubes behaving as metals and others as semiconductors.* Dekker
and co-workers reported using a SWNT to create a nanoscale transistor that
could be switched on or off with a single electron.”® SWNTs may also have
uses as electrode materials with extremely low background currents,” as a
means to follow reactions of a single molecule,”” as H, storage agents,” and as
unique drug delivery systems and diagnostic agents.”* Carbon nanotubes
may be formed as one or more tubes inside another, and such multiwalled
nanotube systems have their own unique properties. For example, Wei and
co-workers used double-wall carbon nanotubes as both photogeneration
sites and as charge carriers in a solar cell.”® Incorporating a five-membered
ring into a system of six-membered sp*~hybridized carbon atoms puckers the

87 1i,D.; Kaner, R. B. Science 2008, 320,1170; Park, N.; Hong, S.; Kim, G.; Jhi, S.-H. J. Am. Chem. Soc.
2007, 129, 8999.

8 Gozzi, D.; lervolino, M.; Latini, A. J. Am. Chem. Soc. 2007, 129, 10269.

8 For a review of the electronic and electrochemical properties of nanotubes, see Sgobba, V.;
Guldi, D. M. Chem. Soc. Rev. 2009, 38, 165.

% postma, H.W.C.; Teepen, T.; Yao, Z.; Grifoni, M.; Dekker, C. Science 2001, 293, 76. Also see Li,S.;
Yu, Z; Yen, S.-F.; Tang, W. C; Burke, P. J. Nano Lett. 2004, 4, 753.

91 Bertoncello, P.; Edgeworth, J. P.; Macpherson, J. V.; Unwin, P. R. J. Am. Chem. Soc. 2007, 129,
10982.

> Goldsmith, B. R;; Coroneus, J. G.; Kane, A. A.; Weiss, G. A.; Collins, P. G. Naro Lett. 2008, 8, 189.
* Nikitin, A; Li, X.; Zhang, Z.; Ogasawara, H.; Dai, H.; Nilsson, A. Narno Lett. 2008, 8, 162.

%% Prato, M.; Kostarelos, K.; Bianco, A. Acc. Chem. Res. 2008, 41, 60.

% Wei, J.;Jia,Y.;Shu, Q.; Gu, Z.; Wang, K; Zhuang, D.; Zhang, G.; Wang, Z.; Luo, J.; Cao, A.; Wu,
D. Nano Lett. 2007, 7, 2317.
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n system and creates bowl-shaped structures.”® The simplest example is
corannulene (5). Fusion of a bowl-shaped structure to a nanotube results in
a carbon-capped nanotube, which might be envisioned as the smallest
possible test tube (Figure 4.36).”

)

A graphene-like structure may be closed into a cage structure if 12
pentagons are mixed among the hexagonal pattern of the carbon 7 centers,
as in Cyp (6).” (The figure shows only the connectivity between atoms.) The «
system in Cgp is deformed about 11.6° from planarity at each carbon, thereby
minimizing the overlap of the p orbitals and decreasing the aromaticity from
what would be calculated for a planar n system of the same size.”'®
Therefore, Cqo appears to have some aromatic character, but its aromaticity
is much less than that of benzene, and it undergoes a variety of oxidation,
reduction, cycloaddition, and other reactions.'®! Still, Cg has been utilized as
a single-molecule transistor,'”” has also been incorporated into a variety of
chemical and biomedical sensors and devices,'® and has been proposed as a
building block for molecular machines.'* Fullerenes much larger than Cg

% Wu, Y.-T; Siegel, J. S. Chem. Rev. 2006, 106, 4843.

97 Hayashi, T.; Kim, Y. A,; Matoba, T.; Esaka, M.; Nishimura, K.; Tsukada, T.; Endo, M.;
Dresselhaus, M. S. Nano Lett. 2003, 3, 887; Gasparac, R.; Kohli, P.; Mota, M. O.; Trofin, L.; Martin,
C. R. Nano Lett. 2004, 4, 513.

%8 Haddon, R. C. Acc. Chem. Res. 2002, 35, 997.

9 Lu, X.; Chen, Z. Chem. Rev. 2005, 105, 3643.

100 For an introduction to curved polyarenes, see Scott, L. T.; Bronstein, H. E.; Preda, D. V.;
Ansems, R. B. M,; Bratcher, M. S.; Hagen, S. Pure Appl. Chem. 1999, 71, 209.

101 Eor a review, see Hirsch, A.; Brettreich, M. Fullerenes: Chemistry and Reactions, Wiley-VCH:
Weinheim, 2005.

102 vy, L. H.; Natelson, D. Nano Lett. 2004, 4, 79.

103 gee for example, Qiao, R.; Roberts, A. P.; Mount, A. S.; Klaine, S.].; Ke, P. C. Nano Lett. 2007, 7,
614; Goyal, R. N.; Gupta, V. K.; Bachheti, N. Anal. Chim. Acta 2007, 597, 82; Fletcher, J. S.; Lockyer,
N. P.; Vaidyanathan, S.; Vickerman, J. C. Anal. Chem. 2007, 79, 2199; Sathish, M.; Miyazawa, K.;
Sasaki, T. Chem. Mat. 2007, 19, 2398; Tkeda, A.; Doi, Y.; Nishiguchi, K.; Kitamura, K.; Hashizume,
M.; Kikuchi, J.; Yogo, K.; Ogawa, T.; Takeya, T. Org. Biomol. Chem. 2007, 5, 1158.

194 Mateo-Alonso, A.; Guldi, D. M.; Paolucci, F.; Prato, M. Angew. Chem. Int. Ed. 2007, 46, 8120.

FIGURE 4.36

Carbon-capped single-walled
nanotube. (Adapted from
reference 98.)
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FIGURE 4.37

One type of representation for
aromatic character in benzene
and larger systems.

@

have more aromatic character, because the deviation of the 7 system from

planarity is lessened."*

We should note here some important aspects of the representation of
polycyclic aromatic hydrocarbons. The depictions of naphthalene, anthra-
cene, and phenanthrene in Figure 4.32 use only alternating single and double
bonds and thus represent only one Kekulé structure for each compound. In
the past chemists have tried to indicate the aromatic character of benzene by
drawing a large circle inside a hexagon,'® and by extension this representa-
tion has been used for polycyclic aromatic hydrocarbons as well (Figure 4.37).
Such representations are now out of favor, in part because they may lead to
misunderstandings of the structures. If such a circle indicates an aromatic
sextet, then the depiction of naphthalene in Figure 4.37 might be interpreted to
mean a system with twelve = electrons, even though the molecule has only
ten.'% Moreover, the circle representations suggest that all three of the rings
in anthracene have equal aromatic character, but we have seen (page 206) that
this is not the case.

The circle notation is still used in a representation of aromatic systems
proposed by Clar.''% In this system, as many aromatic circles as possible
are drawn after the following conditions are met: (i) no circles may occupy
adjacenthexagons, and (ii) the hexagons must either be “empty’’ or have only
explicit single and double bonds. As an example, naphthalene could be
represented as structure (a) in Figure 4.38. Of course, structure (b) is equally
valid, so Clar proposed extending the notation to represent the “sextet
migration”” shown as Figure 4.38(c). The representation of phenanthrene in
Figure 4.38(d) shows a structure with a double bond in one hexagon, and the
representation of triphenylene in Figure 4.38(e) shows an “empty”” hexagon.
The last two examples illustrate cases in which the hexagons with circles
represent regions with greater “local aromaticity,” while the other hexagons

195 Armit, J. W.; Robinson, R. J. Chem. Soc., Trans. 1925, 127, 1604.
1% See, for example, Randi¢, M. J. Chem. Inf. Comput. Sci. 2004, 44, 365.
Y7 Clar, E. The Aromatic Sextet; John Wiley & Sons: London, 1972.

198 Gutman, L; Cyvin, S. J. Introduction to the Theory of Benzenoid Hydrocarbons; Springer-Verlag:
Berlin, 1989.
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represent regions with lesser “local aromaticity.”*®''® The Clar model is
inherently qualitative, but it can be made quantitative when used in conjunc-
tion with graph theory.®®> Moreover, the Clar notation has proved useful in
understanding the properties and reactivities of pollycyclic aromatic com-
pounds such as polyacenes''! and carbon nanotubes.'?

Aromaticity in Small Ring Systems

The discussion above has emphasized the properties of structures composed
of six-membered rings with appreciable aromatic character. Let us return to
the more general question of aromaticity by considering rings of other sizes.
The cyclopropenyl carbocation (Figure 4.26) has only 2 7 electrons. Both may
be placed in the lowest energy MO, so the molecular energy is calculated to be
E.=2a + 4B.This is 23 lower in energy than the energy of a reference system
composed of a double bond and a localized carbocation. Therefore, the
delocalization energy of cyclopropenyl is calculated with HMO theory to be
the same as that of benzene, so the cyclopropenyl carbocation is predicted to
be much more stable than other carbocations. Consistent with this prediction,
reaction of 3-chlorocyclopropene (7) with AlCl; led to the isolation of the
cyclopropenyl cation (8, Figure 4.39).''® The structure of the triphenyl deriv-
ative of 8 was determined by X-ray crystallography. The carbon-carbon
bonds in its three-membered ring were found to be 1.40 A, which is very
similar to the 1.39 A bond lengths in benzene. Clark calculated the aromatic
stabilization of 8 to be 49 kcal/mol.**

In contrast, both theoretical and experimental studies suggested that the
cyclopropenyl radical distorts from a structure with D3, symmetry to form

+ AlCl;  ——= AlCly”

~

Cl

199 portella, G.; Poater, J.; Sola, M. J. Phys. Org. Chem. 2005, 18, 785.

119 Gee also Randié, M.; Balaban, A. T. . Chem. Inf. Model. 2006, 46,57; Balaban, A. T.; Schmalz, T. G.
J. Chem. Inf. Model. 2006, 46, 1563; Maksi¢, Z. B.; Bari¢, D.; Miller, T. J. Phys. Chem. A 2006, 110,
10135; Gutman, 1; Gojak, S.; Furtula, B.; Radenkovi¢, S.; Vodopivec, A. Monatsh. Chem. 2006,
137,1127.

1 Notario, R.; Abboud, J.-L. M. J. Phys. Chem. A, 1998, 102, 5290.

"2 Ormsby, J. L; King, B. T. J. Org. Chem. 2004, 69, 4287; 2007, 72, 4035.

113 Breslow, R.; Groves, J. T. J. Am. Chem. Soc. 1970, 92, 984.

114 Clark, D. T. J. Chem. Soc. D Chem. Commun. 1969, 637. For ab initio studies on the aromaticity
of three-membered rings, see Byun, Y.-G.; Saebo, S.; Pittman, C. U., Jr. J. Am. Chem. Soc. 1991,
113, 3689.
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FIGURE 4.38

Clar representations of naphtha-
lene (a—c), phenanthrene (d), and
triphenylene (e).

FIGURE 4.39

Synthesis of cyclopropenyl cation.
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FIGURE 4.40
Deprotonation of cyclopropane.
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anonaromatic structure with C;symmetry.'*>!'¢ Similarly, the cyclopropenyl
anion is unstable,'!” and theoretical calculations indicated that the anion is
destabilized by 40 kcal/mol if required to be planar but that pyramidalization
of one carbon (thereby reducing the overlap of the three p orbitals) lowers
the antiaromatic destabilization to 6 kcal/mol.1*®11® Furthermore, the vinyl
hydrogen atoms of cyclopropene (9, Figure 4.40) are more acidic than are the
methylene hydrogen atoms.!!® Breslow found that 1,2,3-triphenylcyclopro-
pene does not undergo hydrogen exchange in ammonia, so the triphenylcy-
clopropenyl anion is apparently much harder to form than the anion of, for
example, cyclopentadiene.'?® Cyclopropene itself does undergo proton loss
in liquid ammonia, however, and the resulting carbanion is sufficiently
concentrated in solution that an NMR spectrum can be obtained.'”' The
spectrum indicated the presence of the vinyl carbanion 10, not the conjugated
carbanion 11. Thus, the carbanion 11 seems from these experiments to show
antiaromatic character; at least, there is no evidence for any stabilization
resulting from electron delocalization.

Cyclobutadiene is also predicted to be antiaromatic and, in fact, has
been considered the “antiaromatic paradigm.”'** The HMO model for the
neutral structure has two electrons in an orbital of energy o + 28 and two
other electrons, each of which must go into one of the two orbitals having
energy a. The E; of cyclobutadiene is thus 4o + 48, which is the same E,
as two noninteracting double bonds, so the DE, of cyclobutadiene is 0.
Moreover, since there is one electron in each of the two orbitals having
energy o, cyclobutadiene is an open shell structure with appreciable di-
radical character.'”

Cyclobutadiene has been the subject of much experimental effort. A
number of reactions that were carried out in an effort to synthesize cyclo-
butadiene were found to produce other products instead.'** The observation

115 Compare Davidson, E. R.; Borden, W. T. J. Chem. Phys. 1977, 67, 2191 and references therein;
Closs, G. L.; Evanochko, W.T.; Norris, ]. R. J. Am. Chem. Soc. 1982, 104, 350; Chipman, D. M.; Miller,
K. E. J. Am. Chem. Soc. 1984, 106, 6236.

116 Glukhovtsev, M. N; Laiter, S.; Pross, A. J. Phys. Chem. 1996, 100, 17801.

''7 The 3-carbomethoxycyclopropen-3-yl anion has been studied in the gas phase: Sachs, R. K.;
Kass, S. R. J. Am. Chem. Soc. 1994, 116, 783.

"8 For a discussion and references, see Wiberg, K. B. Chen. Rev. 2001, 101, 1317.
1% Dorko, E. A.; Mitchell, R. W. Tetrahedron Lett. 1968, 341

120 Breslow, R.; Dowd, P. J. Am. Chem. Soc. 1963, 85, 2729.

121 Schipperijn, A. J. Recl. Trav. Chim. Pays-Bas 1971, 90, 1110.

122 Bally, T. Angew. Chem. Int. Ed. 2006, 45, 6616.

12 Characterization of cyclobutadiene by more advanced theoretical methods reveals many
complexities not apparent in the HMO treatment, and Mo and Schleyer (reference 64) concluded
that cyclobutadiene should be considered not an “‘antiaromatic paradigm” but a unique
structure.

124 Researchers have synthesized substituted cyclobutadienes in which substituents either retard

reaction through steric effects or stabilize the ring through electronic effects. For a discussion see
Hess, B. A,, Jr,; Schaad, L. ]. ]. Org. Chem. 1976, 41, 3058.
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that an apparent dimer (12) of cyclobutadiene was found in some reaction
mixtures suggested that the elusive compound might have been formed as
a transient species but was too reactive to characterize. Therefore, some
investigators attempted to observe cyclobutadiene through matrix isolation
spectroscopy.'® In this method, a photochemically reactive compound is
deposited in a frozen matrix of an unreactive medium (such as argon) on
optical windows inside a spectrophotometer. The apparatus is designed to
maintain a temperature low enough to keep the matrix solid, while allowing
irradiation of the sample for photochemical reaction and then for spectro-
scopic analysis of the products.'?®

Chapman and co-workers deposited pyranone (13) in the matrix and then
photochemically generated bicyclopyranone (14), a compound expected to
generate cyclobutadiene by photochemical elimination of CO, (Figure 4.41).
Analysis of the infrared spectrum of the photoproduct suggested that cyclo-
butadiene (15) existed as a square planar molecule.!” This result caused
considerable discussion among theoreticians, since some calculations indi-
cated that cyclobutadiene should exist as a rectangular molecule, with mostly
single and mostly double bonds as shown in Figure 4.42.'*® The less sym-
metric rectangular structure (16) was thought to reduce, to some extent at
least, the antiaromatic character of the 7 system.

Later, the experimental evidence for square cyclobutadiene was called
into question. Krantz reported the photolysis of bicyclopyranone in which
the carbon atom eliminated as CO, was labeled with *C. One important
infrared band that had been assigned to a vibration of square planar cyclo-
butadiene in earlier studies was altered by the isotopic change, suggesting
that this band was due to CO, trapped with the cyclobutadiene in the rigid
rare gas matrix.'*” Thus, the experimental data did not answer the question of
the structure of cyclobutadiene. Later work on the theoretical determination
of the infrared spectrum of cyclobutadiene'®® and further matrix isolation
spectroscopy experiments,' including the use of polarized IR spectroscopy

125 Bally, T. in Moss, R. A.; Platz, M. S; Jones, M., Jr., Eds. Reactive Intermediate Chemistry; Wiley-
Interscience: Hoboken, NJ, 2004; pp. 797-845.

126 Dunkin, L. R. in Horspool, W. M.; Lenci, F., Eds. CRC Handbook of Organic Photochemistry and
Photobiology, 2nd ed.; CRC Press: Boca Raton, FL, 2003; p.14-1.

127 Chapman, O. L.; McIntosh, C. L.; Pacansky, J. J. Am. Chem. Soc. 1973, 95, 614.

128 Kollmar, H.; Staemmler, V. J. Am. Chem. Soc. 1977, 99, 3583.

129 Pong, R. G. S.; Huang, B.-S.; Laureni, J.; Krantz, A. J. Am. Chem. Soc. 1977, 99, 4153.
130 Kollmar, H.; Staemmler, V. J. Am. Chem. Soc. 1978, 100, 4304.

131 Masamune, S.; Souto-Bachiller, F. A.; Machiguchi, T.; Bertie, J. E. J. Am. Chem. Soc. 1978,
100, 4889.
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FIGURE 4.41

Matrix synthesis of cyclobutadiene.

=

15 16

FIGURE 4.42

Distortion of cyclobutadiene to
a rectangular structure.
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FIGURE 4.43

Reaction of cyclopentadiene
as an acid.
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and C NMR of labeled cyclobutadiene,'®* appear to have settled the
question in favor of a rectangular structure for cyclobutadiene.'*™'%

The cyclopentadienyl anion has six electrons in the 7 system, giving the
molecule an HMO 7 energy of 6a + 6.478 and an HMO delocalization energy
of 2.47p (Figure 4.26). This delocalization energy is not much different from
the delocalization stabilization, 48 kcal/mol, calculated by more advanced
methods.'"® The pK, of cyclopentadiene (17, Figure 4.43) is 16, which is nearly
the same as that of water, suggesting that the cyclopentadienyl anion (18) is
more stable than other carbanions.'* In contrast, the cyclopentadienyl cation
(19) is a very unstable species. 5-Iodo-1,3-cyclopentadiene did not react with
silver perchlorate in propanoic acid at —15°C."*® 5-Bromo-1,3-cyclopenta-
diene did react with SbFs in di-n-butyl phthalate at 78 K, and the spectral data
suggested a structure with two unpaired electrons."*® The antiaromatic
destabilization of the cation was calculated to be 29 kcal/mol."'#'#!

The cycloheptatrienyl carbocation (20) is also a six 7 electron system, and
all six electrons can go into bonding orbitals. Its delocalization energy is
calculated to be 2.998 (Figure 4.26), which is close to the value of 50 kcal/mol
of delocalization stabilization calculated by other methods.!'® Therefore, the
cycloheptatrienyl cation is an especially stable carbocation,'** although it is
still a cation and is certainly not as stable as benzene. On the other hand, the
cycloheptatrienyl anion is a 4n n system and thus is predicted to be antiaro-
matic by HMO theory. More advanced calculations suggest that any energy
consequences of electron delocalization in the anion must be very small.

132 Orendt, A. M.; Arnold, B. R.; Radziszewski, J. G.; Facelli, J. C.; Malsch, K. D.; Strub, H.; Grant,
D. M.; Michl, J. J. Am. Chem. Soc. 1988, 110, 2648.

133 Dewar, M. J. S.; Merz, K. M., Jr.; Stewart, J. J. P. J. Am. Chem. Soc. 1984, 106, 4040.

134 Carpenter suggested that the rectangular forms of cyclobutadiene can interconvert by
tunneling. Carpenter, B. K. J. Am. Chem. Soc. 1983, 105, 1700. See also Huang, M.-J.; Wolfsberg,
M. J. Am. Chem. Soc. 1984, 106, 4039.

135 See also Arnold, B. R.; Radziszewski, J. G.; Campion, A.; Perry, S.S.; Michl, J. . Am. Chem. Soc.
1991, 113, 692; Lefebvre, R.; Moiseyev, N. J. Am. Chem. Soc. 1990, 112, 5052.

3¢ The cyclobutadiene dication should have two electrons, both in ¢, so it is predicted to have
DE =28, the same as cyclopropenyl cation. There was a report that the dication had been
observed: Olah, G. A.; Mateescu, G. D. J. Am. Chem. Soc. 1970, 92, 1430.

137 The cyclobutadiene monocation should have a delocalization energy of 18, and the EPR
spectra (see Chapter 5) of substituted monocations was reported: Courtneidge, J. L.; Davies, A. G.;
Lusztyk, E.; Lusztyk, J. J. Chem. Soc. Perkin Trans. 2 1984, 155.

138 Streitwieser, A., Jr.; Nebenzahl, L. L. J. Am. Chem. Soc. 1976, 98, 2188. See also Stewart, R. The
Proton: Applications to Organic Chemistry; Academic Press: New York, 1985; pp. 72-74.

1 Breslow, R.; Hoffman, J. M. ]. Am. Chem. Soc. 1972, 94, 2110.

140 The EPR spectrum indicated a species with two unpaired electrons having the same spin.
Saunders, M.; Berger, R.; Jaffe, A.; McBride, J. M.; O'Neill, J.; Breslow, R.; Hoffman, J. M., Jr.;
Perchonock, C.; Wasserman, E.; Hutton, R. S.; Kuck, V. J. J. Am. Chem. Soc. 1973, 95, 3017.

1 For a discussion, see Allen, A. D.; Tidwell, T. T. in Olah, G. A.; Prakash, G. K. S., Eds.
Carbocation Chemistry, Wiley-Interscience: Hoboken, NJ, 2004; p. 103.

42 Doering, W. v. E.; Knox, L. H. J. Am. Chem. Soc. 1954, 76, 3203.
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The anion was prepared in solution but was found to be highly reactive.''®14?

It could also be formed in the gas phase but appeared to undergo rapid
rearrangement to benzyl anion.'**

o O O

Planar cyclooctatetraene (COT, 21) is predicted to have a n energy of
8a + 9.657pB, giving it a delocalization energy of 1.6683. The HMO energy level
diagram (Figure 4.26) predictsittobean openshell molecule, however, and thus
unstable. Nevertheless, COT is a commercially available compound and is
regarded as a stable substance that is nonaromatic—that is, neither aromatic
norantiaromatic.'*>'* The stability of COT is easily rationalized if we recall one
of the fundamental assumptions of HMO theory—that the  system is planar
with all of the p orbitals parallel to each other. Because a planar COT molecule
would haveringbond angles of 135°, there would be considerable angle strainin
addition to the electronic destabilization of planar COT. By adopting the tub-
shaped conformationshowninFigure4.44, COTcanreducebothanglestrainand
electronic strain.'*” Therefore, the HMOs of COT are more like those of a system
of four noninteracting double bonds, not those of an antiaromatic system.'*®

Adding two more electrons to planar COT would fill the vacancies in the
partially filled HMOs, making the molecule an aromatic, closed shell struc-
ture. In fact, COT dianion is well known in organic chemistry.'*’ Even though
the C-C-C bond angles are required to be greater than 120°, the planar
aromatic structure is more stable than a nonaromatic, nonplanar COT di-
anion. Similarly, removing two electrons from COT should generate a
relatively stable dication, and Olah and co-workers have studied the proper-
ties of substituted COT dications."

Larger Annulenes

The term annulene refers to monocyclic com?ounds that can be represented
with alternating single and double bonds."”® We indicate the size of the

3 For a discussion and leading references, see Allen, A. D.; Tidwell, T. T. Chem. Rev., 2001,
101, 1333.

14 White, R. L.; Wilkins, C. L.; Heitkamp, J. J.; Staley, S. W. J. Am. Chem. Soc. 1983, 105, 4868.
145 For a review, see Craig, L. E. Chem. Rev. 1951, 49, 103.

146 The original synthesis of COT was a 13-step process: Willstatter, R.; Heidelberger, M. Chen.
Ber. 1913, 46, 517.

147 Karle, I. L. J. Chem. Phys. 1952, 20, 65. Dewar reported calculations showing that the chair-like
conformation of cyclooctatetraene is unstable with respect to the tub conformation shown here:
Dewar, M. ]. S.; Merz, K. M., Jr. ]. Chem. Soc. Chem. Commun. 1985, 343.

18 Theoretical calculations indicate that a Dg, (planar, antiaromatic) structure is a transition state
in the double bond shifting reaction of cyclooctatetraene: Hrovat, D. A.; Borden, W.T. J. Am. Chem.
Soc. 1992, 114, 5879.

19 Katz, T. J. J. Am. Chem. Soc. 1960, 82, 3784, 3785.

3% Olah, G. A.; Staral, J. S.; Liang, G.; Paquette, L. A.; Melega W. P.; Carmody, M. J. J. Am. Chem.
Soc. 1977, 99, 3349.

151 Eor reviews, see (a) Slayden, S. W.; Liebman, J. F. Chem. Rev. 2001,101, 1541; (b) Kennedy, R. D.;
Lloyd, D.; McNab, H. . Chem. Soc. Perkin Trans. 1 2002, 1601.

FIGURE 4.44
Tub conformation of COT.
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FIGURE 4.45

Diop (left) and Dsy, (right) struc-
tures for [10]annulene.

Nonplanar conformations con-
sidered for [10]annulene. twist naphthalene-like  heart azulene-like boat

22 23

annulene by a number in brackets, [#]Jannulene, where 7 is the number of =
centers in the ring. By this definition cyclooctatetraene is [8]annulene. The
next annulene is [10Jannulene (cyclodecapentaene), which has (4n 4+ 2) n
electrons and is predicted by HMO theory to be aromatic. As was the case for
cyclooctatetraene, however, a planar C;oHyg structure with all cis double
bonds would have considerable angle strain. For example, the C-C-C bond
angle in the D¢y, structure 22 (Figure 4.45), in which all of the carbon—carbon
bonds are the same length, is 144°. The Ds;, structure 23, having alternating
carbon—carbon bond lengths, would also have much angle strain. Attempts to
synthesize [10]annulene have demonstrated that the compound is highly
reactive and thus is hardly an example of aromatic stability.'*>

Masamune and co-workers reported the synthesis and chromatographic
separation at —80°C of two different [10]Jannulenes and recorded their NMR
spectra at temperatures from —40°C to ~160°C."** One isomer gave a single
peak in both 'H and *C NMR spectra, while the other showed one '*C NMR
peak athigher temperatures but five different peaks at —100°C. No subsequent
experimental investigations of [10]annulene have been reported. Therefore, a
variety of theoretical treatments have been used to study this system. Schaefer
and co-workers considered the five nonplanar conformations shown in Fig-
ure 4.46. They found the CqoH;, potential energy surface to be relatively flat,
and different theoretical treatments led to different predictions of relative
conformer stability.* The “‘twist” structure with four cis double bonds and
one trans double bond was identified as the lowest energy minimum,'** and its
calculated NMR spectrum was consistent with its assi%nment as the Masa-
mune isomer showing five signals at low temperature.’ The identity of the
other Masamune isomer is less certain,'® but additional theoretical results are
consistent with its assignment as the “heart” structure.'™

As the example of [10]annulene indicates, large annulenes having some
trans double bonds can have lower angle strain than the corresponding all-cis

152 yan Tamelen, E. E.; Burkoth, T. L. J. Am. Chem. Soc. 1967, 89, 151.

153 Masamune, S.; Seidner, T. J. Chem. Soc. Chem. Commun. 1969, 542; Masamune, S.; Hojo, K.; Hojo,
K.; Bigam, G.; Rabenstein, D. L. J. Am. Chem. Soc. 1971, 93, 4966; Masamune, S.; Darby, N. Acc.
Chem. Res. 1972, 5, 272.

154 King, R. A.;Crawford, T. D.; Stanton, . F.; Schaefer, H. F. 1IL. J. Am. Chem. Soc. 1999, 121, 10788.
133 Price, D. R.; Stanton, J. F. Org. Lett. 2002, 4, 2809.
15 Castro, C.; Karney, W. L.; McShane, C. M.; Pemberton, R. P. J. Org. Chem. 2006, 71, 3001.
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structures. Furthermore, van der Waals strain from substituents on the
resulting “internal” double bonds can be minimized if the ring size is large
enough. For example, [18]annulene (24, Figure 4.47) is planar because it has
six trans and three cis double bonds, an arrangement that puts six vinyl
protons on the inside of the ring and twelve on the outside. Its 'H NMR
spectrum shows a singlet at § —1.0 for the six interior protons, while the
twelve exterior protons are at 8 8.8.'"” These shifts have been taken as
evidence for a very stron§ ring current effect, which is one of the experimental
criteria for aromaticity.’>®!*

An alternative approach to characterizing the aromaticity of planar
compounds is the calculation of a nucleus-independent chemical shift (NICS),
which is a computed value of the magnetic shielding a virtual (ghost) nucleus
would experience at specific locations near a r system.'®® A NICS(0) value
refers to shielding in the center of the 7 system, while a NICS(1) value reports
the shielding expected at a point 1 A above the center of the molecular plane.
Aromatic compounds have negative NICS(0) values, and antiaromatic struc-
tures have positive values. NICS values provide a quantitative measure of
aromatic character and have been shown to correlate well with other mea-
sures of aromaticity.

All of the [r]annulenes up to n =30 have been synthesized except for
n=26 and n=28.""! Both experimental data and theoretical calculations
suggest that larger 4n + 2 rings are less aromatic than are the smaller ones.
As shown in Figure 4.25, the energy levels of monocyclic conjugated =
systems are constrained to liebetween a + 28 and « — 28. As the ring includes

%7 The "H NMR spectrum is temperature dependent. At 100°C all protons showed a single signal
atd5.5. At20°C there are twobands, oneat —1.0 and one at 8 8.8. At —60°C the spectrum consists
of a quintet at § —4.2 and a quartet at § 9.25. Calder, L. C.; Garratt, P. J.; Sondheimer, F. Chem.

Commun. 1967, 41.

138 [18]Annulene exhibits dizmagnetic anisotropy, meaning that the effect of the ring current is not

the same in every direction from a given point. The lines of force reinforce the applied field at the
twelve exterior protons, but the induced field opposes the applied field in the vicinity of the six
interior protons.

15% Comparing annulene chemical shifts with those of benzene is not as precise as it might seem,
however. Wannere, C. S.; Schleyer, P. v. R. Org. Lett. 2003, 5, 605 argued that the protons on
benzene are not deshielded but are, instead, shielded by the = ring current. They attribute the
chemical shift observed for benzene protons primarily to deshielding arising from the carbon-
carbon o bonds.

160 Chen, Z.; Wannere, C. S.; Corminboeuf, C.; Puchta, R.; Schleyer, P. v. R. Chem. Rev. 2005, 105,
3842; Fallah-Bagher-Shaidaei, H.; Wannere, C. S.; Corminboeuf, C.; Puchta, R; Schleyer, P. v. R.
Org. Lett. 2006, 8, 863. See also Stanger, A. J. Org. Chem. 2006, 71, 883.
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FIGURE 4.47

PMR data for benzene and [18]an-
nulene (24).
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FIGURE 4.48

Change in calculated resonance
energies for annulenes. (Figure
based on data in reference 161.)
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more 7 centers, there is an increasing number of HMO energy levels between
those two limits, and the difference in delocalization energy between a [4n]
annulene and a [4n + 2]annulene becomes smaller. Moreover, the HMO
method has ignored overlap and the problem of electron-electron interac-
tions. Figure 4.48 shows the resonance energy for a series of annulenes
calculated by Dewar and Gleicher.'®! If we take a large delocalization energy
as a measure of aromaticity, then the distinction between what is aromatic and
what is antiaromatic becomes progressively smaller with increasing ring size,
and for a ring of around 26 n centers, even a member of the 4n + 2 series is no
longer calculated to be more stable than its acyclic analog. Now we are faced
with a quantitative question: At what point in the series of annulenes does
aromatic character end?'®* It seems that the concept of aromaticity is useful
for categorizing the properties and reactions of many compounds and for
comparing some compounds with others, but a simple definition of aroma-
ticity is elusive.

Dewar Resonance Energy and Absolute Hardness

There are two other approaches to defining aromaticity that we will consider.
The first is based on a comparison of the heat of formation of an organic
compound with the heat of formation calculated for a nondelocalized re-
ference system. The difference between those two values would then be the
resonance energy for this system.

Resonance Energy(calc) = AH; —AHY (4.68)

At first glance this approach would seem to be dependent on uncertain
reference systems. However, it was given firm footing by the work of
Dewar, and Baird elaborated Dewar’s approach.g’g’163 Calculated values of
resonance energy can thus be based only on knowledge of the molecular

161 Dewar, M. J. S.; Gleicher, G. J. . Am. Chem. Soc. 1965, 87, 685.

162 For further reading, see (a) Chung, A. L. H.; Dewar, M. |. S. . Chem. Phys. 1965, 42, 756;
(b) Schaad, L. J.; Hess, B. A., Jr. . Chem. Educ. 1974, 51, 640.

163 Baird, N. C. Can. J. Chem. 1969, 47, 3535;]. Chem. Educ. 1971, 48, 509. See also Schaad, L. J.; Hess,
B. A., Jr. Chem. Rev. 2001, 101, 1465.
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TABLE 4.2 DRE Values for Selected Hydrocarbons

Compound Experimental RE® Calculated DRE®
Cyclobutadiene® — ~17 kecal/mol
Benzene + 21 kcal/mol +21
Cyclooctatetraene” — —-10
Cyclodecapentaene +10 +6
Naphthalene +33 +33
Anthracene +43 +42
Phenanthrene +49 +49

“Calculated from the experimental heat of formation given in reference 163 and equation 4.69.
?Values taken from Tables 3 and 4 of reference 163.

“Experimental heats of formation are not available.

4 Assumed to be planar.

structure and experimental data for a few reference compounds. The reso-
nance energy so calculated is denoted the Dewar resonance energy (DRE).
For a completely unsaturated compound with the formula C,H,,0,0,, where
p is the number of carbonyl-type oxygens and g is the number of ether-type
oxygens, Baird showed that the DRE can be calculated as in equation 4.69:

DRE = 7.4351—0.605m—32.175p—29.38g—AH; (C,H,,0,0,) (4.69)

where m is the number of C-H bonds present,
p is the number of C=0 bonds present,
(n —p)/2 is the number of C=C bonds present,
2g is the number of C-O bonds present, and
{n —q~m/2} is the number of C(sp®)-C(sp?) single bonds present.

This apEroaCh allows one to calculate indirectly the heat of formation of
C(spz)—C(sp ) single bonds, which is difficult to determine directly. With this
approach, the definition of aromaticity is that an aromatic compound has
DRE >0, an antiaromatic compound has a DRE < 0, and a compound that is
neither aromatic nor antiaromatic has a DRE near 0. Results of DRE calcula-
tions by Baird are listed in Table 4.2.1¢?

The DRE values in Table 4.3 for a series of compounds containing benzene
rings show that, for many compounds containing benzene rings conjugated
with double bonds, the DRE values depend more on the number of benzene
rings than on conjugation of double bonds with aromatic rings. Such DREs are
useful in correlating chemical reactivity. As shown in Figure 4.49, the product

TABLE 4.3 DRE Values (kcal/mol) for Conjugated Benzenes

Compound DRE Benzene Rings DRE/Benzene Ring
Benzene 21.2 1 21.2
Styrene 21.3 1 21.3
Biphenyl 43.6 2 21.8
Stilbene 42.1 2 21.0
benzophenone 43.8 2 21.9

Source: Reference 163.
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ADRE = +9 keal/mol

FIGURE 4.49 @@@ + HyC=CH, <
DRE differences for addition re- @‘)@

actionsto anthracene. (Adapted
from reference 163.) A DRE = 0 kcal/mol

of addition of ethene to anthracene is a structure with a naphthalene moiety,
so its DRE is 33 kcal/mol (Table 4.2). Reaction by the bottom pathway yields
a product with two benzene rings, so its DRE is 2 x 21 =42 kcal/mol. Since
the DRE of the reactant is 43 kcal/mol, the ADRE is + 9 kcal/mol for the top
pathway (based on calculated DRE values), but is approximately 0 for the
lower pathway. Therefore, the lower pathway should be favored.

Another definition of aromaticity that does not depend explicitly on
either experimental results or on comparison with reference compounds is
derived from the concept of absolute hardness, 7, which is defined as one-
half of the energy difference between the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital (LUMO) of a system
(equation 4.70).164165 According to Koopmans’ theorem, Eyomo is related to
the ionization potential of the species, while E; ymo is related to its electron
affinity. A large gap between these two orbitals implies resistance to both
oxidation and reduction, and low chemical reactivity is one of the defining
characteristics of aromaticity.

_ Erumo—EHomo

5 (4.70)

Zhou, Parr, and Garst showed that absolute hardness correlates well with
theoretical measures of aromaticity but that the value of 7 by itself does not
allow the categorization of aromaticity.’®® Zhou and Parr later defined the
relative hardness of a species as the difference between its hardness and the
hardness of an acyclic reference compound.'®” Based on these correlations,
the authors proposed that a compound is aromatic if its Hiickel absolute
hardness (determined from the Hiickel HOMO-LUMO gap) is less than
—0.28, antiaromatic if the value of 7 is less than —0.158, and nonaromatic if n
is between those two values. The corresponding division based on relative
hardness is 0. That is, a cyclic molecule that is harder than an acyclic analog is
aromatic, while one that is not as hard as an acyclic analog is antiaromatic.

4.3 CONTEMPORARY COMPUTATIONAL METHODS

HMO theory can be a useful model for understanding the structure and
reactivity of organic compounds, but its predictions should be seen as

164 pearson, R. G. Acc. Chem. Res. 1993, 26, 250 and references therein.

165 For a discussion of the relationship between chemical hardness and macroscopic properties of
substances, see Pearson, R. G. J. Chem. Educ. 1999, 76, 267.

166 Zhou, Z.; Parr, R. G.; Garst, ]. F. Tetrahedron Lett. 1988, 4843.
167 Zhou, Z.; Parr, R. G. J. Am. Chem. Soc. 1989, 111, 7371.
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qualitative, not quantitative. Contemporary chemistry increasingly depends
on computational methods that can provide accurate predictions of molecular
structure and properties. As Cramer noted, chemical waste disposal is
becoming increasingly expensive while computational technology is becom-
ing increasingly affordable. “From an economic perspective, at least, theory is
enormously attractive as a tool to reduce the costs of doing experiments.”*¢®
Moreover, relatively sophisticated theoretical methods are becoming acces-
sible to the bench top chemist through a variety of software packages. The
following discussion will introduce some theoretical methods in order to
provide context for the material in later chapters.'®®

Extended Huckel Theory

The Hiickel MO method assumes that the o and 7 systems can be treated
independently and then considers only the 7 system. The extended Hiickel
theory (EHT), developed by Hoffmann, considers all of the valence electrons
in the system, but it does not deal with the core electrons (those in orbitals
below the valence shell).'”® The EHT wave function is then written as a linear
combination of functions describing each type of valence orbital on each atom
in the structure. For hydrocarbons, the EHT wave functions include the 2s
and all three 2p atomic orbitals of carbon as well as the 15 orbitals of hydrogen
atoms. The overlap integrals (S;;) are computed, whereas they were ignored in
HMO theory. The H;; elements of the secular determinant are assigned a value
corresponding to the negative of the average ionization potential of an
electron in the associated valence orbital. (This is the same as in HMO theory,
where « represented the negative of the ionization potential of the methyl
radical.) The off-diagonal overlap integrals (H;;) are approximated with a
parameter that depends on the values of H;;, Hj;, and Si]-.168

As an example of the EHT method, consider the lowest energy MO (¢,) of
ethene, as shown in equation 4.71.'”!

U = —0.419 25¢; +0.042 2p,c; +0.0 2p,; +0.02p.c,
~0.419 25¢2~0.042 2p 7 + 0.0 2py, +0.0 2p2cn (4.71)
—0.153 1553—0.153 15g4—0.153 1sy5—0.153 lisyg

Analysis of the coefficients of each atomic orbital in this wave function
indicates that there are bonding interactions between the 2s orbitals on the
carbon atoms with each other and with the 1s orbitals on the hydrogen atoms
towhich they arebonded. As shown in Figure 4.50, this combination of atomic
orbitals produces a molecular orbital that encompasses all of the atoms in the
molecule.

Figure 4.50 also shows the wave function for ;3 of ethene (equation 4.72)
from the same EHT calculation. Now there are bonding interactions between
the 2p, orbitals on the carbon atoms with each other and with the 1s orbitals

168 Cramer, C. ). Essentials of Computational Chemistry: Theories and Models, 2nd ed.; John Wiley &
Sons: Chichester, 2004.

16% For a glossary of terms that are used in theoretical organic chemistry, see Minkin, V. I. Pure
Appl. Chem. 1999, 71, 1919.

170 Hoffmann, R. J. Chem. Phys. 1963, 39, 1397.
71 Calculated with a CAChe™ WorkSystem.
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Molecular orbitals of ethene H/ H
calculated by extended Huckel
theory.

on the hydrogen atoms to which each of the carbon atoms is bonded. Note that
there is a nodal plane through the carbon atoms and perpendicular to the
plane containing the carbons and hydrogens.

Yy = +0.0 25¢1 +0.0 2pyc; +0.02 py, —0.255 2p.¢
+0.0 25¢2 +0.0 2p,—0.02 p,,—0.355 2p.» (4.72)
+0.267 1s13—0.267 lsyg +0.267 1sys—0.267 lsys

The EHT HOMO of ethene is 5 (equation 4.73). It is reassuring that this
orbital includes contributions only from the 2p, orbitals (which are perpen-
dicular to the molecular plane in this calculation) and not from the other
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orbitals. The shape of this MO (Figure 4.50) is very similar to the shape of the =
bonding orbital of ethene determined earlier by a simple HMO calculation.

g = +0.0 25¢1 +0.0 2pyc~0.612 2 py, +0.02p,c,
+0.0 25¢; +0.0 2pyc,—0.612 2pyer +0.0 2p.cy (4.73)
+0.0 1sg3 +0.0 1sys 4+ 0.0 1sys + 0.0 Lsys

Extended Hiickel theory is a semiempirical method. That is, it has a
theoretical foundation but uses some experimental data (the average ioniza-
tion potentials) instead of solving some of the difficult mathematical functions
exactly. Many other semiempirical methods have been developed, and
several such methods continue to find wide application in organic chemistry.
Among the procedures frequently used by organic chemists are AM1'7? and
PM3.'7? All of the semiempirical methods produce MOs based on combina-
tions of valence shell orbitals only. The semiempirical methods differ from
each other in the formalisms for handling some of the difficult overlap
computations and also in the nature of the experimental data used to
determine the optimum parameters in each method. Each method is para-
meterized to give good predictions for different sets of properties, such as
heats of formation, geometry, spectroscopic transitions, and so on. As a result
of this parameterization, each method also has its limitations. The appeal of
semiempirical MO methodology is not that it is so accurate, except perhaps
for problems very closely related to the structures used in its parameteriza-
tion, but that it is computationally accessible. Therefore, it is important for
the organic chemist to choose a method that is known to produce reliable
results for the problem of interest.'®®

An alternative to using semiempirical MO methods is to use ab initio
(from the Latin for “from the beginning”’) methods that consider all of the
electrons in the system (not just the valence electrons) and that compute all of
the complex integrals that arise during the calculation. Ab initio theory is built
on Hartree-Fock (HF) theory.174 That means that it is based on the Born-
Oppenheimer approximation and that it assumes that each electron sees all of
the other electrons in an average field.!”® Thus, it inherently neglects electron
correlation, which is the tendency of electrons to minimize their mutual
repulsion. Ab initio methods are much more demanding of computational
resources than are semiempirical methods, but they are becoming more
widely used due to advances in computing technology and the development
of efficient mathematical procedures.wé’_n8 In the Hartree-Fock method,

172 Dewar, M. J. S.; Zoebisch, E. G.; Healy, E. F.; Stewart, J. J. P. J. Am. Chem. Soc. 1985, 107, 3902.
173 Stewart, J.J. P. . Comput. Chem. 1989, 10, 209, 221. An extension known as PM6 was developed
primarily for modeling biochemical structures: Stewart, J. J. P. J. Mol. Model. 2007, 13, 1173; 2008,
14, 499.

174 For a review of the foundations of Hartree-Fock theory, see Echenique, P.; Alonso, J. L. Mol.
Phys. 2007, 105, 3057.

175 The Born-Oppenheimer approximation simplifies quantum mechanical calculations by con-
sidering the electronic wave function for a structure separately from that of the nuclei: Born, M.;
Oppenheimer, . R. Ann. Phys. 1927, 84, 457.

176 Richards, W. G.; Cooper, D. L.; Ab Initio Molecular Orbital Calculations for Chemists, 2nd ed.;
Clarendon Press: Oxford, England, 1983.

77 For a commentary, see Davidson, E. R. in Lipkowitz, K. B.; Boyd, D. B., Eds. Reviews in
Computational Chemistry; VCH Publishers: New York, 1990; p. 373.

178 For an overview of ab initio molecular dynamics (Chapter 3) calculations, see Iftimie, R.;
Minary, P.; Tuckerman, M. E. Proc. Natl. Acad. Sci. U.S.A. 2005, 102, 6654.

223



224 4 APPLICATIONS OF MOLECULAR ORBITAL THEORY AND VALENCE BOND THEORY

FIGURE 4.51

STO for a 1s basis function (solid
line) and the STO-3G function
(densely hashed line) formed
from three GTOs. (Reproduced
from reference 185.)
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molecular orbitals are constructed as linear combinations of atomic orbitals,
and the molecular orbitals are then optimized for energy by an SCF (self-
consistent field) procedure.’”*'* This means that the initial set of molecular
orbitals is used to calculate a new set of molecular orbitals, and the process
is repeated until the molecular orbitals no longer change. At that point the
molecular orbitals have converged and the calculation is said to be self-
consistent.*®

Each HF molecular orbital is written as a linear combination of functions
describing atomic orbitals. The entire set of such equations for the atomic
orbitals in a molecule is called a basis set, and each equation is called a basis set
function.'® Ideally, these basis set functions would have the properties of
hydrogenic wave functions, particularly with regard to the radial dependence
of electron density probability as a function of distance of the electron from
the nucleus, r. A type of basis set function proposed by Slater uses a radial
component incorporating e”*, and such functions are called Slater type
orbitals (STOs). Gaussian type orbitals (GTOs) have e~ radial depen-
dence and are easier to solve analytically, but they do not describe the radial
dependence of electron density as well as do the STOs.

An effective trade-off between speed and accuracy in HF calculations is to
use basis sets in which a linear combination of GTOs is used to approximate
an STO. Figure 4.51 shows the radial dependence of a 1s-STO (solid line), three
different GTOs (dashed lines), and the combination of those GTOs to produce
a function that models the STO rather well except for distances very close to
the nucleus. The linear combination of the three GTOs is thus indicated as
STO-3G, meaning that it is constructed from three Gaussian “primitives”
(GTOs). For some purposes, the STO-3G basis set provides an acceptable

179 Roothaan, C. C. J. Rev. Mod. Phys. 1951, 23, 69 and later papers.

180 Davidson and Feller reviewed basis set selection for molecular calculations: Davidson, E. R.;
Feller, D. Chem. Rev. 1986, 86, 681; Feller, D.; Davidson, E. R. in Lipkowitz, K. B.; Boyd, D. B., Eds.
Reviews in Computational Chemistry; VCH Publishers: New York, 1990; p. 1. For "“an experimental
chemist’s guide to ab initio quantum chemistry,” see Simons, J. J. Phys. Chem. 1991, 95, 1017.
81 Quinn, C. M. Computational Quantum Chemistry: An Interactive Guide to Basis Set Theory;
Academic Press: San Diego, 2002.
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balance of computational accuracy and calculation time, but many calcula-
tions require much more complicated basis sets.

In theory there is no limit to the number of functions that could be
included in a basis set. Indeed, theoreticians often refer to the ‘“Hartree-Fock
limit” as the energy that would be calculated for a system if an infinite
number of basis functions were included in the calculation. That energy
would still be greater than the energy of the molecular system, however,
because the HF method cannot account for the additional stabilization to be
gained through electron correlation. Nevertheless, HF calculations can pro-
vide very useful information if the electron correlation errors cancel when
one compares one system to another. This is more likely to be the case for
isodesmic reactions, in which types of bonds are the same in both the reactant
and product.’®®

There are several ““post-Hartree-Fock’” methods that were developed to
account for electron correlation. One approach is called configuration inter-
action (CI), which is a term for the mixing of electronic configurations (i.e.,
patterns of orbital populations), including configurations corresponding to
states other than the ground electronic state. A method known as complete
active space SCF (CASSCEF) considers all of the configurations that can arise
from placing the available electrons in the various molecular orbitals. In
coupled cluster theory, different kinds of excited configurations are grouped
together.'®* For example, CCSD(T) means that single and double excitations
are fully incorporated and triple excitations are treated indirectly. Another
approach developed by Mgller and Plesset is denoted MPn, where the n
indicates the level of the treatment (MP2, MP3, etc.). Commercially available
software packages may provide the chemist with a number of options for
handling electron correlation. There is an important trade-off between time
and accuracy in ab initio calculations, and it is necessary to determine what
computational resources can be allocated to a particular problem.

The molecular orbitals determined from Hartree-Fock theory are canon-
ical (standard) MOs and therefore are delocalized over the structure. It is
possible to transform the set of canonical MOs into an alternative set of
localized molecular orbitals (LMOQOs) that are restricted to certain atoms.
These LMOs have the advantage of indicating more directly which atoms
are bonded to each other and also of being “chemically invariant’” after a
structural change at a distant location in the molecule.'® There are several
approaches for transforming canonical MOs into LMOs. These methods
generally produce equivalent results for many types of structures, but they
can give different results for systems with double bonds or nonbonded
electron pairs. For example, Figure 4.52 shows the LMOs of ethene calculated
by the Pipek-Mezey method'®* and by the Boys method.'®® The four LMOs
associated with C-H bonding are very similar, but one method produces C-C
bonding MOs that resemble o and 7 orbitals, while the other produces LMOs
that resemble the bent bonds discussed in Chapter 1.'® It is important to note
in this context that LMOs represent only a convenient repackaging of the

82 Crawford, T. D.; Schaefer, H. F. II. Rev. Comp. Chem. 2000, 14, 33.
183 Boys, S. F. Rev. Mod. Phys.1960, 32, 269.
184 Pipek, J.; Mezey, P. G. ]. Chem. Phys. 1989, 90, 4916.

18 Jensen, F. Introduction to Computational Chemistry, 2nd ed.; John Wiley & Sons: Chichester,
UK, 2007.
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FIGURE 4.52

LMOs for ethene from two loca-
lization methods. (Reproduced
from reference 185.)

Pipek-Mezey LMOs Boys LMOs

information available from the full set of occupied canonical MOs and that
LMOs do not indicate any change in the overall electron density or bonding of
the molecule.

Similarly, the orbitals determined in both semiempirical and Hartree-
Fock calculations may be transformed into natural bond orbitals (NBOs),
which provide pictures of localized bonds and lone pairs that correspond
closely with Lewis structure bonding models.'®'®” For example, Figure 4.53
shows the NBOs for ethene ocy, occ, and ncc bonds.

Perturbational Molecular Orbital Theory

There is another extension of molecular orbital theory that organic chemists
find quite useful. Perturbational molecular orbital (PMO) theory provides an
estimate of the change in electronic energy levels and molecular orbitals that
result from the interaction of one structure or molecular fragment having

186 Eoster, J. P.; Weinhold, F. J. Am. Chem. Soc. 1980, 102,7211; Reed, A. E.; Curtiss, L. A.; Weinhold,
F. Chem. Rev. 1988, 88, 899.

187 Weinhold, F.; Landis, C. R. Valency and Bonding: A Natural Bond Orbital Donor-Acceptor
Perspective; Cambridge University Press: Cambridge, UK, 2005.
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FIGURE 4.53

Valence NBOs of ethene showing
ocy (top), occ (middle), and ncc
(bottom) bonds as electron density
surface (left) and contour (right)
views. (Reproduced from reference
187.)

known MOs with another structure or fragment having known MOs.'®® In
a sense this process allows us to produce molecular orbitals by taking a linear
combination of molecular orbitals, which is only a variation of the process
of taking a linear combination of atomic orbitals (LCAOs). We are not so much
seeking a complete MO description of the new structure, however, as we
are trying to find the difference in energy between the new structure and the
starting structures. This approach has an intuitive appeal because, as Lowe
noted, “most chemists think perturbatively.” That is, they ask how the
properties of a known substance will change if the structure is altered in
some way.'®

Let us consider first a simple case involving the joining of two compo-
nents, each of which has a single molecular orbital that will perturb (and be
perturbed by) the molecular orbital of the other component. The MO of
fragment i before the interaction is 47, and its energy is E; . The MO of fragment
j before the interaction is ¢, and its energy is E;. We also assume that the
two energy levels are not degenerate and that E; < E;. The Hamiltonian of the

188 For a general introduction to PMO theory and its applications, see Dewar, M. J. S.; Dougherty,
R. C. The PMO Theory of Organic Chemistry; Plenum Press: New York, 1975. See also Freeman, F.
J. Chem. Educ. 1978, 55, 26; Cooper, C. F. ]. Chem. Educ. 1979, 56, 568; Smith, W. B. |. Chem. Educ.
1971, 48, 749; Whangbo, M.-H. in Csizmadia, I. G.; Daudel, R., Eds. Computational Theoretical
Organic Chemistry; D. Reidel Publishing Company: Boston, 1981; pp. 233-252; Herndon, W. C.
J. Chem. Educ. 1979, 56, 448; Durkin, K. A.; Langler, R. F. . Phys. Chem. 1987, 91, 2422,

% Lowe, J. P.; Kafafi, S. A.; LaFemina, J. P. J. Phys. Chem. 1986, 90, 6602.
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FIGURE 4.54

Effect of interaction on two

nondegenerate orbitals.

APPLICATIONS OF MOLECULAR ORBITAL THEORY AND VALENCE BOND THEORY

initial system is H°, and the new Hamiltonian of the perturbed system, H, is
(H° 4+ H'). The energy of the ith MO (E/) after the perturbation will be

2
El=E+ i (4.74)
T E-E; '
Here Hj; is given by equation 4.75.
1 o o
H) = le,. Hyedr (4.75)

Since E} < E7, the second term on the right in equation 4.74 is a negative
quantity. Therefore, E; < E7, meaning that the perturbation has lowered the
energy of the ith level. We also have

(4.76)

Again, E? < E7, so the difference E;—E; is a positive quantity. Therefore,
E} > E7, meaning that the perturbation has raised the energy of the jth level.
Thus, the interaction raises the higher energy level and decreases the lower
energy level, as shown in Figure 4.54.

Let us now consider the case of a perturbation involving the union of two
systems having several nondegenerate orbitals.'® The set of wave functions
describing the system is ¢, and their energy levels are E;. Now we introduce
the perturbation, and again we represent the new Hamiltonian for the system,
H,as (H +H'). E, the energy of the ith MO after its interaction with the MOs
of the other fragment, is given by equation 4.77.

E;, = E:) + Zﬁ (477)

Here E is the energy of the ith wave function before the perturbation and,
as before,

Hj = Jt/f?Ht!f}’dr (4.75)

Equation 4.77 tells us that the changes in energy levels and wave functions can
be predicted by determining the effect on E; of the interaction of ; with each of
the wave functions of the perturbing system. In other words, the perturba-
tions are “‘pairwise additive.”

The calculation to this point has considered only the effect of a perturba-
tion on the energies of molecular orbitals. The effect of a perturbation on the
energy and electron distribution of a molecular structure will depend on the
population of electrons in the energy levels that are perturbed. Figure 4.55

190 Hoffmann, R. Acc. Chem. Res. 1971, 4, 1.
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shows two situations of interest. In Figure 4.55(a), there are two electrons in ;
and two electrons in ¢;. To the first approximation, the perturbation lowers
the energy of ¢; as much as it raises the energy of ;. Since there are two
electrons in ¢; and two in ¢;, the perturbation causes no net change in the
energy of the system. In Figure 4.55(b) there are two electrons in ¢; and no
electrons in ¢;. Therefore, there is a net lowering of the energy of the system,
since this perturbation allows those two electrons to be in a more stable
molecular orbital. Moreover, those electrons are now delocalized over the
entire system.

The simple molecular orbital energy level diagrams in Figure 4.55 show
only one orbital on each of the molecular fragments. In general, there will be
many orbitals, some populated with electrons and some vacant. The highest
occupied molecular orbital in a 7 system is called the HOMO, while the
lowest unoccupied molecular orbital is called the LUMO.'" If there are
noninteracting MOs lower in energy than ; and ; in Figure 4.55, then it is the
interaction between the HOMO of fragment j and the LUMO of fragment i that
determines the energy change of the union. The HOMO and LUMO of a
molecular system are sometimes called the frontier molecular orbitals
(FMOs), since they are the orbitals from which it is easiest to remove an
electron (HOMO) or add an electron (LUMO), and thus they are often
involved in important chemical processes.**'*%1%

One process that can be described by FMO theory is the formation of a
complex between two different molecules. The interaction occurs when the
two structures come close enough together that their molecular orbitals can
overlap. Complex formation then results in transfer of electron density from
an orbital localized on fragment j to an orbital of the perturbed system that has
electron density both on fragment i and fragment j (Figure 4.55(b)). Therefore,
this type of interaction is called charge transfer complex or electron donor-
acceptor complex formation.'”* An alternative representation of the process
is depicted in equation 4.78. Charge transfer complexes may be characterized
by the appearance of new UV-vis absorptions at frequencies that can
be correlated by the Mulliken relationship: hv =1P — EA — w, where IP is
the ionization potential of the electron donor, EA is the electron affinity of the

1 For radicals, a singly occupied molecular orbital is called a SOMO.

192 Another acronym for this approach is FO (frontier orbital) theory. The acronym FMO is also
used for the fragment molecular orbital method. See, for example, Fedorov, D. G.; Kitaura, K. J.
Phys. Chem. A 2007, 111, 6904.

193 For a discussion of the scope and limitations of frontier orbital theory, see Anh, N. T.; Maurel,
F. New |. Chem. 1997, 21, 861; Anh, N. T. Frontier Orbitals: A Practical Manual; John Wiley & Sons:
Chichester, UK, 2007.

194 Murrell, J. N. Q. Rev. Chem. Soc. 1961, 15, 191; Bender, C. J. Chem. Soc. Rev. 1986, 15, 475.
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FIGURE 4.55

PMO interactions: (a) both ¢} and
y; are doubly occupied; (b) only ¢7
is doubly occupied.
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FIGURE 4.56

PMO analysis of the stabiliza-
tion of a carbocation by an ad-
jacent nonbonded pair.

FIGURE 4.57

Resonance description of the
stabilization of a carbocation by
an adjacent nonbonded pair.

FIGURE 4.58

Hyperconjugation model for
the stabilization of a carbocat-
ion by an adjacent C-H bond.

acceptor, and w is the interaction energy between the two species in the charge
transfer state.'”

I+Js (P - J°F) (4.78)

An intramolecular example of the interaction in Figure 4.55(b) is the
stabilization of a carbocation by an adjacent atom bearing a nonbonded pair of
electrons. The structure on the left in Figure 4.56 represents the initial system,
in which an artificial barrier represented by the dashed line prevents the
interaction of the carbocation center with the adjacent nonbonded pair. In this
case, i} is a nonbonding orbital on the atom with the electron pair, and ¢; is
the empty p orbital of the carbocation. The interaction thus moves some
electron density from an orbital that was localized on fragment i onto the
carbocation carbon, fragment j, and lowers the energy of the structure. This is
the same interaction that organic chemists would describe using resonance
theory as shown in Figure 4.57.

A methyl group bonded to a carbocation center can also stabilize the
carbocation, and the order of carbocation stabilities is 3° > 2° > 1° > methyl.
One of the familiar rationalizations for this pattern is the idea that methyl
groups are electron donating by a process called hyperconjugation.'*® The
resonance description of this interaction, shown in Figure 4.58, is exactly
parallel to that shown in Figure 4.57. The only difference is that the pair of
electrons donated to the carbocation is not a lone pair but, instead, a pair of
electrons drawn as a C-H bond. There is something unsettling about drawing
a resonance structure that appears to show a proton no longer bonded to the
rest of the structure. It is important to remember, however, that the resonance
structure on the right in Figure 4.58 does not represent a real chemical
species—and neither does the resonance structure on the left. Rather, Fig-
ure 4.58 is the valence bond representation of the delocalization of electrons in
the C-H bond toward the carbocation center.

It is possible to describe the stabilization of a carbocation by an adjacent
methyl group in a more familiar way with PMO theory by using a localized
molecular orbital to represent the electron density associated with C-H o
bonding. The structure on the left in Figure 4.59 represents the nondelocalized
carbocation, while the structure on the right shows the effect of the interaction
described in Figure 4.55(b). Exactly as was the case in Figure 4.56, the

He, . -——

A hey, — +
/_A

+

H H

eyt - iy,
T —\J 1/

195 Tsubomura, H.; Mulliken, R. S. J. Am. Chem. Soc. 1960, 82, 5966. See also Foster, R. Organic
Charge-Transfer Complexes; Academic Press: New York, 1969.

1% Mulliken, R. S.; Rieke, C. A.; Brown, W. G. J. Am. Chem. Soc. 1941, 63, 41.
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before after

perturbation moves electron density onto the fragment that had the empty
MO (the p orbital of the carbocation) and lowers the total energy of the
structure.

Let us now apply the concepts of hyperconjugation and PMO theory to
the torsional energy of ethane. As noted in Chapter 3, the eclipsed conforma-
tion is about 2.9 kcal /mol higher in energy than the staggered conformation.
For much of the recent history of organic chemistry, the barrier was attributed
to a steric interaction of the C-H bonds on one end of the molecule with those
on the other end. The term steric interaction actually describes two closely
related but different effects. One of these is a Coulombic interaction resulting
from the repulsion of negatively charged electrons located near each other in
space. The other is a quantum mechanical effect that arises when two doubly
occupied orbitals are pushed together. In order to avoid a violation of the
Pauli exclusion principle, the orbitals are forced to adopt high energy con-
figurations to ensure their orthogonality."” It is the Pauli repulsion compo-
nent of steric strain that was thought to be primarily responsible for the
torsional barrier in ethane.'”® This interaction is greatest when the two C-H
bonds are in the same plane (Figure 4.60) but is minimized when the
H-C-C-H dihedral is 60°. This explanation for the torsional energy of ethane
was not universally accepted, however. In particular, Eliel and Wilen argued
against a steric basis for the torsional barrier because in the eclipsed con-
formation the distance between hydrogen atoms on C1 and the hydrogen
atoms on C2 is barely less than the sum of their van der Waals radii.'”’

An alternative explanation for the rotational barrier in ethane is that it
results not from steric destabilization of the eclipsed conformation but, instead,
from stabilization of the staggered conformation arising from a hyperconjuga-
tion interaction involving C-H o bonding electrons (Figure 4.61). As with
Figure 4.58, Figure 4.61 is simply the resonance theory model for a process
that allows electrons associated with carbon-hydrogen bonding to provide
additional carbon—carbon bonding. This interaction is not as favorable in the
eclipsed conformation of ethane, so the staggered conformation is lower
in energy.”®

It is informative to consider the PMO description of the process leading
to stabilization of the staggered conformation. Now the filled C-H bonding
orbital on one of the ethane carbon atoms donates electron density to an
(empty) C-H antibonding orbital on the other carbon atom. Figure 4.62 shows
the filled (0c_11) and empty (o(_y) orbitals before the perturbation for the
staggered conformation (left) and eclipsed conformation (right). There is

197 Weinhold, F. Nature 2001, 411, 539.
198 Sovers, Q. J.; Kern, C. W.; Pitzer, R. M.; Karplus, M. . Chem. Phys. 1968, 49, 2592.

%9 Eliel, E. L; Wilen, S. H. Stereochemistry of Organic Compounds; John Wiley & Sons:
New York, 1994.

20 Alabugin, L. V.; Zeidan, T. A. J. Am. Chem. Soc. 2002, 124, 3175.
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FIGURE 4.59

PMO analysis of the stabilization of
acarbocation by an adjacent methyl

group.

N

H\‘ "/H
H H
FIGURE 4.60

Pauli repulsion due to a pair of
eclipsed C-H bonds.
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interaction in staggered ethane.

FIGURE 4.62 Gcn Oc

PMO description of the greater A A
stabilization of the staggered VA 8:"‘.” oSN, CH

conformation of ethane. (Adap- ) ;
ted from reference 202.) L Selipsed

better overlap between the filled and unfilled orbitals in the staggered
conformation than in the eclipsed conformation, so the interaction is more
stabilizing in the staggered conformation.

The PMO interactions represented on the left in Figure 4.62 were sup-
ported by the results of a natural bond orbital analysis by Pophristic and
Goodman, who calculated that the eclipsed conformation of ethane would be
lower in energy than the staggered conformation if the hyperconjugation
interaction did not occur.?®’ Their conclusion that the lower energy of
the staggered conformation must be due to the stabilizing effect of hyper-
conjugation was supported by some other studies.’”>*** Results of other
investigators, however, were taken as support for the steric basis for con-
formational energy differences.””>?% Interestingly, Mo and co-workers re-
ported theoretical results indicating that both steric and hyperconjugation
effects influence the torsional barrier in ethane. They concluded that about
one-third of the energy barrier could be attributed to hyperconjugative
stabilization of the staggered conformation, but most of the barrier was
ascribed to steric repulsion in the eclipsed conformation.*” 2%

Atoms in Molecules

Molecular orbital theory assumes a set of nuclei held together by a collection
of electrons. This is a rather different view of matter from the intuitive view
that molecules are made of atomic centers held together by electron pair
bonds. There is a theoretical method that allows one to recover the concepts
of atoms and bonds in chemical structures, and it does so in a rigorous,
mathematical way. The approach was developed by Bader and co-workers
and is known as atoms in molecules (AIM) or the quantum theory of atoms in

21 pophristic, V.; Goodman, L. Nature 2001, 411, 565.

22 Schreiner, P. R. Angew. Chem. Int. Ed. Engl. 2002, 41, 3579

293 Weinhold, F. Angew. Chem. Int. Ed. Engl. 2003, 42, 4188. See also reference 187.

204 Tuaristi, E.; Cuevas, G. Acc. Chem. Res. 2007, 40, 961.

205 Bickelhaupt, F. M.; Baerends, E. J. Angew Chem. Int. Ed. Engl. 2003, 42, 4183.

26 Bohn, R. K. J. Phys. Chem. A 2004, 108, 6814.

27 Mo, Y.; Wu, W.; Song, L.; Lin, M.; Zhang, Q.; Gao, J. Angew. Chem. Int. Ed. Engl. 2004, 43, 1986.
208 Mo, Y.; Gao, J. Acc. Chem. Res. 2007, 40, 113.

2% See also Liu, S.; Govind, N. J. Phys. Chem. A 2008, 112, 6690; Pendas, A. M.; Blanco, M. A.;
Francisco, E. J. Comput. Chem. 2008, 30, 98.
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molecules (QTAIM).>'**'* Beginning with the three-dimensional electron
density of a structure, p(r), which can be obtained from either experimental
measurement or theoretical calculations, the total molecular volume is de-
fined as that volume of space included within a surface having a set electron
density. For gas phase measurements this is typically chosen as p(r) = 0.001 au
because this surface incorporates over 99% of the electron density, and the
volume within approximates the gas phase van der Waals volume of the
structure.?!® For example, Figure 4.63 shows the isodensity surfaces deter-
mined for the linear alkanes from methane through hexane.”’® An organic
chemist can instinctively map these shapes to the methyl and methylene units
of the structures.

The surfaces shown in Figure 4.63 are called isodensity surfaces because
the electron density is the same at all points on that surface. Within that
surface, however, the electron density varies from one point in space to
another. Figure 4.64 shows representations of the variation in the electron
charge density in the ethene molecule as determined for three different slices
through the molecular volume. Slice (a) is the plane of the molecule and
passes through both carbon nuclei and all four hydrogen nuclei. Slice (b) is
perpendicular to the first plane. It passes through the two carbon nuclei and
bisects each of the H-C-H bond angles. Slice (c) is perpendicular to each of the
other two planes and passes through the center of the carbon—carbon bond.
The variation in electron density for each cross section of molecular volume is
represented as a three-dimensional topographical map on the left and as a
contour plot on the right. Contour lines around the nuclei indicate the increase
in electron density from the outer surface of the molecule toward the nuclei.
The three-dimensional representations provide a sense of scale for the
contour plots and emphasize the much greater electron charge density near
the carbon atoms than near the hydrogen atoms. (The flattened tops of the

219 Bader, R. F. W.; Nguyen-Dang, T. T.; Tal, Y. Rep. Prog. Phys. 1981, 44, 893.
211 Bader, R. F. W. Atoms in Molecules: A Quantum Theory; Clarendon Press: Oxford, 1990.
%12 Bader, R. F. W.; Hernandez-Trujillo, J.; Cortés-Guzman, F. ]. Comput. Chem. 2007, 28, 4.

213 Matta, C. F; Boyd, R.J. The Quantum Theory of Atoms in Molecules: From Solid State to DNA and
Drug Design; Wiley-VCH: Weinheim, 2007.

214 Bader, R. F. W. J. Phys. Chem. A 2007, 111, 7966.

215 1,000 au equals 6.748 e/ A. A 0.002 electron density surface is a better match for van der Waals
radii of molecules in the condensed phase.

216 Bader, R. F. W.; Carroll, M. T.; Cheeseman, J. R.; Chang, C. J. Am. Chem. Soc. 1987, 109, 7968.
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FIGURE 4.63

The 0.001 au density envelopes
of methane, ethane, propane,
butane, pentane, and hexane.
(Adapted from reference 216.)
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FIGURE 4.64

Representations of the electron
charge density in three planes
through ethene. (Reproduced
from reference 210.)

FIGURE 4.65

Contour map of the electron
density in the “zigzag” confor-
mation of hexane. (Adapted
from reference 216.)

electron charge density for the carbon atoms in the three-dimensional draw-
ings result from truncating the drawing to make it fit into the space available.)

Let us consider hexane again and view a contour plot for a cross section
through the molecule in which the plane of the drawing includes all of the
carbon nuclei and two of the hydrogen nuclei in the fully extended, “zigzag”’
conformation of the molecule (Figure 4.65). A cross section (passing through
one methylene carbon) that is oriented perpendicular to this plane is shown in
Figure 4.66.

In addition to the electron density contour lines in Figures 4.65 and 4.66,
there are also essentially straight lines connecting the nuclei. Each of these
lines indicates a bond path, which follows the path of maximum electron
density from one nucleus to another. The concept of a bond path is thus quite
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consistent with intuitive ideas about a chemical bond. In unstrained mole-
cules the bond paths are straight lines, but in strained molecules, such as
cycloyropane, the bond path curves away from the straight internuclear
line?’” The entire set of bond path lines for a structure comprises the
molecular graph of the molecule.

Also shown in the figures are gradient lines that cross the bond path lines
between the nuclei. The point of intersection of a gradient line with the bond
path line indicates a bond critical point (bcp). These gradient lines indicate
the path of steepest ascent in the electron density and are thus perpendicular
to each contour line and bond path in the infinitesimal region near the line
intersections.”’® The effect of the gradient lines is to divide the electron
density in the plane shown into areas that can reasonably be assigned to a
nucleus encompassed by the gradient line and the outer isodensity surface
contour line of the molecule. The total electron density at the bond critical
point indicates the order of the bond between two nuclei, and bond orders
correlate with bond lengths.?'® The distance from a nucleus to a bond critical
point defines a bonded radius of the atom. If the bond is straight, the distance
between the nuclei corresponds to the sum of the bonded radii of the
two atoms.

If we now imagine the contour plots in Figures 4.65 and 4.66 as simulta-
neous cross sections through the three-dimensional isodensity surface of
hexane in Figure 4.63, we recognize that the gradient lines in these figures are
part of a surface composed of an infinite number of such gradient lines
through the molecular volume. These internal surfaces along with the iso-
density surface on the exterior of the molecule carve out segments of
molecular volume containing exactly one nucleus. The volume of space
inside each of these segments is termed an atomic volume, thus giving rise
to the concept of atoms in molecules. Further detailed analysis of these atomic
volumes can yield predictions of a wide variety of molecular properties.”*

217 Grimme, S. J. Am. Chem. Soc. 1996, 118, 1529.
218 Runtz, G. R.; Bader, R. F. W.; Messer, R. R. Can . Chem. 1977, 55, 3040.
%1% Bader, R. F. W.; Tang, T.-H.; Tal, Y.; Biegler-Kénig, F. W. J. Am. Chem. Soc. 1982, 104, 946.

220 Mosquera, R. A.; Gonzalez Moa, M. J.; Grafia, A. M.; Mandado, M.; Vila, A. in Arnold, S. V., Ed.
Chemical Physics Research Trends; Nova Science Publishers: New York, 2007.
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FIGURE 4.66

Contour map of the electron den-
sity of hexane in a plane perpendi-
cular to that of Figure 4.65
(Adapted from reference 216.)
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This discussion has been deliberately qualitative in order to avoid
complicating the fundamental concepts of QTAIM with the mathematical
equations necessary to describe it completely. Further details of the theory
and its applications are detailed in the references. The point to be made here
is that there is a way to reconnect the results of molecular orbital theory with
the familiar concepts of structure and bonding that have served organic
chemists well. The QTAIM approach is not yet available in computational
packages readily accessible to organic chemists, however.

Density Functional Theory

Most of the ideas of molecular orbital theory are familiar to organic chemists,
even if the details of modern computational methods remain somewhat
obscure. A very different and often less familiar approach to calculating
structure and properties known as density functional theory (DFT) has
become prominent in recent years.”*!*** DFT calculates an observable prop-
erty, electron density, instead of a nonobservable entity, a molecular orbital.
It is important to note that a functional is not the same as a function. A function
acts on a set of variables to produce a number, but a functional acts on another
function to produce a number. For example, a wave function is a function,
but the dependence of energy on a wave function is a functional. A functionis
denoted f(x), while a functional is denoted F[f 1.1

The essential concepts of DFT are that the integral of electron density
gives the number of electrons in a chemical system, that the local maxima in
the density show the locations of the nuclei, and that the magnitudes of these
maxima indicate the nuclear charges and thus the identity of the nuclei.
Hohenberg and Kohn demonstrated that the ground state electronic energy of
astructure is determined entirely by the electron density,**>* so each different
density for a structure results in a different ground state energy. Moreover,
the electron density determines the external potential, which in turn deter-
mines the Hamiltonian for the system, and it then determines the wave
function, from which the energy can be computed.'®®

Kohn and Sham proposed that the kinetic energy of the electrons could be
calculated from a set of orbitals, y, which are expressed with a basis set of
functions for which the individual orbital coefficients are determined in a
manner somewhat similar to that used to determine the coefficients of the
orbitals in HF theory.”®® DFT thus becomes a self-consistent procedure in
which one starts with a hypothetical system of noninteracting electrons that
have the same electron density as the system of interest, determines the
corresponding wave functions, and uses the variational principle to minimize
the energy of the system and produce a new electron density. That density
serves as a basis for a new iteration of the procedure, and the process is
repeated until convergence is achieved.

The energy functional in DFT has several components, some of which
can be determined in straightforward fashion. The “‘exchange-correlation”

221 Bartolotti, L. J.; Flurchick, K. Rev. Comp. Chem. 1996, 7, 187.

222 Kohn, W.; Becke, A. D.; Parr, R. G. |. Phys. Chem. 1996, 100, 12974.

22 Bickelhaupt, F. M.; Baerends, E. ]. Rev. Comp. Chem. 2000, 15, 1.

224 Geerlings, P.; De Proft, F.; Langenaeker, W. Chem. Rev., 2003, 103, 1793.

225 (a) Hohenberg, P.; Kohn, W. Phys. Rev. B, 1964, 136, 864; (b) Kohn, W.; Sham, L. J. Phys. Rev.
1965, 4A, 1133.



4.4 VALENCE BOND THEORY

functional must be approximated, however, and it is the difference in the
exchange-correlation functional that distinguishes one contemporary DFT
implementation from another. A widely used functional is known as B3LYP, a
hybrid based on the three;parameter functional of Becke?® and the functional
of Lee, Yang, and Parr.”?

DFT has become a primary tool in contemporary computational chem-
istry, but it is important to note that it has some limitations. In particular, it is
unable to account for London dispersion forces. Also, investigators have
demonstrated that DFT with the B3LYP functional does not handle medium-
range electron correlation well and so cannot account for the fact that
branched alkanes are more stable than their linear isomers.”*® The cumulative
errors become so large that results for systems with as few as eight carbon
atoms may be useless.”” Other significant deficiencies are evident in pre-
dictions of molecular geometries, bond energies, and heats of formation.?****!
A number of investigators have proposed new functionals to address these
problems.”** For example, Truhlar and co-workers reported that the M05-2X
functional, developed by fitting parameters to the data in a training set, gave
good results for noncovalent interactions, alkyl bond dissociation energies,
and predictions of energy differences among alkane isomers.***>?3* Because
the M05-2X functional is highly parameterized, it can give very good results
for structures similar to those considered in its development, but it also
can produce significant errors for other systems.”*® As is the case with all
theoretical methods, the organic chemist must carefully assess the perfor-
mance of DFT methods for problems of interest.””

4.4 VALENCE BOND THEORY

Resonance Structures and Resonance Energies

We noted in Chapter 1 that valence bond theory and molecular orbital theory
provide complementary beginning points for a theoretical description of H,.
This chapter has focused on applications of molecular orbital theory, partic-
ularly Hiickel MO theory. Still, organic chemists have long used resonance
theory, which is an approximate form of valence bond theory, to predict

226 Becke, A. D. J. Chem. Phys. 1993, 98, 5648.
27 1ee, C.; Yang, W.; Parr, R. G. Phys. Rev. B 1988, 37, 785.

8 (a) Grimme, S. Angew. Chem. Int. Ed. 2006, 45, 4460; (b) Wodrich, M. D.; Corminboeuf, C.;
Schleyer, P. v. R. Org. Letters 2006, 8, 3631; (c) Schreiner, P. R;; Fokin, A. A,; Pascal, R. A,, Jr.;
de Meijere, A. Org. Lett. 2006, 8, 3635.

229 Schreiner, P. R. Angew. Chem. Int. Ed. 2007, 46, 4217.

230 Wodrich, M. D.; Corminboeuf, C.; Schreiner, P. R.; Fokin, A. A.; Schleyer, P. v. R. Org. Lett.
2007, 9, 1851.

2! Cohen, A. J.; Mori-Sénchez, P.; Yang, W. Science 2008, 321, 792.

232 Gee, for example, Benighaus, T.; DiStasio, Jr., R. A.; Lochan, R. C.; Chai, ].-D.; Head-Gordon, M.
J. Phys. Chem. A. 2008, 112, 2702; Csonka, G. I; Ruzsinszky, A.; Perdew, J. P.; Grimme, S. J. Chem.
Theory Comput. 2008, 4, 888; Schwabe, T.; Grimme, S. Acc. Chem. Res. 2008, 41, 569.

23 Zhao, Y.; Schultz, N. E.; Truhlar, D. G. J. Chem. Theory Comput. 2006, 2, 364.

24 Zhao, Y.; Truhlar, D. G. Org. Lett. 2006, 8, 5753.

25 Riley, K. E.; Op’t Holt, B. T.; Merz, K. M., Jr. J. Chem. Theory Comput. 2007, 3, 407; Zhang, G.;
Musgrave, C. B. J. Phys. Chem. A 2007, 111,1554; Sousa, 5. F.; Fernandes, P. A.; Ramos, M. ]. J. Phys.
Chem. A 2007, 111, 10439.
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FIGURE 4.67

Some resonance structures for
benzene.

TABLE 4.4 Resonance Structures and Resonance Energies of Selected

Aromatics
Number of Resonance Energy
Compound Kekulé Structures (kcal/mol)
Benzene 2 36.0
Naphthalene 3 61.0
Anthracene 4 83.5
Phenanthrene 5 91.3

Source: Reference 23.

000020

properties of conjugated molecules. For example, chemical experience in-
dicates a close relationship between the resonance energy of a neutral
structure and the number of resonance structures of the system, as shown
for several polycyclic aromatics in Table 4.4.%*° Because of historical forces, VB
theory has not been as widely used by organic chemists as have MO methods
for quite some time.””” In recent years, however, valence bond theory has been
attracting renewed interest.*®

Let us first see how resonance theory can predict the properties of a
planar, conjugated 7 system and then see how the valence bond approach can
be used in higher level calculations. The calculation of resonance energies
from valence bond descriptions of contributing resonance structures was
discussed in a comprehensive treatise by Wheland.”> Consider the calculation
of the resonance energy of benzene. One begins by writing valence bond wave
functions for each resonance structure that contributes to the resonance
hybrid (Figure 4.67).7° Structures 25 and 26 are the familiar Kekulé struc-
tures. The VB method also considers non-Kekulé structures, such as those
with elongated or formal bonds (27, 28, and 29) and ionic structures (e.g., 30).
Because the latter structures seem high in energy, we suspect that they will
make only a minor contribution to the overall properties of the resonance
hybrid. Still, some contribution of high energy structures may be needed to
accurately calculate the properties of the molecule.

The VB wave function for benzene is a linear combination of the VB wave
functions for each of the contributing resonance structures and has the
general form shown in equation 4.79:

Denzene = kasbas + kagbas + - + > _ kb (4.79)
G

236 Kekulé resonance structures are those structures with only single and double bonds and no
extended or formal bonds or diradicals.

27 For a commentary, see Shaik, S. New J. Chem. 2007, 31, 2015.

238 Compare Shurki, A. Theor. Chem. Acc. 2006, 116, 253.

239 As with HMO theory, the valence bond description of these resonance structures is limited to
wave functions involving the resonance electrons (i.e., those that correspond to the = electrons in
the MO method). The ¢ bonds are not explicitly considered.
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where 6 is the VB wave function of the Gth contributing resonance structure.
As in HMO theory, we determine the coefficients (k) in the wave function as
well as the resonance energy of benzene by use of the variational principle.
Thus, we find the mix of contributing resonance structures that minimizes the
calculated energy of benzene by setting the partial derivative of the energy
with respect to each of the k values equal to zero and then finding the solution
to the secular determinant that results.”®> Consideration of five contributing
structures (25-29 in Figure 4.67) leads to a 5 x5 determinant. There are
assumptions, approximations, and substitutions that facilitate the calcula-
tion, just as there are in the HMO method. Solving the determinant leads to
a set of energy levels, and determination of the coefficients for the lowest
energy level leads to the VB function for benzene reported by Wheland
(equation 4.80).

Dpenzene = 0.37(025 + 926) + 0.16(927 + G5 + 029) (4.80)

The resonance energy determined in this calculation is the difference in
energy between benzene and the most stable contributing resonance structure
(25 or 26). The value obtained is —1.11], where ] is the adjacent exchange integral,
a term that is reminiscent of 8 in the HMO method. In a number of such
calculations, | is found to be approximately —30 kcal/mol, so the resonance
energy of benzene is calculated to be about 33 kcal/mol.>* That value is quite
close to the commonly accepted value of 36 kcal/mol and is almost identical
to the 33.3 kcal/mol we identified as an alternative value for the benzene
resonance energy (page 204). We have not carried out a detailed analysis, but
it appears from this example that resonance theory can provide an accurate
model for calculating the resonance energy of benzene.**!

The method just described is more difficult to apply to larger molecules.
For naphthalene the HMO method leads to a 10 x 10 determinant because ten
p orbitals are mixed to make the MO. For the resonance method, however, the
size of the determinant is limited only by our willingness to include reso-
nance structures. In general, there are many more resonance structures that
should be considered than there are p orbitals, and a reasonable resonance
treatment of naphthalene would require a 42 x 42 determinant.?***** For
anthracene and phenanthrene, the HMO determinant would be 14 x 14,
but the resonance method would require solution of a 429 x 429 determinant
in each case. Consideration of symmetry can reduce the phenanthrene

40 See also Pauling, L.; Wheland, G. W. J. Chem. Phys. 1933, 1, 362. There is an interesting report
that Albert Einstein attended one of Pauling’s lectures on the applications of wave mechanics to
chemical bonding and said afterward “It was too complicated for me.” http://osulibrary.
oregonstate.edu/specialcollections /coll /pauling /bond /narrative / page29.html.

241 Cooper, D. L.; Cerratt, ].; Raimondi, M. Nature 1986, 323, 699 reported a spin-coupled valence
bond method for calculation of molecular electronic structure and concluded that ““our results
suggest that the Kekulé description of benzene, as expressed in the classic VB form, is in fact much
closer in reality than is a description in terms of delocalized molecular orbitals.”

2 This determinant size is a strict minimum. Even for benzene, determinants can be quite large.
For example, Norbeck and Gallup used 175 resonance structures in an ab initio valence bond
calculation for benzene and found that the ionic structures are major contributors to the calculated
structure: Norbeck, J. M.; Gallup, G. A. J. Am. Chem. Soc. 1973, 95, 4460.

243 For a valence bond calculation of naphthalene, representations of the valence bond structures

used in the calculation, and the relative contribution of these structures to the resonance hybrid,
see Sherman, J. J. Chem. Phys. 1934, 2, 488.

239



240 4 APPLICATIONS OF MOLECULAR ORBITAL THEORY AND VALENCE BOND THEORY
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FIGURE 4.68

Kekulé resonance structures for
benzene and cyciobutadiene.

problem to a 232 x 232 determinant and the anthracene problem to a
126 x 126 determinant.?® Still, these determinants are much more difficult
to solve than are the smaller determinants obtained from the HMO method.
Therefore, HMO theory became the more widely accepted approach to
calculating molecular structure in organic chemistry because the calculations
are easier to carry out, not because it is inherently superior to the valence
bond model. ?****

There is one other aspect of the comparison of HMO and resonance
methods that mustbe addressed. In general, the HMO method and resonance
theory agree at least qualitatively (e.g., benzyl cation charge densities), and in
some cases quantitatively as well (e.g., allyl cation charge densities). That is
not always the case. As shown in Figure 4.68, both benzene and cyclobuta-
diene have two Kekulé resonance structures. Why, therefore, is cyclobuta-
diene an exceedingly unstable compound, but benzene is the standard of
aromatic stability? The answer is that the intuitive form of resonance theory
we often use in organic chemistry is an oversimplified version of valence
bond theory, and stability cannot be predicted just by counting the number of
resonance structures possible for a structure.”*® A more complete form of
valence bond theory correctly predicts the stabilities of aromatic systems and
the instabilities of antiaromatic systems.**’>*

Hoffmann, Shaik, and Hiberty,*** with additional commentary by Rob-
erts” and by Streitwieser,”' presented reasons why valence bond theory
was initially appealing to organic chemists but was supplanted by molecular
orbital theory. Roberts noted, in particular, the difficulty in carrying out
valence bond calculations relative to that of using molecular orbital theory.?*°
An observation by Hiberty reinforces a point made in Chapter 1.

The two theories are not really different. They are rather two representa-
tions. .. of the same reality. Done well, done rigorously, VB and MO theory
converge to the same exact description.*#

Valence bond theory is the subject of continuing investigation in theore-
tical organic chemistry.**>?*>?% Several workers described valence bond

24 Wheland, G. W. J. Chem. Phys. 1934, 2, 474 argued that the valence bond method as described
by Heitler, London, Slater, and Pauling gives results closer to experimentally observed values
than does the molecular orbital method attributed to Hund, Mulliken, and Hickel.

3 A summary of the development of VB theory and a discussion of the merits of VB and MO
theories was given by Klein, D. J.; Trinajsti¢, N. J. Chem. Educ. 1990, 67, 633.

246 Fischer, H.; Murrell, ]. N. Theoret. Chim. Acta (Berlin) 1963, 1, 463.

%7 Epiotis, N. D. with Larson, J. R.; Eaton, H. L. Unified Valence Bond Theory of Electronic Structure;
Springer-Verlag: Berlin, 1982.

8 Shaik, S.; Hiberty, P. C. Helv. Chim. Acta 2003, 86, 1063.

2% Hoffmann, R.; Shaik, S.; Hiberty, P. C. Acc. Chem. Res. 2003, 36, 750.

250 Roberts, J. D. Acc. Chem. Res. 2004, 37, 417.

! Streitwieser, A. Acc. Chern. Res. 2004, 37, 419.

2 Mizoguchi, N. J. Am. Chem. Soc. 1985,107,4419; Shaik, S.S.; Hiberty, P. C. J. Am. Chem. Soc. 1985,
107, 3089.

23 Klein, D. J.; Trinajsti¢, N., Eds. Valence Bond Theory and Chemical Structure; Elsevier: Amster-
dam, 1990.

24 Shaik, S.; Hiberty, P. C. Rev. Comp. Chem. 2004, 20, 1.

3 For leading references to the development of generalized valence bond (GVB) theory, see

Goddard, W. A. III; Dunning, T. H., Jr.; Hunt, W. J.; Hay, P.]. Acc. Chem. Res. 1973, 6, 368; Voter,
A. F; Goddard, W. A. IIT . Am. Chem. Soc. 1986, 108, 2830.
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calculations for conjugated and aromatic n systems,”® and Hiberty used
valence bond methods to calculate the effect of strained annulated rings on
aromatic systems.””” Relationships between molecular orbital wave functions
and valence bond wave functions have been developed,”® and Fox and
Matsen reported a description of n-electron systems that employs features
of both molecular orbital and valence bond theory.” Molecular orbital
theory remains more popular with organic chemists, but the proponents of
VB theory suggest that the development of faster valence bond methods is
helping in the “coming of age” of VB theory.

We will not explore the computational details of VB theory, but it is worth
noting some results that can be obtained with it. Recall that one of the features
of HMO theory is that it is possible to make useful predictions, such as the
relative stabilities of cyclic n systems or the locations of unpaired electron
density in a conjugated radical, without actually doing the HMO calculations.
Similarly, it is not necessary to carry out a complete valence bond calculation
to obtain useful quantitative predictions of resonance energies and some
other properties of conjugated = systems. Herndon described a structure-
resonance theory (SRT) method that enables one to calculate resonance
energies using only Kekulé structures.”® The methods described in the refer-
ences present

1. Some relatively easy ways to determine the number of Kekulé struc-
tures for a molecule (without having to draw all the imaginable
structures and then determine which ones are redundant).

2. The definitions of some permutations of these structures.

3. Some formulas for calculation of resonance energies and other
parameters.

Not only are the results of these procedures even easier to derive than are the
results of simple HMO calculations, but they are very close to the results
obtained with the more advanced MO methods described earlier.”'

The first step in the SRT method is the determination of the structure
count (SC), which is the number of Kekulé structures for a given molecular
structure.”®> In one procedure, a polycyclic molecule is constructed by
drawing a single chain or ring containing all atoms of the molecule, followed
by insertion of lines one at a time until the molecule is complete. With each line
insertion the SC is obtained from equation 4.81.760226>

SC, = SCy + (SC. x SCy) (4.81)

26 Kuwajima, S. J. Am. Chem. Soc. 1984, 106, 6496; Klein, D. J. Pure Appl. Chem. 1983, 55, 299.
%7 Hiberty, P. C.; Ohanessian, G.; Delbecq, F. J. Am. Chem. Soc. 1985, 107, 3095.

8 Zivkovié, T. P. Theor. Chim. Acta (Berlin) 1983, 62, 335; Hiberty, P. C.; Leforestier, C. J. Am. Chem.
Soc. 1978, 100, 2012; Chen, C. J. Chinese Chem. Soc. 1973, 20, 1; Imkampe, K. J. Chem. Educ. 1975, 52,
429; Sardella, D. J. J. Chem. Educ. 1977, 54, 217.

29 Fox, M. A.; Matsen, F. A. J. Chem. Educ. 1985, 62, 367, 477, 551.

260 (a) Herndon, W. C. J. Chem. Educ. 1974, 51, 10; (b) Herndon, W. C. J. Am. Chem. Soc. 1973, 95,
2404; (c) Herndon, W. C,; Ellzey, M. L., Jr. J. Am. Chem. Soc. 1974, 96, 6631.

261 The methods described also account for such antiaromatic structures.

262 For a discussion of methods to determine the number of Kekulé structures for a molecule, see
reference 108.

263 The method was developed by Wheland, G. W. J. Chem. Phys. 1935, 3, 356.

241



242 4 APPLICATIONS OF MOLECULAR ORBITAL THEORY AND VALENCE BOND THEORY

p —>
Kekulé structures for the open

chain graph of anthracene.
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J20=0C O
12
FIGURE 4.70 <<) <\ \>
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Kekulé structures after inserting
one ¢ bond 5C=1  8C=1

Here SC,, is the SC of the molecule or some fragment thereof, SC,, is the SC of
the previous fragment, and SC, and SC; are the SCs of the fragments of the
molecule without the line just inserted or its vertices.

This procedure may be illustrated by the example of anthracene. The
graph of the molecule shown on the left of Figure 4.69 depicts the o skeleton of
cyclotetradecaheptaene, where each vertex represents a carbon atom with a p
orbital. Two resonance structures can be written for this structure, so the SC
for this fragment is 2.2

Next, we insert a line representing the ¢ bond from C11 to C12 in
anthracene (shown in bold on the top left of Figure 4.70), then we delete
that line and its vertices as indicated on the top right of Figure 4.70. The SC for
each of the fragments so produced is 1, since each fragment would have only
one Kekulé structure.?*® From equation 4.81, the SC for the initial fragment on
the top left of Figure 4.70 (with the line in place) is2 + 1 x1=3.

Now we insert the line corresponding to the C13-C14 o bond of anthra-
cene, then delete this line and its vertices to produce the two fragments shown
on the top right in Figure 4.71. Both of these fragments have only one Kekulé
structure, so the SC for the anthracene molecule is 3 + 1 x 1 =4. That result
agrees with the number of Kekulé resonance forms for anthracene deter-
mined by inspection (Table 4.4).

This method of determining the SC is somewhat tedious for large
molecules, but there is another approach that is easier. 2°°%° To determine
the SC by this method, one deletes a vertex from the graph of the molecule
and then writes the vertex coefficients (with no coefficient smaller than 1) that
sum to zero around every vertex in the residual graph.?*® Note that these

%64 Because anthracene is planar, the cyclic polyene shown in Figure 4.69 is assumed to be planar
for the purposes of this calculation.

265 Herndon, W. C. Tetrahedron 1973, 29, 3.

266 The graph of the molecule is the outline of the molecule showing all o bonds that comprise the
skeleton of the 7 system. Much of the recent development in this area is inherently related to a
branch of mathematics known as graph theory. See, for example, Hansen, P.].; Jurs, P. C. J. Chem.
Educ. 1988, 65, 574, 661; Trinajsti¢, N.; Nikoli¢, S.; Knop, J. V.; Miller, W. R.; Szymanski, K.
Computational Chemical Graph Theory; Ellis Horwood: London, 1991; Trinajsti¢, N. Chemical Graph
Theory, 2nd ed.; CRC Press: Boca Raton, FL, 1992. For application of graph theory and the concept
of conjugated circuits in determining aromaticity, see Randi¢, M.; Trinajsti¢, N. J. Am. Chem. Soc.
1987, 109, 6923; Klein, D. ]. J. Chem. Educ. 1992, 69, 691. Graph theory can be used to extend the
utility of valence bond calculations of aromatic systems: Alexander, S. A.; Schmalz, T. G. . Am.
Chem. Soc. 1987, 109, 6933. Graph theoretical methods may also be used in MO theory: Dias, J. R. J.
Chem. Educ. 1989, 66,1012; Mizoguchi, N. J. Phys. Chem. 1988, 92, 2754 and references therein; Dias,
J.R.J. Chem. Educ. 1992, 69, 695. For applications of graph theory to structure-property relation-
ships, see Mihali¢, Z.; Trinajsti¢, N. . Chem. Educ. 1992, 69, 701.
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coefficients are the unnormalized coefficients of the NBMO for the odd
alternant structure left by removing a vertex from the graph. The SC is then
determined by taking the sum of the absolute values of the coefficients
adjacent to the deleted vertex.

Again, it is instructive to consider the example of anthracene. Deleting
a vertex from the graph of anthracene as shown on the left in Figure 4.72
generates the odd alternant structure on the right. We proceed as though we
were determining the MO wave function for the NBMO of this fragment.
Only the starred positions have nonzero coefficients, and the method requires
that the smallest coefficient be unity. (If a trial run produces a coefficient
smaller than 1 for a given carbon atom, we simply repeat the process starting
at that position and assigning its coefficient to be 1.) The resulting coefficients
are shown in Figure 4.72. Because the coefficients adjacent to the deleted
vertex are —3 and —1, the SC of anthracene is |-3|+|—1| = 4.

Next, we must define some types of electron permutations. A permuta-
tion of three pairs of electrons in a single ring is denoted by I'y, and the
permutation of five pairs of electrons in two rings is denoted by T,
(Figure 4.73).

The number of I'; permutations for each ring in the molecule is the SC for
the residual molecule with that particular ring excised from the structure. The
number of I, permutations is found by deleting two adjacent rings and
summing the SCs for the residual system. Let us illustrate these concepts
by continuing with the example of anthracene. If we identify the rings of
anthracene as A, B, and C, then we first delete the A ring and determine that
the SC for the residual fragment is 1 (Figure 4.74). By symmetry, deleting the
C ring gives an SC of 1 as well. Deleting the B ring also gives an SC of 1
(Figure 4.75). Therefore, n; =3.

nre — 0 (0)

Delete A SC=1 (the only resonance structure)
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FIGURE 4.71

Kekulé structures after inserting a
second ¢ bond.

FIGURE 4.72

Determination of structure count
by vertex deletion method.

e
R

FIGURE 4.73
I'; and I'; permutations.

FIGURE 4.74

Determination of n, for anthra-
cene: step 1, deleting ring A.



FIGURE 4.75

Determination of n; for anthra-
cene: step 2, deleting ring B.

FIGURE 4.76

Determination of n;, for anthra-
cene: deletion of A and B rings.

FIGURE 4.77

Determination of n, for anthra-
cene: deletion of B and Crings.
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Delete B

SC=1

SC=1

\‘. (must be true
)/ ” by symmetry)
SC

Delete B and C =1

To compute the I';s, we delete the A and B rings together (Figure 4.76).
The SC of the residual fragment is 1. Then we delete the B and C rings together
(Figure 4.77). The SC of the residual system is also 1, as it must be by
symmetry. Therefore, n, =2.

The resonance energy associated with a particular structure is deter-
mined from the formula

RE = 2(n11"1 -I-I’leg)/Ksc (482)
in which Kgc is the number of Kekulé structures for the molecule. The ratio
I';/T is taken to be 0.40, which is an empirical value determined from the
UV-vis absorption spectra of benzene and azulene,®”” and T} is assigned a
value of 0.838¢eV (19.3 kcal/mol). For anthracene, therefore,

RE =2(3I'; + 2I';) /4 (4.83)

Substituting 0.4 I'; for I'; produces
RE = 0.5(3I"; +2(0.4I"})] (4.84)
S0
RE = 19T = 1.59eV (4.85)

This result can be compared with the HMO DE,, which is 5.388. Taking B8
to be 18 kcal /mol means that DE, is 4.2 eV. By contrast, SCF molecular orbital
calculations give a delocalization energy of 1.60eV.?*® Clearly, the structure-
resonance method result is closer to the result from more advanced molecular

267 Initially, a theoretical ratio of 0.37 was used (reference 260c).
28 1 eV = 23.06 kcal/mol.
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TABLE 4.5 Comparison of Measures of Delocalization and Resonance

Energy
Compound DEHMO (eV)“ DESCF—MO (QV) RESRT (eV)
Benzene 1.56 0.87 0.84
Naphthalene 2.87 1.32 1.35
Phenanthrene 4.25 1.93 1.95
Pyrene 5.08 210 213
Styrene 1.89 0.86 0.84
Biphenyl 3.42 1.70 1.68
Stilbene 3.81 1.71 1.68
Ovalene 11.31 4.54 4.44

“Published results in units of 8 are converted to eV: 1 8=0.78¢V.
Source: Reference 260c.

orbital calculations than is the HMO result. Table 4.5 gives some results for
other hydrocarbons, and it may be seen that the SRT method generally gives
results that are very close to those obtained by SCF-MO calculation meth-
ods.?* Even though we will not use the SRT procedure again, this discussion
serves as a useful introduction to some applications of graph theory in
chemistry and as a reminder that MO theory is not the only route to useful
chemical predictions.

Choosing a Computational Model

A wide variety of computational software is now available to the experi-
mentalist who wishes to calculate the properties of a system of interest. The
ready availability of these packages makes it is easy to lose sight of the many
approximations and assumptions on which they are based. Different theoret-
ical models can give quite different answers to the same question, and one can
choose an approach that is not suited for a particular type of chemical
problem. Thus, the results of any advanced calculation must always be
examined to see whether it is reasonable in view of chemical intuition (which
will most likely be expressed in terms of a simpler HMO or resonance model)
and whether it reproduces experimental results for test structures. We must
not forget that computer calculations, even those done with very large
programs on very powerful computers, are only conceptual models. Theo-
retical calculations are subject to the same limitations as other models, and
we should not put more faith into them than is warranted. This point was
emphasized by Ross:

Computers do calculations. The equation solved may be that of a theory, such
as Schrodinger’s equation, or that of a model, such as a reaction-diffusion
equation for a particular reaction mechanism. Solutions of such equations,
whether obtained by analysis or numerical methods, are predictions, not

29 This method has been applied to other molecular properties, and a number of papers have
examined its theoretical basis. See, for example, Herndon, W. C.; Parkdnyi, C. ]. Chem. Educ. 1976,
53,689; Herndon, W.C. Tetrahedron 1973, 29, 3; Gutman, I. Chem. Phys. Lett. 1984, 103, 475; Gutman,
L; Trinajsti¢, N.; Wilcox, C. F., Jr. Tetrahedron 1975, 31, 143; Cvetkovi¢, D.; Gutman, L; Trinajsti¢, N.
J. Chem. Phys. 1974, 61, 2700; Wilcox, C. F., Jr.; Gutman, L; Trinajsti¢, N. Tetrahedron 1975, 31, 147;
Gutman, I; Herndon, W. C. Chem. Phys. Lett. 1984, 105, 281.
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results of experiments. The validation of a prediction is confirmation by
experiment. No one doubts the ability of computers to solve the equations of
models; it is the models that require validation by experiments. . ..

All this may seem to be only a matter of proper usage of words; it is not. It is
a matter of recognizing what science is about.””

Problems

4.1.

4.2

4.3.

44.

4.5.

4.6.

4.7.

4.8.

Demonstrate that using the relationship E =« — 8 in equations 4.15 and 4.16
produces the wave function for ¢, of ethene shown in equation 4.33.

Use the wave functions shown in equations 4.39 through 4.41 to calculate the n
bond orders and the free valence indices for the allyl carbocation, radical, and
carbanion.

We noted on page 195 that nonalternant compounds such as azulene may be
found to have g; values not equal to 0, even though that is a fundamental
assumption of HMO theory. For what class of nonalternant structures must g;
values equal 0?

Using the indicated atom numbers, write the secular determinant for each of the
following structures.
a b c
1 2 1 5
4
L1, s
2
! A ’
4 3 2
d e f
6 7 8 1 11 2
57N S8 77PN 2 10 1 3
NP2 S Ao3 Aot
3 5 4 8 5

Use an HMO program to calculate the energy levels of the structures in
Problem 4.4.%”! Draw an energy level diagram and calculate DE,, for each system.

Using the results of the HMO calculations in Problem 4.5, calculate F,, p;, and g;
for each carbon atom and determine = bond order and total bond order for
each bond. (Take advantage of molecular symmetry to minimize the number of
calculations.)

Calculate the HMO energy levels of [3]-, [4]-, [5]-, and [6]radialene. What
patterns in their energy levels do you notice? Can you predict the patterns of
HMO energy levels for [7]- and [8]radialene without doing another calculation?

Use the symmetry properties of the Hiickel molecular orbitals of linear, alternant
hydrocarbons to sketch a representation like those in Figure 4.7 for each of the
MOs of heptatrienyl, octatetraene, nonatetraenyl, and decapentaene. You will
notbe able to give a quantitative estimate of the coefficient of each atomic orbital,
but your representation should indicate for each MO which coefficients are
positive, which are negative, and which (at a node) are zero. For each structure

279 Ross, J. Science 1992, 257, 860.
%1 For an online HMO calculator, see hitp:/ /www.chem.ucalgary.ca/SHMO/.
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4.9.

4.10.

4.11.

4.12.

4.13.

4.14.
4.15.

4.16.

4 1 4 1 4 1
=0 1-=01
3 2 3 2 3 2

rationalize the relative energy of each MO in terms of the bonding and anti-
bonding interactions between atomic orbitals. (You should not need to carry out
a calculation or consult the literature for this problem.)

Identify each of the radicals below as even alternant, odd alternant, or non-
alternant. Use stars to illustrate your assignment.

@.

Use the properties of odd alternant hydrocarbons to determine the unpaired
electron density at the exocyclic carbon in the radical 31. Is this result surprising
to you? Show how resonance theory can easily rationalize the result.

a. b. [

31

Methylenecyclopropene (structure b in Problem 4.4) is a nonalternant hydro-
carbon. What did the results of the HMO calculation for methylenecyclopropene
indicate about the charge density on each atom? Do those results agree with the
statement on page 195 about the nature of alternant and nonalternant systems?
How could you have predicted the polarity of methylenecyclopropene on the
basis of resonance theory?

Cyclopropenone has a higher dipole moment than would be expected on the
basis of a carbonyl group alone. Use the results of the HMO analysis of
methylenecyclopropene in the previous problem to rationalize the dipole mo-
ment. How does resonance theory explain the polarity?

Calculate how distortion of square cyclobutadiene to a rectangular structure
would affect the © energy of the molecule. To do this, solve the HMO determi-
nant for a system such as the one in Figure 4.78, where H;» is B, but Hy; varies
from 1.08t0 0.78 to 0.58 to 0.38 to 0.08. What is the effect of the distortion on the =
energy of the system? What factors have we ignored in this analysis?

Predict the electronic and physical properties of the benzene dianion, CsHg*".

Use HMO theory to estimate the electronic energy barrier for rotation of an allyl
radical about C2-C3 as shown in Figure 4.79. How does your result compare
with an experimental activation energy? How does the calculated value com-
pare with the electronic energy barriers calculated for the allyl cation and the
allyl anion? How do the calculated values for the allyl systems compare with
those of the corresponding benzyl systems?

Estimate the electronic energy barrier for rotation about the C1-Ca bond of
styrene.

247

FIGURE 4.78

Distortion of cyclobutadiene.

%‘G&‘H - %\&\R

R H

FIGURE 4.79

Rotation about C2-C3 in an
allyl radical.
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roun 1 OO0 - 0000

Incorrect representation of
naphthalene resonance
structures.

4.17. Ordinarily the barrier to rotation about a carbon—carbon double bond is quite
high, but compound 32 was observed by NMR to have a rotational barrier of only
about 20 kcal /mol. Explain this result.

CH,CH,CH,

tHO CH,CH,CH,

32

4.18. Consider the F; values shown in Figure 4.17. The value of F; for the terminal
carbon atom varies from 1.732 to 1.025 to 0.943 as the structure changes from
methyl radical to allyl radical to pentadienyl radical. Conversely, the F; value for
the terminal carbon atom increases along the series from ethene to 1,3-butadiene
to 1,3,5-hexatriene.

a. Predict the value of F; for the next member of each of these two series.

b. Why do the F; values increase in one case but decrease in the other?

¢. Why should the F; value of a methylene carbon atom on 1,2-dimethylene-3,5-
cyclohexadiene be nearly the same as for the terminal carbon atom of an allyl
or pentadienyl radical?

d. The value of 0.525 for F; for a carbon atom in cyclooctatetraene is determined
from a calculation that assumes the molecule is planar. What would you
expect the F; value to be if the molecule is assumed to be tub shaped?

4.19. Apply the SRT method to phenanthrene and to styrene in order to verify the
resonance energies listed in Table 4.5.

4.20. Consult the literature to find discussions of the aromaticity or antiaromaticity
of the following structures: tropylium ion, cyclopentadienyl cation, COT dia-
nion. Are the results consistent with familiar generalizations about aromatic
character?

4.21. Figure 4.80 suggests that naphthalene has four resonance structures. Why is this
not correct?

4.22. Phenanthrene has more Kekulé resonance structures than does naphthalene,
so we expect it to be more aromatic, and the data in Table 4.4 indicate that it does
have a larger resonance energy. However, naphthalene does not undergo
electrophilic addition, and phenanthrene readily undergoes electrophilic addi-
tion across the 9,10 bond.

a. Either by drawing all possible resonance structures or by applying the
procedure described by Herndon, determine that the number of resonance
structures indicated for phenanthrene in Table 4.4 is correct.

b. Use the nature of the resonance structures in each case to rationalize why
phenanthrene adds electrophiles but naphthalene tends to undergo substitu-

tion instead. Can MO theory predict the same result? Are Clar structures
informative in this analysis?

4.23. How many Kekulé structures are possible for (a) benzo[a]pyrene and for
(b) benzanthracene?

4.24. Equation4.69is valid because the expression 7.435n — 0.605m — 32.175p — 29.384
represents the calculated heat of formation for a structure that does not exhibit
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resonance. Verify that this is so by calculating AHf for glyoxal (O=CH-CH=0)
and comparing your answer to the accepted value of —50.7 kcal/mol.'®?

4.25. a. Calculate ADRE for addition of ethene across the 9,10 positions in anthracene
and also for addition across the 1,2 positions. Which addition pathway should
be favored?

b. Also calculate ADRE for addition of ethene across the 9,10 positions and

across the 1,2 positions in phenanthrene. Which reaction should be favored in
this case?

4.26. Explain why tris(9-fluorenylidene)cyclopropane (33) undergoes two-electron
reduction at a “remarkably positive”” reduction potential.

4.27. The Dewar resonance energy of triphenylene (34) is reported to be 65 kcal /mol.
On the basis of the DRE value, is the central ring aromatic? Are Clar structures

helpful in this analysis?

34

4.28. Rationalize the observation that the first absorption band of the naphthalene—
tetracyanoethylene (TCNE) charge-transfer complex is at 550 nm, but the first
absorption of the azulene-TCNE complex is at 686 nm.

4.29. Rationalize the observation that the cation 35 absorbs UV at 288 nm, while 36
absorbs at 363 nm.

35 36

4.30. Compound 37 dissociates in acetonitrile with a AHgjss0c Of about 4 kcal/mol.
What are the products of the dissociation, and why is AHg;gs0c S0 small?

NC CN
t-Bu

O > t-Bu

t-Bu
37

249
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4.31. The figures below show the o skeletons of two fully conjugated polycyclic‘
aromatic structures. According to Clar’s sextet theory, which of the two should

be more reactive?
38 39

4.32. A semiempirical MO calculation on the two structures below indicated that one
would be expected to have a dipole moment of 3 D, while the other would have
a dipole moment of ca. 1.4 D. Which structure should have the larger dipole
moment, and why?

4.33. One of the criteria for aromaticity (page 202) is a characteristic pattern of
chemical reactivity. Which of these criteria cannot be applied to study the
aromaticity of Cg¢ and other fullerenes?

4.34. What is your response to the question posed on page 203: Is benzene aromatic
because it is especially stable, or is it unusually stable because it is aromatic?

4.35. Consider the following statement made by E. Heilbronner after the opening
paper of the Jerusalem symposium on aromaticity, pseudoaromaticity and
antiaromaticity:

I think we should all realize that we are united here in a symposium on
a non-existent subject. It must also be stated quite clearly at the
beginning that aromaticity is not an observable property, i.e., it is not
a quantity that can be measured and is not even a concept which, in my
experience, has proved very useful....?”?

Do you agree with Heilbronner, or do you think that aromaticity is an existent
subject? Discuss the role of aromaticity as a model of chemical structure and
reactivity.

4.36. Respond to the statement that “one of the most fruitful concepts of organic
chemistry is that of a substituent possessing a set of intrinsic individual proper-
ties.”?”> Is this view a product of historical, Lewis structure thinking, or is it also
consistent with the model of chemical bonding that is implicit in molecular
orbital theory and density functional theory?

272 Bergmann, E. D.; Pullman, B., Eds. Aromaticity, Pseudo-aromaticity, Anti-aromaticity; Academic
Press: New York, 1971.

273 Shubin, V. G. Top. Curr. Chem. 1984, 116/117, 26
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4.37. Kuhn discussed two related meanings of the term paradigm:

On the one hand, it stands for the entire constellation of beliefs, values,
techniques, and so on shared by the members of a given community.
On the other it denotes one sort of element in that constellation, the
concrete puzzle solutions which, employed as models or examples, can
replace explicit rules as a basis for the solution of the remaining puzzles
of normal science.””*

Using Kuhn's definition of paradigm, respond to the following statement:

It is apparent that virtual (but with orbital mixing) 1,3,5-cyclohexa-
triene (with bond-length alternation) would be nearly as aromatic as
the real benzene. Instead of being the aromatic paradigm, benzene is
the exception among all other benzenoid hydrocarbons, none of which
have equal CC bond lengths.®

274 Kuhn, T. S. The Structure of Scientific Revolutions, 2nd ed.; The University of Chicago Press:
Chicago, 1970.






CHAPTER 5

Reactive Intermediates

5.1 REACTION COORDINATE DIAGRAMS

Previous chapters have emphasized stable molecules—structures that persist
for a long period of time under ambient conditions. In this chapter we
consider some relatively less stable species that exhibit even greater structural
diversity and that play central roles in the chemical transformations of
organic compounds. The term reactive intermediate implies a species that
is formed and then consumed during a reaction but which often cannot be
isolated and characterized under ordinary conditions. Therefore, the meth-
ods we use to study reactive intermediates are frequently even more indirect
than those we use to study stable structures. Furthermore, we often study
reactive intermediates under conditions that are very different from the
conditions in which these species are thought to be formed during chemical
reactions.!

It is helpful to consider reactive intermediates in the context of a reaction
coordinate diagram—a two-dimensional sketch that represents the potential
energy of a system during some transformation. Usually the reactant is on the
left of such figures and the product is on the right. The horizontal axis is often
labeled progress of reaction. The simplest type of chemical reaction is a bond
homolysis in a diatomic molecule, such as Cl,. As shown in Figure 5.1(a), the
reaction coordinate in this case corresponds to the distance between the two
chlorine nuclei. The curve in Figure 5.1(a) is therefore only a portion,
indicated with dotted lines, of a larger curve representing the ground
electronic state of the chlorine molecule, Figure 5.1(b).

A bond homolysis in a polyatomic molecule would almost certainly
involve changes in more than one bonding parameter (such as bond angles at
the developing radical centers). To represent such a process, we should
construct a potential energy surface in as many dimensions as there are
bonding changes. The resulting surface, known as a hypersurface, would

! For examples of reactions that proceed differently under typical reaction conditions and under
the conditions used to study the reactive intermediates, see Bethell, D.; Whitaker, D. in Jones, M.,
Jr.; Moss, R. A., Eds. Reactive Intermediates, Vol. 2; Wiley-Interscience: New York, 1981; p. 236 ff.

Perspectives on Structure and Mechanism in Organic Chemistry, Second Edition By Felix A. Carroll
Copyright © 2010 John Wiley & Sons, Inc.
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FIGURE 5.1

(a) Reaction coordinate diagram
fordissociation of Cly; (b) electron-
ic energy curve for CI-Cl o bond.
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(a) (b)
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d,

Reaction
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indicate the energy of the species as a function of all relevant bond angle and
length changes.” It is not possible to represent such a surface as a two-
dimensional graph, however. A large table of numerical data indicating the
energy of the structure as a function of each variable might be contemplated,
but its complexity would offset its utility. Therefore, we do what we usually
do when our models become too complex—we simplify them until they are
more useful. The horizontal scale usually represents the change in the most
significant bonding parameter associated with the reaction. If no single
bonding parameter is physically meaningful for the changes we intend to
represent, then we may draw a figure in which the horizontal scale is only a
graphic convenience. In such cases the x-axis may be labeled extent of reaction
or reaction coordinate.

One application of such a simplified reaction coordinate diagram is to
provide a graphical distinction between a reaction in which an intermediate
occurs and one in which there is not an intermediate. Figure 5.2 shows
two possibilities for the ring inversion of a disubstituted bicyclo[2.1.0]-
pentane. If the solid line describes the reaction, the diradical is a local energy
maximum on the potential energy surface, so it is a transition structure.” If
the reaction follows the dashed line, however, the diradical is a local
minimum on the potential energy surface and is therefore an intermediate.
To qualify as a chemical substance, the intermediate must have a lifetime
long enough for at least one molecular vibration, or about 10~'* seconds.*
That means that the structure is stable with respect to small deformations,
even though it is not sufficiently stable to be isolated for structural analysis.
Both experimental and theoretical evidence suggest that the singlet diradical
(in which the two unpaired electrons have opposite spins) is in fact a shallow
minimum.’

Cruickshank and co-workers criticized the practice of using the terms
reaction coordinate and extent of reaction interchangeably in such figures.® They
preferred extent of reaction to mean a macroscopic quantity—the composition

? For a discussion, see Mezey, P. G. Potential Energy Hypersurfaces; Elsevier: Amsterdam, 1987.
3 Coms, F. D.; Dougherty, D. A. ]. Am. Chem. Soc. 1989, 111, 6894.
4 Wentrup, C. Reactive Molecules; John Wiley & Sons: New York, 1984; p. 2.

5 For theoretical calculations and leading references to previous work, see Sherrill, C. D.; Seidl, E.
T.; Schaefer, H. F. I1I. J. Phys. Chem. 1992, 96, 3712. For 4-methylene-1,3-cyclopentanediyl, the
energy well was determined to be 2.7 kcal/mol: Roth, W. R; Bauer, F.; Breuckmann, R. Chem. Ber.
1991, 124, 2041.

6 Cruickshank, F. R; Hyde, A.].; Pugh, D. J. Chem. Educ. 1977, 54, 288.
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of a reaction mixture as a function of time. They preferred reaction coordinate to
be a molecular quantity—the progress toward product formation of an
individual molecule (in a unimolecular process) or set of molecules (in a
polymolecular process). With terms defined in this way, they noted that it is
inappropriate to label the vertical axis of a reaction coordinate diagram as free
energy, since a reaction coordinate does not actually define a thermodynamic
state. These authors suggested that reaction—free energy diagrams be repre-
sented as a Gibbs diagram (Figure 5.3). There the vertical scale is G, which
refers to the free energy of a mole of the species shown, not to that of
individual molecular units. The horizontal broken lines indicate that the
transition states do not represent stable compounds. Such figures are often
drawn to illustrate the results of theoretical calculations in which only the
energies of reactants, transition states, and intermediates have been
determined.

Both Figures 5.2 and 5.3 provide a starting point for the consideration of
reactive intermediates and their roles in organic reactions. In the current
discussion, we want to focus on the structural features that affect the stability
of reactive intermediates and then relate this understanding to the chemical
course and kinetics of a reaction. In most cases these reactive intermediates
will be ions in which a carbon atom formally bears the positive or negative
charge or radicals and carbenes in which the nonbonded electrons are
formally localized on a carbon atom. Certainly there are other carbon-
centered reactive intermediates (such as carbynes7 and atomic carbons), and

7 Ruzsicska, B. P; Jodhan, A.; Choi, H. K. ].; Strausz, O. P.; Bell, T. N. J. Am. Chem. Soc. 1983, 105,
2489; LaFrancois, C. J.; Shevlin, P. B. J. Am. Chem. Soc. 1994, 116, 9405; Seburg, R. A.; Hill, B. T.;
Jesinger, R. A_; Squires, R. R. J. Am. Chem. Soc. 1999, 121, 6310.

8 Shevlin, P. B. in Moss, R. A.; Platz, M. S.; Jones, M., Jr., Eds. Reactive Intermediate Chemistry; John
Wiley & Sons: Hoboken, NJ, 2004; chapter 10.
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FIGURE 5.2

Reaction coordinate diagram
for 1,3-cyclopentanediyl as an
intermediate (dashed line) or
transition structure (solid line)
in the ring inversion of bicyclo-
[2.1.0]pentane. (Adapted from
reference 3.)
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FIGURE 5.3

Gibbs diagram for a reaction
with an intermediate.
(Reproduced from reference 6.)
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there are important reactive intermediates centered on other atoms (including
nitrenes,’ nitrenium ions,'® and silylenes'!'?). The processes used to generate
these species are carried out relatively infrequently by most organic chemists,
however. Focusing on reactive species more commonly proposed as inter-
mediates in organic reactions will allow us to introduce many of the im-
portant techniques used to study reactive intermediates and thus will set the
stage for discussions in following chapters.

5.2 RADICALS

A carbon-centered radical is a structure with a formal charge of 0 and one
unpaired electron on a carbon atom.'® Examples include the methyl radical
(1), the vinyl radical (2), the phenyl radical (3), and the triphenylmethyl
radical (4). Radicals are often called free radicals, a term that arose from early
nomenclature systems in which a radical was a substituent group that was
preserved as a unit through a chemical transformation.'* Thus, the CH; group
as a substituent was known as the methyl “’radical,” so a neutral * CH; group

? Platz, M. S. in Moss, R. A_; Platz, M. S.; Jones, M., Jr., Eds. Reactive Intermediate Chemistry; John
Wiley & Sons: Hoboken, NJ, 2004; chapter 11; Gritsan, N. P.; Platz, M. S. Adv. Phys. Org. Chem.
2001, 36, 255.

10 Falvey, D. E. in Moss, R. A.; Platz, M. S.; Jones, M., Jr., Eds. Reactive Intermediate Chemistry; John
Wiley & Sons: Hoboken, NJ, 2004; chapter 13; Novak, M.; Rajagopal, S. Adv. Phys. Org. Chem. 2001,
36, 167.

1 Tokitoh, N.; Ando, W. in Moss, R. A.; Platz, M. S.; Jones, M., Jr., Eds. Reactive Intermediate
Chemistry; John Wiley & Sons: Hoboken, NJ, 2004; chapter 14.

12 For a discussion of the discovery of reactive intermediates, see Andraos, J. Can. ]. Chem. 2005, 83,
1415.

'3 The definition of radical given here is sufficient for our discussions, but there are more precise
definitions. One is that a radical is “a species with one or more (spin-free) natural orbitals whose
occupation numbers are near 1.”” Klein, D. J.; Alexander, S. A. in King, R. B.; Rouvray, D. H., Eds.
Graph Theory and Topology in Chemistry; Elsevier: Amsterdam, 1987; p. 404.

" Walling, C. Free Radicals in Solution; John Wiley & Sons: New York, 1957; p. 2.
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became a ““free”’ radical. The terms radical and free radical are now used
interchangeably.'>'®

H H
H Fl,h
. . C
CH; H,C=CH H H Ph Ph
1 2 3 4

Early Evidence for the Existence of Radicals

Before 1900 chemists considered carbon to be tetrasubstituted in virtually all
organic compounds. Then, Gomberg’s attempt to prepare hexaphenylethane
from the reaction of triphenylmethyl chloride (5) with zinc dust (equation 5.1)
gave colored solutions that reacted with reagents such as iodine (equation 5.2)
to produce stable products. The results were interpreted in terms of an
equilibrium between hexaphenylethane (6) and triphenylmethyl radicals.'” "

Ph,CCl + Zn—> Ph,C-CPH, == 2Ph,C- (5.1)
5 6 4
2 PhyC- + I, —» 2 PhyCI (5.2)

Hexaphenylethane was accepted as the structure for the dimer of the
triphenylmethyl radical for over sixty years. In 1968, however, Lankamp and
co-workers reported that the 'H NMR spectrum of the supposed “‘hexaphen-
ylethane” indicated that it is most likely 7 (equation 5.3).2>*! That structural
assignment was strengthened by a report that treating the dimer with -BuOK
produces 8.7

15 Forrester, A. R; Hay, J. M.; Thomson, R. H. Organic Chemistry of Stable Free Radicals; Academic
Press: New York, 1968; p. 1.

16 For an overview of the chemistry of radicals, see (a) Kochi, J. K., Ed. Free Radicals, Vols. I and II;
John Wiley & Sons: New York, 1973; (b) Leffler, J. E. An Introduction to Free Radicals; Wiley-
Interscience: New York, 1993; (c) Fossey, ].; Lefort, D.; Sorba, J. Free Radicals in Organic Chemistry;
John Wiley & Sons: Chichester, UK, 1995.

7 Gomberg, M. Chem. Ber. 1900, 33, 3150; J. Am. Chem. Soc. 1900, 22, 757.

18 Fliirscheim, B. J. Prakt. Chem. 1905, 71, 497; see the discussion in Skinner, K. J.; Hochster, H. S,;
McBride, J. M. J. Am. Chem. Soc. 1974, 96, 4301.

1% Tidwell, T. T. Adv. Phys. Org. Chem. 2001, 36, 1; Eberson, L. Adv. Phys. Org. Chem. 2001, 36, 59.
20 Lankamp, H.; Nauta, W. T.; MacLean, C. Tetrahedron Lett. 1968, 249.

2! The bond dissociation energy of hexaphenylethane has been calculated to be 16.6 kcal/mol,
suggesting that it might be possible to synthesize 6: Vreven, T.; Morokuma, K. J. Phys. Chem. A
2002, 106, 6167.

2 Guthrie, R. D.; Weisman, G. R. |. Chem. Soc. D 1969, 1316.

% McBride, J. M. Tetrahedron 1974, 30, 2009 noted that 7 had been proposed as the structure for the
dimer in 1904 and was supported by several lines of evidence in the following two years, and he
discussed the process by which the incorrect structure became accepted.
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,'H t-BuOK
2 (CGHs)sC' —_— N ity (C6H5)20H C(CGH5)3 (5 3)
C(CeH,); .

CGHS
4 7 8

Even though the proposal of 6 as the structure of the dimer was in error,
the demonstration of the existence of radicals as transient species led to a great
effort to study other radicals. Radicals reported in the literature range from
some that are extremely unstable, short-lived species to others that can be
isolated as pure substances.** For example, Koelsch reported that the radical
a,y-bisdiphenylene-B-phenylallyl (9) could be recovered in part after being
subjected to molecular oxygen in boiling benzene for 6 hours.”?® A well-
known example of a nitrogen-centered radical is 2,2-diphenyl-1-picrylhy-
drazyl (DPPH), 10, which is commercially available. DPPH has found
increasing use in the measurement of the radical scavenging capabilities of
a variety of synthetic compounds and dietary substances having antioxidant

properties.””*
O
. N
N7 CeHs

@.\ O 0N NO,
50

9 10

Detection and Characterization of Radicals

Experimental structure elucidation techniques can be used to characterize
radicals if conditions can be found in which the radicals are produced in
higher concentration and with longer lifetimes than is the case under typical
reaction conditions. For example, the relative stability of the triphenylmethyl
radical (4) allows it to be studied by magnetic susceptibility determination,

2 Longer-lived radicals are termed kinetically stable or persistent. Extremely persistent radicals
have been termed inert: Julid, L.; Ballester, M.; Riera, J.; Castafier, J.; Ortin, ]. L.; Onrubia, C. J. Org.
Chem. 1988, 53, 1267.

25 Koelsch, C. F. J. Am. Chem. Soc. 1957, 79, 4439.

% Persistent free radicals have found application as image-enhancing agents for studies of pH
and of molecular oxygen concentrations in biological systems: Reddy, T. J.; Iwama, T.; Halpern,
H. J; Rawal, V. H. J. Org. Chem. 2002, 67, 4635; Bobko, A. A.; Dhimitruka, I; Zweier, J. L,;
Khramtsov, V. V. J. Am. Chem. Soc. 2007, 129, 7240.

7 Cheng, Z.; Moore, J.; Yu, L. ]. Agric. Food Chem. 2006, 54, 7429; Rackova, L.; Snirc, V.; Majekova,
M.; Majek, P.; Stefek, M. J. Med. Chem. 2006, 49, 2543; Sendra, J. M.; Sentandreu, E.; Navarro, J. L.
J. Agric. Food Chem. 2007, 55, 5512.

2 For a discussion of substituent effects on the stability of radicals, see Creary, X. Acc. Chem. Res.
2006, 39, 761.
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which involves weighing a sample both inside and outside a magnetic field.*
The unpaired electron makes the radical paramagnetic, so the sample is
drawn into the magnetic field. By this technique a 0.1 M solution of 7 was
determined to be 0.2% dissociated.*

A technique that has been of greater value to organic chemists is that of
electron paramagnetic resonance (EPR) spectroscopy.> > The electron has a
spin quantum number, m;, which may have the value +% or —%. If electrons
are paired in an orbital, then one electron has m,= +1 and the other has
ms = —1, and there is no net spin magnetic moment. If there is one unpaired
electron, however, there will be a net magnetic moment of 9.284 x 10~ erg-
gauss. In the presence of an external magnetic field (Hy) the spin state having
mg= —1 is lower in energy, while that having having m,= +1 is higher in
energy. The energy difference between the two spin states, AE, is

AE = hv = gB.H, (5.4)

Here g is the spectroscopic splitting factor, which is the ratio of the magnetic
moment {u) to the angular momentum of the electron. The value of g is
2.002319 for a free electron, and it does not vary greatly for unpaired electrons
in organic radicals.>* The term B, is the Bohr magneton, a constant with the
value 9.2732 x 107! erg/gauss. Thus, at a field of 3400 gauss, the difference in
energy between the electron spin states is

AE = 2.0023 x (9.2732 x 1072 erg/gauss) x (3400 gauss)
=0.63 x 107 erg (5.5)

which equals 0.91cal/mol and which corresponds to a frequency of
9500 MHz.* Applying the Boltzmann distribution to this energy difference
gives a relative population of 1,000,000 spins in the higher energy state to
1,001,500 spins in the lower energy state. Thus, at the same magnetic
field strength, the difference between the two spin populations is greater
than is the corresponding difference in spin populations in proton
magnetic resonance. This is fortunate, because EPR measurements are
usually made on materials in which only a fraction of the sample consists
of free radicals.

In EPR spectroscopy, the sample is placed in a magnetic field and is
irradiated with electromagnetic energy of an appropriate frequency. If the
magnetic field is varied linearly, absorption of energy by the sample can be

* Selwood, P. W.in Weissberger, A., Ed. Technique of Organic Chemistry, Vol. 1, Part IV; John Wiley
& Sons: New York, 1960; p. 2873 ff.

3 Roy, M. F.; Marvel, C. S. . Am. Chem. Soc. 1937, 59, 2622.

3! The technique is also known as electron spin resonance (ESR) spectroscopy. For a brief summary of
the procedure, see Rieger, P. H. in Weissberger, A.; Rossiter, B. W., Eds. Physical Methods of Organic
Chemistry, Vol. I, Part IIIA; Wiley-Interscience: New York, 1972; pp. 499-598.

32 Ayscough, P. B. Electron Spin Resonance in Chemistry; Methuen & Co.: London, 1967.

33 Weil, J. A, Bolton, J. R. Electron Paramagnetic Resonance: Elementary Theory and Practical
Applications, 2nd ed.; John Wiley & Sons: Hoboken, NJ, 2007.

34 Gordon, A.].; Ford, R. A. The Chemist’s Companion; John Wiley & Sons: New York, 1972; p. 336.
3 Relationships between frequency and energy are discussed in Chapter 12.
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FIGURE 5.4

Representations of EPR spectra:
(a) resonance signal, (b) first
derivative, and (c) second deriv-
ative. (Reproduced from refer-
ence 37.)

() \H
H—
OvH
FIGURE 5.5

Bonding model for planar
methyl radical.

like spins favored

by exchange
—{I eraction
|
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net-polarization
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FIGURE 5.6

Mechanism of spin polarization
for planar methyl radical.
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() ‘/E\ absorption
(b) /\/ ﬁrS‘t .
: derivative

recorded as a decrease in the radiofrequency energy received by a detector.>
Thus, we could observe an absorption or resonance when the changing
magnetic field strength makes the energy difference between the two spin
states exactly equal to the energy of the electromagnetic radiation, as shownin
Figure 5.4(a). Unlike NMR spectroscopy, however, the EPR signal is often
recorded as the first derivative of absorption, Figure 5.4(b), or as the second
derivative of the absorption, Figure 5.4(c).”’

The g value in equation 5.4 has been compared to the chemical shift (§) in
NMR spectroscopy. The very slight variation in g values from radical to
radical means that g values seldom give chemically useful information for
most organic compounds, however. What is of more value is the splitting of
the EPR signal due to hyperfine coupling of the electron sgin with the spins of
nearby magnetic nuclei such as H, %D, 3C, and 70.3® The mechanism of
hyperfine coupling requires that the unpaired electron have spin density in an
orbital having electron density at the nucleus. Because only s orbitals meet this
requirement, hyperfine coupling depends on the s character of an orbital with
unpaired electron density. The hyperfine coupling constant (termed the
value) of an electron in a 1s orbital of a hydrogen atom is 507 G, while the a
value for an electron in a 2s orbital on **C is 1100 G. The unpaired electron in a
methyl radical (Figure 5.5) is usually assumed to be localized in a p orbital on
carbon. Since hyperfine coupling depends on the s character of an orbital, we
might not expect to see hyperfine coupling of the unpaired electron in a
methyl radical. Nevertheless, a °C,, a value of 39 G is observed for the methy!
radical, so it appears that about 4% s character is mixed into the orbital
containing the unpaired electron.*

There are also hyperfine coupling interactions with the hydrogen nuclei
of the methyl radical, which occurs through a process known as spin
polarization (Figure 5.6). Due to the Pauli exchange principle, the energy
of the electron pair responsible for bonding of the radical center (designated
C,) to a substituent is lower if the electron nearer C, has the same spin as the

% This simplified description of the technique is for conceptual purposes only and does represent
modern Fourier transform spectroscopy.

%7 The figures are adapted from those presented by Bunce, N. J. J. Chem. Educ. 1987, 64, 907.

3 In EPR spectroscopy the term coupling refers to interaction of one electron spin with another.

3 Newcomb, M.in Moss, R. A.; Platz, M. S,; Jones, M., Jr., Eds. Reactive Intermediate Chemistry; John
Wiley & Sons: Hoboken, NJ, 2004; p. 121.
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230G |

FIGURE 5.7

EPR spectrum of methy! radical.
(Reproduced from reference
44.)

unpaired electron. The electron closer to hydrogen is therefore more likely to
have the opposite spin from that of the unpaired electron, giving rise to what is
termed negative spin polarization near the hydrogen nucleus.**** The methyl
radical has three hydrogen atoms bonded to C,, so the EPR signal (shown as a
second derivative spectrum in Figure 5.7) is split into a four-line pattern with
relative intensities of 1:3:3:1. * Similarly, the unpaired electron in the
benzene radical anion is split by six equivalent protons, so the signal is a
septet with relative intensities 1:6:15:20:15:6:1.** The magnitude of the
splitting is indicated in gauss (G) or millitesla (mT). One tesla equals 10*
gauss, so 1mT =10 G.

Figure 5.8 shows the EPR spectrum (also as a second derivative)} of the
ethyl radical.** Splitting of the signal by the two protons on the a carbon atom
(a0 =22.4 G) gives rise to a three-line pattern, but each of those three lines is

26.9
2820,

224G
fe——>

FIGURE 5.8
EPR spectrum of ethyl radical.

0] @é @é@ @@ éD ) gjf)produced from reference

0 Mile, B. Curr. Org. Chem. 2000, 4, 55.

' McConnell, H. M. ]. Chern. Phys. 1956, 24, 764; McConnell, H. M.; Heller, C.; Cole, T.; Fessenden,
R. W. ]J. Am. Chem. Soc. 1960, 82, 766.

2 See also Symons, M. C. R. Chemical and Biochemical Aspects of Electron-Spin Resonance Spectro-
scopy; John Wiley & Sons: New York, 1978.

* This type of coupling is called isotropic hypertine coupling, since it does not depend on the
orientation of the unpaired electron spin with the external magnetic field.There is also an
anisotropic hyperfine coupling that depends on the orientation of the electron spin and the
external magnetic field, but it is much weaker than the isotropic hyperfine coupling and is not
observed for freely moving radicals in solution.

* Fessenden, R. W.; Schuler, R. H. J. Chem. Phys. 1963, 39, 2147. Figure 5.7 is shown as the negative
of the second derivative spectrum.

% Tuttle, T. R, Jr.; Weissman, S. L. J. Am. Chem. Soc. 1958, 80, 5342.

% Carrington, A. Q. Rev. Chem. Soc. 1963, 17, 67.

# The spectrum of the t-butyl radical shows a ten-line pattern with relative intensities 1:9:36: 81 :
126 : 126 : 81 : 36 : 9 : 1 due to splitting by the nine equivalent protons (reference 32).
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CH;—
3 O\H

FIGURE 5.9

Localized model for ethyl
radical (11).

FIGURE 5.10

Hyperconjugation model for
ethyl radical.
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FIGURE 5.11

Representation of the hyper-
conjugation contribution to the
ag value of the ethyl radical.
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by exchange
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FIGURE 5.12

llustration of the spin polariza-
tion contribution to the ag value
of the ethyl radical.
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further split into four lines by the 8 protons (13 =26.9 G). The combination of
the two sets of splittings gives rise to a twelve-line pattern. Also of interest
here are the magnitudes of the two a values. As noted above, the magnitude of
the hyperfine coupling depends on the density of the unpaired electron in an
orbital with s character about a magnetic nucleus. Therefore, it might seem
surprising that the values of 4, and ag for the ethyl radical are approximately
equal, because such a result is not consistent with a simple model for the ethyl
radical (11, Figure 5.9) in which the unpaired electron density is localized on
Cq- Nevertheless, it is common for values of 2, and ag to be similar.*® Values of
ay (e.g., the hyperfine coupling constant for splitting the signal of a 1-propyl
radig?‘llgby the terminal methyl group) are much smaller, typically less than
1 G

The valence bond explanation for the similarity of a, and ag values is
based on the concept of hyperconjugation (Chapter 4).° As shown in
Figure 5.10, we can write 12 as a resonance structure for 11.°" Now the
unpaired electron density is localized on one of the hydrogen atoms of
the methyl group, but rotation about the C—C bond enables all three of the
hydrogen atoms to participate equally in the hyperconjugation. The view that
hyperconjugation can be rationalized meaningfully through the use of res-
onance structures such as 12 was a source of some controversy.>> Of course,
Figure 5.10 does not mean that the ethyl radical is in equilibrium with
structures without Cg—H bonds, only that structures such as 12 contribute
to the resonance hybrid of the ethyl radical. A more detailed description of the
transfer of electron spin to the 8 hydrogen atoms of the ethyl radical by
hyperconjugation is shown in Figure 5.11. In addition to hyperconjugation, a
spin polarization effect (Figure 5.12) also causes electron spins near Cg to be
opposite that of the unpaired electron. As a result, the electron that is on
average closer to the hydrogen nucleus in the Cs—H bond will have the same
spin as the unpaired electron, giving rise to positive spin polarization.

The preceding hyperconjugation model for hyperfine coupling is
complemented by the perturbational molecular orbital analysis shown in
Figure 5.13. Here the singly occupied molecular orbital (SOMO) is higher in
energy than a n-like methyl group orbital thatis parallel with the p orbital. The
interaction of the SOMO and the HOMO produces two new orbitals, one

48 Symons, M. C. R. J. Chem. Soc. 1959, 277 and references therein.

* In special cases longer range coupling can be seen. 3-[n]Staffyl radicals (based on repeating
units of [1.1.1]propellane) have been reported to show coupling with €, { and even ¢ protons.
McKinley, A.].; Ibrahim, P. N.; Balaji, V.; Michl, J. J. Am. Chem. Soc. 1992, 114, 10631.

%0 Rossi, A. R;; Wood, D. E. J. Am. Chem. Soc. 1976, 98, 3452.

" Wheland, G. W. J. Chent. Phys. 1934, 2, 474.

% Dewar, M. . S. Hyperconjugation; Ronald Press: New York, 1962; Shiner, V.]., Jr.; Campaigne, E.
Eds. Conference on Hyperconjugation, proceedings of a conference held at Indiana University 2—4
June, 1958; Pergamon Press: New York, 1959.
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\ : FIGURE 5.13
\ % HOMO —— .
e PMO description of radical sta-

% bilization: interaction of SOMO
with donor HOMO.

lower in energy than the HOMO and one higher in energy than the SOMO.
Since two electrons go into the lower energy orbital but only one goes into the
higher energy orbital, the effect is overall stabilizing. Moreover, the new,
higher energy SOMO now has electron density on both the radical carbon and
the adjacent methyl group.

Additional insight into the ethyl radical comes from an extended Hiickel
calculation. Figure 5.14 shows the orbital contours for the SOMO calculated
for a conformation in which none of the Cs—H bonds eclipse either of the
C,—H bonds. We note first that this orbital does have n character, and the
portion of the orbital near the CH, group resembles a p orbital. There is also
density associated with the CH; end of the structure. Specifically, there is
significant density on the hydrogen of the Cg—H bond that is parallel to the p
orbital on the adjacent carbon atom, and there is some density on the other two
hydrogen atoms also.”® Figure 5.14 also shows that a similar picture results
when one Cg—H bond eclipses a C,—H bond. Although an analysis of all the

(c) (d)
p Q FIGURE 5.14
(a) Side and (b) end views of

AH H——TC H : : ;

H SOMO of ethyl radical in bi-

\ sected conformation; (c) side

and (d) end views of SOMO of

a H ethyl radical in eclipsed confor-
mation.

53 Figure 5.14 does not mean that one of the CH; hydrogen atoms on the ethyl radical is different
from the other two. Rotation about the C—C bond will introduce the same amount of unpaired
electron density onto all of the hydrogen atoms.
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FIGURE 5.15

SOMO of hydroxymethyl radi-
cal, *CH,OH.
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populated MOs would be necessary to draw firm conclusions, the orbital
contour of the ethyl SOMO is consistent with the view both from hypercon-
jugation and from PMO theory that some electron density of the methyl group
is delocalized into the half-empty p orbital, thus lowering the energy of the
radical and giving rise to the large ag value.

Other substituents capable of delocalizing the electron deficiency can also
stabilize a radical center. For example, the tendency of ethers to form
hydroperoxides upon exposure to oxygen results from the stabilization of
a carbon radical by an adjacent oxygen atom. This interaction is illustrated in
Figure 5.15 by the SOMO calculated for one conformation of the hydroxy-
methyl radical, which has density on both the oxygen and the carbon atoms.

The stabilizing effect of an « substituent on a radical center, relative to its
effect on the parent hydrocarbon, is the radical stabilization energy (RSE).
RSE values can be considered the difference between the bond dissociation
energy (BDE) of a reference system and the BDE of the same system having
that group as a substituent.” If methane is the reference system, then

RSE of Xin* CH,X = (BDE of CH4)—(BDE of CH;X) (5.6)
Alternatively, the RSE may be considered the AH of the isodesmic reaction
*CH,X + CH4 — CH3* + XCHj3 (57)

In both cases, a positive value of RSE indicates stabilization of the radical by
the substituent. A compilation of RSE values is shown in Table 5.1.

Structure and Bonding of Radicals

The methyl radical (Figure 5.5) is shown having planar geometry at the radical
center, and this geometry has been confirmed by both experimental and
theoretical studies.”® There is experimental evidence that other alkyl radicals
either are planar structures or are pyramidal structures that can become

5 For a summary of the shapes of all the orbitals of the CH;CH,» radical, see Jorgensen, W. L.;
Salem, L. The Organic Chemist’s Book of Orbitals; Academic Press: New York, 1973; p. 96.

%5 Menon, A. S.; Wood, G. P. F.; Moran, D.; Radom, L. J. Phys. Chem. A 2007, 111, 13638.
56 Bickelhaupt, F. M.,; Ziegler, T.; Schleyer, P. v. R. Organometallics, 1996, 15, 1477.
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TABLE 5.1 Radical Stabilization Energies for
Selected Substituents at 0K

X in *CH,X RSE (kcal/mol)
CHs 46+03
OH 8.7+0.2
OCH; 8.7

NH, 109+2.0
SH 11.0+£2.0
F 3.6+1.0
Cl 49406
Br 53+0.6
CN 7.84+1.0
CH=CH, 16.5+0.7
CeHs 147412

Source: Reference 55.

planar through inversion (like ammonia).”” For example, chlorination of (+ )-
1-chloro-2-methylbutane (13) with Cl, produced racemic 1,2-dichloro-2-
methylbutane (14). The results are most consistent with an intermediate
radical that can react with Cl, equally well from either face of the radical
center (Figure 5.16).”®

Spectroscopic data can be used to distinguish between planar and
nonplanar, rapidly inverting radical centers. The hyperfine coupling
constant (a,) in the methyl radical is 23.0 G, which is a typical value for the
splitting of an EPR signal by hydrogens attached to a radical center.”
Theoretical analysis of the spectrum suggested that the methyl radical
probably is flat, although a deviation from planarity of 10°-15° could not
be ruled out.%’ There is also spectroscopic evidence that the methyl radical in
the gas phase is essentially planar.®’ Thus, the methyl radical is conveniently
described by sp? hybridization, with the unpaired electron located primarily
in the p orbital.

Substitution of a hydrogen atom on a methyl radical with fluorine or other
electronegative atom makes the structure become less planar, and each

CH3CHy 34— CH,CI
$H3 Cl CH; Cl, CHi_ Cl
: — CH cl
CH;. CH_ _Ci — or X
" CH3 & O CH; CH;
CH}CHZ.H}g\CH o == CH3CCI}{{32%CH2CI racemic
13 CH3 2 14

% Eliel, E. L. Stereochemistry of Carbon Compounds; McGraw-Hill: New York, 1962; pp. 380-384;
Simamura, O. Top. Stereochem. 1969, 4, 1.

%8 Brown, H. C.; Kharasch, M. S.; Chao, T. H. J. Am. Chem. Soc. 1940, 62, 3435.

* More correctly, the magnitude of a, is 23.0G. In this experiment, only the magnitude of a, is
evident, but there is other evidence that the value is actually —23.0G.

60 Karplus, M. |. Chem. Phys. 1959, 30, 15.

¢! Ellison, G. B.; Engelking, P.C.; Lineberger, W. C. J. Am. Chem. Soc. 1978, 100, 2556 and references
therein.
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FIGURE 5.16

Racemization accompanying
chlorination of (+)-1-chloro-2-
methylbutane.
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FIGURE 5.17

Calculated geometries of fluoro-
substituted methyl radicals.®*

FIGURE 5.18

Stabilization of ethyl radical
through pyramidalization.
(Adapted from reference 68.)
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subsequent substitution makes the radical become more pyramidal.®***

This conclusion is consistent with results of semiempirical calculations, and
the geometries of fluoromethyl radicals calculated by this method are
shown in Figure 5.17.°%%° A qualitative explanatlon of the geometry of
fluoro-substituted radicals was prov1ded by Pauling.®® Pauling proposed
that a carbon radical center would use sp hybrid orbitals to bond substituents
having the same electronegativity as carbon. Because of the electronegativity
of fluorine, C—F bonds should be constructed with carbon orbitals having a
greater degree of p character than would be the case for C—H bonds (see
Chapter 1). Thus, there is less electron density near carbon in the orbitals used
for C—Fbonding than in orbitals used for C—H bonding. This has the effect of
reducing the F-C—F bond angles to values less than 109.5° and increasing
H-C—H bond angles to values greater than 109.5°.%

Not only are fluoro-substituted radicals nonplanar, but alkyl-substituted
radicals are found to be nonplanar as well. This result is consistent with
Pauling’s view that a carbon radical center would use sp° hybrid orbitals to
bond substituents having the same electronegativity as carbon.®® Paddon-
Row and Houk ascribed the pyramidalization of the radical center to two
other effects: (1) increased staggering of bonds to the radical center with
respect to bonds on adjacent atoms, and (2) increased hyperconjugation of the
p orbital with one of the adjacent o bonds. ® As shown in Figure 5.18,
pyramidalization of the ethyl radical makes the C—H bonds on the CH,
group more nearly staggered with respect to two of the C—H bonds on the
CHj; group. At the same time, the p orbital on the CH; group becomes
more nearly parallel with the orbitals comprising a C—H bond of the methyl
group, thus stabilizing the unfilled orbital system of the radical through
hyperconjugation.

%2 Fessenden, R. W.; Schuler, R. H. J. Chem. Phys. 1965, 43, 2704. See also Rogers, M. T.; Kispert,
L. D.]. Chem. Phys. 1967, 46, 3193.

% Dolbier, W. R., Jr., in Chambers, R. D., Ed. Organofluorine Chemistry: Fluorinated Alkenes and
Reactive Intermediates; Springer: New York, 1997, p. 97.

%4 Bernardi, F.; Cherry, W.; Shaik, S.; Epiotis, N. D. J. Am. Chem. Soc. 1978, 100, 1352 and references
therein.

65 Beveridge, D. L.; Dobosh, P. A.; Pople, J. A. J. Chem. Phys. 1968, 48, 4802.

% Pauling, L. J. Chem. Phys. 1969, 51, 2767.

87 Of course, this explanation is based on the concept of straight (internuclear) C-F bonds and
does not consider the possibility of curved bonds, which have since been advanced to explain the
geometry of fluorocarbons.

% paddon-Row, M. N.; Houk, K. N. (a)]. Am. Chem. Soc. 1981, 103, 5046; (b) . Phys. Chem. 1985, 89,
3771.
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The t-butyl radical is an especially interesting case. We might expect the
radical to be planar (15, Figure 5.19) because that geometry would minimize
the steric repulsion of methyl groups. However, the experimental ac value
is 46.2 G, which was interpreted in terms of a C—C—C bond angle of 117.3°
(16).*” This result suggests that the electronic stabilization resulting from
pyramidalization (Figure 5.18) outweighs the increase in energy due to steric
effects.” '

The tendency of alkyl radicals to be nonplanar means that radicals can
form at the bridgehead positions of bicyclic structures. Indeed, rates of radical
reactions at bridgehead carbon atoms do not indicate significant strain due to
pyramidalization, atleast notin comparison with the strain due tobridgehead
carbenium carbon atoms.”* Radicals such as 1-adamantyl (17) and 7-norbor-
nyl (18) can be formed, although the stabilities of such species decrease with
increasing deviation from the geometry observed for acyclic analogs.”*”?
Thus, the general view that emerges from these studies is that only the methyl
radical prefers to be planar, and even it has a low barrier to deformation.

ZC—C—C =11321° £C—C—C =99.4°
17 18

Thermochemical Data for Radicals

We would like to determine the heats of formation and/or strain energies of
radicals and correlate the data with their properties.”* In principle, the heat
of formation of a radical (R*) formed by homolytic dissociation of R-X
(equation 5.8) can be calculated according to equation 5.9, where all data
refer to 298 K and AH. is the AH for the reaction in equation 5.8.”

RX<=Re+ X (5.8)
AH;(R*) = AH, —AH(X*) + AH; (RX) (5.9)

% Wood, D. E.; Williams, L. E.; Sprecher, R. F.; Lathan, W. A. . Am. Chem. Soc. 1972, 94, 6241.
70 This conclusion was questioned by Griller, D.; Ingold, K. U. J. Am. Chem. Soc. 1973, 95, 6459.

7 Compare Applequist, D. E.; Roberts, J. D. Chem. Rev. 1954, 54, 1065 and references therein. See
also the discussion in Chapter 8.

72 Danen, W. C.; Tipton, T. ].; Saunders, D. G. ]. Am. Chem. Soc. 1971, 93, 5186.
73 For a review of bridgehead radicals, see Walton, J. C. Chem. Soc. Rev. 1992, 105.

74 Compare Simdes, ]. A. M.; Greenberg, A.; Liebman, J. F., Energetics of Organic Free Radicals;
Chapman & Hall: London, 1996.

75 Egger, K. W.; Cocks, A. T. Helv. Chim. Acta 1973, 56, 1516.
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FIGURE 5.19

Planar (left) and nonplanar
(right) geometries for t-butyi
radical.
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TABLE 5.2 Experimental and Predicted Thermochemical Data

AH; (calc. with  AH; (calc. with

BDE (R-H)*¢ AH; (lit)” 1,3 repulsive)” 1,3 attractive)©
Radical (R*) (kcal/mol) (kcal/mol) (kcal /mol) (kcal/mol)
Methyl 104.99 £+ 0.03 35.05+0.07 29.0 29.00
Ethyl 101.1£0.04 29.0+04 23.9 24.02
Isopropyl 98.6 +0.04 21.5+04 21.5 21.29
sec-Butyl 98.2+05 16.1+0.5 16.1 16.31
t-Butyl 96.5+04 123+04 12.3 12.40

?See reference 79.
bGee reference 83.
¢ See reference 85.

AH; can be estimated from the activation energy for a bond homolysis if we assume
that there is no activation energy for the recombination process. In some cases this
assumption seems reasonable. For example, the activation energy for the dimerization
of two ethyl radicals was determined to be ca. 0£0.2 kcal/mol.”® Some radical
combination reactions do have activation energies, however. The combination of two
3-ethyl-3-pentyl radicals to give hexaethylethane was found to have an activation
energy of about 20 kcal/mol, apparently as the result from steric hindrance in the
dimer.*”” In addition, if either of the radicals is delocalized, then part of the activation
energy may result from loss of the delocalization energy.’®

Values for AH; of radicals and for the heats of dissociation reactions have
been compiled and are available in the literature.”>”**° Table 5.2 lists data for
several small alkyl radicals as well as the C—H bond dissociation energies for
the corresponding alkanes. The regular decrease in the C—H bond dissocia-
tion energies to form methyl, ethyl, isopropyl, or t-butyl radicals is the basis
for the familiar generalization that the stability of radicals is methyl < 1° < 2°
< 3°. As was the case for the ethyl radical, we can attribute increasing stability
from increasing alkyl substitution at the radical center to either hyperconju-
gation (Figure 5.10) or delocalization (Figure 5.13).

While the bond dissociation energies and heats of formation of many
carbon-centered radicals are well established, the role that hyperconjugation
plays in determining these values has been a matter of dispute. Ingold and
DiLabio calculated that 31% of the spin at the 8 hydrogens in the ethyl radical
arises from the spin polarization mechanism, suggesting that the remaining
69% arises from hyperconjugation.’ They also calculated that the spin arising
from hyperconjugation involving all of the 8-CHj; groups bonded to C,, varied
from 0.11 for ethyl to 0.20 for isopropyl to 0.27 for t-butyl. These values
correlated very well with the C—H bond dissociation energies for ethane,
propane (for 2° C—H homolysis), and isobutane (3° C—H homolysis) and fit
on the same line with the C3—H bond dissociation energy of propene (thus

76 Hiatt, R.; Benson, S. W. J. Am. Chem. Soc. 1972, 94, 6886.

77 Beckhaus, H.-D.; Riichardt, C. Tetrahedron Lett. 1973, 1971.

78 For a discussion, see Dannenberg, J. J.; Tanaka, K. J. Am. Chem. Soc. 1985, 107, 671.
7 Blanksby, S. ].; Ellison, G. B. Acc, Chem. Res. 2003, 36, 255.

80 See also Seakins, P. W.; Pilling, M. ].; Niiranen, ]. T.; Gutman, D.; Krasnoperov, L. N. J. Phys.
Chem. 1992, 96, 9847.

81 Ingold, K. U.; DiLabio, G. A. Org. Lett. 2006, 8, 5923.



5.2 RADICALS

forming an allyl radical) if one assumes that 40% of the unpaired electron
density on C1 of allyl is delocalized by resonance. Thus, the investigators
argued that hyperconjugation is an important factor in determining C—H
bond dissociation energies.

The conclusions of Ingold and DiLabio were challenged by Gronert, who
reported that plots of the C—X bond dissociation energies versus the Cg—H
spin density attributed to hyperconjugation by Ingold and DiLabio are linear
for the saturated alkanes but not for propene when X = OH, CHj;, SH, and .82
Gronert concluded that the linear plot for C—H homolysis is a coincidental
relationship and does not provide evidence of hyperconjugative stabilization
of radicals. As noted in Chapter 1, Gronert also proposed that the stabilities of
alkanes could be predicted by a model assuming that 1,3-geminal interactions
are repulsive, not attractive.*> Not only does the Gronert model account for
the heats of formation of the alkanes, but it also uses the same parameters to
predict the heats of formation of small alkyl radicals. For example, Table 5.2
illustrates the correlation between literature AH; values for a number of small
alkyl radicals and values calculated by the Gronert approach. Therefore,
Gronert argued that the differences in C—H bond strengths in alkanes arise
from differences between the repulsive 1,3-interactions in the alkanes and the
repulsive 1,3-interactions in the alkyl radicals, meaning that hgferconjuga-
tion is not responsible for the relative stability of alkyl radicals.”™ As was the
case with the alkanes discussed in Chapter 1, however, Wodrich and Schleyer
were able to predict the heats of formation of the alkyl radicals in Table 5.2
equally well by making the assumption that the 13-interactions are
attractive.>®

Generation of Radicals

Radicals may be generated by thermal or photochemical processes that
accomplish homolytic dissociation of a two-electron bond. Organic peroxides
(equation 5.10) and azo compounds (equation 5.11) have weak bonds that
undergo dissociation to radicals relatively easily.®” Chemical or electrochem-
ical oxidation or reduction of stable molecules can produce radicals as
well.*®° One approach for generating ethyl radicals is to add triethylborane
to a reaction mixture from which not all the oxygen has been removed.**?%?!
Radicals may also be produced by photoinduced electron transfer
(Chapter 12). Single electron transfer processes initially generate radical

82 Gronert, S. Org. Lett. 2007, 9, 2211.

8% Gronert, S. J. Org. Chem. 2006, 71, 1209; 9560.

8 Gronert, S. J. Org. Chem. 2006, 71, 7045.

# Wodrich, M. D.; Schleyer, P. v. R. Org. Lett. 2006, 8, 2135 and supporting information.

8 Moreover, Stanger was able to correlate C—H dissociation energies of alkanes on the basis of the
calculated hybridization of the orbital used for C—H bonding, which was in turn a function of
molecular geometry. Stanger, A. Eur. |. Org. Chem. 2007, 5717.

% Kita, Y.; Matsugi, M. in Renaud, P.; Sibi, M. P., Eds. Radicals in Organic Synthesis, Vol. 1. Basic
Principles; Wiley-VCH: Weinheim, 2001; p. 1.

88 Schafer, H. J. in Renaud, P.; Sibi, M. P., Eds. Radicals in Organic Synthesis, Vol. 1. Basic Principles;
Wiley-VCH: Weinheim, 2001; p. 250.

89 Cossy, J. in Renaud, P.; Sibi, M. P., Eds. Radicals in Organic Synthesis, Vol. 1. Basic Principles;
Wiley-VCH: Weinheim, 2001; p. 229.

% Nozaki, K.; Oshima, K.; Utimoto, K. J. Am. Chem. Soc. 1987, 109, 2547.

! Yorimitsu, H.; Oshima, K. in Renaud, P.; Sibi, M. P., Eds. Radicals in Organic Synthesis, Vol. 1.
Basic Principles; Wiley-VCH: Weinheim, 2001; p. 11.
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cations (for oxidation) or radical anions (for reduction), which may then
fragment to radicals and ions. For example, Sargent and co-workers deter-
mined that in 1,2-dimethoxyethane solution the radical anion of naphthalene
(sodium naphthalenide, Na™ Ar*") transferred an electron to propyl iodide.
Subsequent loss of iodide ion from the propyl iodide radical anion produced
the propyl radical (equation 5.12).%

o

0
CHy O /U\ CHy _O-
6 s\n/ ~0 CGH5 A 6 5\“/ + ‘OJKCH (5]0)
675
0 0
H,C
N=N_ " . N=N + HiC- + -CH, (5.11)
CH,

NN [\/\I] e

Reactions of Radicals

Radical reactions are frequently found to occur as chain reactions composed
of three types of processes:

1. Aninitiation step, such as one of the generation reactions discussed in
the previous section.

2. A series of propagation steps
3. One or more termination steps that stop the chain reaction.

Each propagation step in a radical chain involves the reaction of a species
with one unpaired electron to produce another species having one unpaired
electron. Moreover, the reactant in one propagation step is a product in a
subsequent propagation step. In the chlorination of methane, the first prop-
agation step is the abstraction of a hydrogen atom by a chlorine atom
(equation 5.13), and the second step is the abstraction of a chlorine atom
from Cl; by the methyl radical (equation 5.14).

Cle + CH, — HCl + *CH; (5.13)

*CH3 + Cl; — CH3C1 + Cl* (5.14)

A carbon-centered radical can also abstract an atom from another mol-
ecule (or from another atom in the same molecule) to fill its outer shell if the

free energy change for the abstraction is favorable. One example of this
process is radical trapping, in which a radical abstracts a hydrogen atom from a

2 Sargent, G. D.; Cron, ]. N; Bank, S. J. Am. Chem. Soc. 1966, 88, 5363.
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facile hydrogen atom donor such as tri-n-butyltin hydride (BusSnH).***°
The process is illustrated with methyl radical in equation 5.15. This reaction
can serve as a means of detecting radical intermediates, because the appear-
ance of the species R-H upon addition of BuzSnH to a reaction suggests the
intermediacy of R® in the reaction.

*CH; + HSnBus — CH4 + *SnBugy (515)

Trialkyltin radicals can abstract chlorine, bromine, or iodine atoms from
alkyl halides. Together with a radical initiator such as azobisisobutyronitrile
(AIBN), trialkyltin hydrides and alkyl halides can give reduction or other
radical-derived products.

><CN .,

N=N — Ny + 2 ,/—CN 5.16

e 2 /_ ( )
AIBN (R*)

R-+ Bu,SnH — R-H + BusSn- (5.17)

BusSn* + R;-X — BusSnX + R (5.18)

R,* — further reactions (5.19)

Another common propagation step is addition of a radical to a double or
triple bond, as in one of the propagation steps (equation 5.20) in the anti-
Markovnikov addition of HBr to an alkene.

Br

Br + Xy —» AL (5.20)

Br

\ + HBr —» D + Br- (5.21)
\/\ \/\

Radical addition to a multiple bond is the key step in radical polymer-
ization.” For example, in the polymerization of styrene, the initiation step is
homolysis of an initiator, which produces a radical that adds to a styrene
molecule to begin the polymer chain. The propagation step illustrated
in equation 5.22 is then repeated hundreds or thousands of times. Two
carbon—carbon single bonds are about 20kcal/mol more stable than one

% Menapace, L. W.; Kuivila, H. G. J. Am. Chem. Soc. 1964, 86, 3047.

% Walling, C.; Cooley, ]. H.; Ponaras, A. A.; Racah, E. J. J. Am. Chem. Soc. 1966, 88, 5361.
 Kim, S.; Yoon, J.-Y. in Renaud, P.; Sibi, M. P., Eds. Radicals in Organic Synthesis, Vol. 2.
Applications; Wiley-VCH: Weinheim, 2001; p. 1.

8 Compare Georges, M. in Renaud, P.; Sibi, M. P., Eds. Radicals in Organic Synthesis, Vol. 1. Basic
Principles; Wiley-VCH: Weinheim, 2001; p. 479.

271



272

5 REACTIVE INTERMEDIATES

carbon—carbon double bond, so the difference in the bond strengths provides
the driving force for the reaction.”” Increasingly, radical addition reactions are
finding application in organic synthesis. Because charged species are not
involved in the reaction, subtle effects due to orbital interactions and steric
interactions can provide opportunities for stereoselective syntheses.”® Radi-
cals may have apgreciable nucleophilic or electrophilic character, depending
on substituents.””'%

R*(CHZ(?H)‘,—CHZCH 0 R~<CH2<‘3H>M1‘CH‘2C.’H (5.22)

I
CSHS CGH5 CSHs CGHS CSH5

Another useful chain reaction involves the PTOC (pyridine-2-thione-N-
oxycarbonyl) esters developed by Barton (Figure 5.20).'"'Reaction of a
carboxylic acid chloride (RCOCI) with the sodium salt of N-hydroxypyri-
dine-2-thione produces an ester designated as R-PTOC. Addition of
radical Ye (formed by an earlier initiation step) to the R-PTOC leads to the
carboxy radical RCO,*. The carboxy radical then decarboxylates to produce
the radical Re, which can continue the chain reaction or can undergo other
reactions.'"?

Radicals are generally less susceptible to 1,2-hydrogen shifts and 1,2-
alkyl shifts than are carbocations. For example, Brown and Russell found no
evidence for the rearrangement of isobutyl radical to t-butyl radical in the
chlorination of deuterium-labeled isobutane,'® and the barrier for 1,2-shift in
the ethyl radical was calculated to be ca. 55 kcal/mol.'** Apparent 1,2-phenyl
migration has been observed, however.'®!%1% Treatment of neophyl chlor-
ide (19) with phenylmagnesium bromide and cobaltous chloride produced
t-butylbenzene (20, 27%), isobutylbenzene (21, 15%), 2-methyl-3-phenyl-1-
propene (22, 9%), and B,8-dimethylstyrene (23, 4%).'"” The results suggest
that rearrangement of neophyl radical (24, Figure 5.21) via the bridged 1,1-

%7 For an introduction, see Bevington, J. C. Radical Polymerization; Academic Press: London, 1961.

%8 Giese, B. Radicals in Organic Synthesis: Formation of Carbon—Carbon Bonds; Pergamon Press:
Oxford, UK, 1986; Jasperse, C. P.; Curran, D. P.; Fevig, T. L. Chem. Rev. 1991, 91,1237; Porter, N. A ;
Giese, B.; Curran, D. P. Acc. Chem. Res. 1991, 24, 296.

% De Vleeschouwer, E.; Van Speybroeck, V.; Waroquier, M.; Geerlings, P.; De Proft, F. Org. Lett.
2007, 9, 2721. See also Schiesser, C. H.; Wille, U.; Matsubara, H.; Ryu, I. Acc. Chem. Res. 2007, 40,
303.

190 Eor a survey of the synthetic applications of radicals in synthesis, see Renaud, P.; Sibi, M. P.,
Eds. Radicals in Organic Synthesis, Vol. 2. Applications; Wiley-VCH: Weinheim, 2001.

101 Barton, D. H. R.; Crich, D.; Motherwell, W. B. Tetrahedron 1985, 41, 3901.

192 pPTOC esters are also useful in radical clock reactions: Newcomb, M.; Park, S. U. J. Am. Chem.
Soc. 1986, 108, 4132; reference 111.

19 Brown, H. C.; Russell, G. A. J. Am. Chem. Soc. 1952, 74, 3995.
% Hudson, C. E.; McAdoo, D. J. Tetrahedron 1990, 46, 331.

1% Walling, C. in de Mayo, P., Ed. Molecular Rearrangements, Vol. 1; Wiley-Interscience: New York,
1963; pp. 407-455; Zipse, H. Adv. Phys. Org. Chem. 2003, 38, 111.

108 1,2-Hydrogen shifts in aryl radicals have been observed at high temperature. Calculated
activation energies for the reaction are ca. 58 kcal /mol. Brooks, M. A.; Scott, L. T. J. Am. Chem. Soc.
1999, 121, 5444.

197 Urry, W. H.; Kharasch, M. S. J. Am. Chem. Soc. 1944, 66, 1438.
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dimethylspiro[2.5]octadienyl radical 25 leads to the formation of 26, which is
an intermediate in the formation of 21, 22, and 23.1%%1%°

CoClz SN
></Cl PhMgBr >< + Ph/Y + Ph/\]% + Ph/\r
Ph E(OF Ph
19 20 21 22
23

(5.23)

Radicals do exhibit facile intramolecular processes that may be classified
as analogs of bimolecular addition or abstraction reactions. In some cases
these reactions are considered to be diagnostic for the presence of radical
intermediates in reactions under study. As illustrated for the 5-hexenyl
radical (27) in equation 5.24, radicals easily cyclize to give a five-membered
ring (28). Although the radical center is 1° in both reactant and product, the
conversion of a carbon—carbon double bond to two carbon-carbon single
bonds provides the driving force for the reaction. Formation of a 2° radical in a
six-membered ring (29) would be favored thermodynamically, but the stereo-
electronic requirement of the addition of the radical center to the
alkene moiety favors the formation of the five-membered ring by a factor
of 50: 1.1 Such a process provides a diagnostic probe for radicals, since
cations tend to cyclize to six-membered rings, while anions do not readily
cyclize.'?

. _CH
—_ C6H5CH2—<CH3
3

24 26

1% Structure 24 cannot disproportionate because there is no hydrogen bonded to the 8 carbon
atom. Moreover, steric hindrance may reduce the rate of its dimerization.

1% For studies of the parent spiro[2.5]octadienyl radical, see Effio, A.; Griller, D.; Ingold, K. U.;
Scaiano, J. C.; Sheng, S. ]. J. Am. Chem. Soc. 1980, 102, 6063.

110 Beckwith, A. L. J. Chem. Soc. Rev. 1993, 22, 143.
11 Newcomb, M. Tetrahedron 1993, 49, 1151.

"2 Ingold, K. U. in Pryor, W. A., Ed. Organic Free Radicals; ACS Symposium Series 69, American
Chemical Society: Washington, DC, 1978; p. 187 ff.
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FIGURE 5.20

Generation of a radical through
a PTOC ester.

FIGURE 5.21

Rearrangement of neophyl
radical.
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= .
— -
27 8 29

Relative yield 50 : 1

(5.24)

This pattern of reactivity is consistent with a set of empirical general-
izations known as Baldwin’s rules for ring-closing reactions.''® These rules
are not restricted to intramolecular cyclizations involving radicals, but we
will illustrate them in the context of radical reactions. The favored pathways
for cyclizations are those in which the radical center approaches the olefinic
carbon along a trajectory allowing better interaction orientation of the p orbital
of a radical with the olefinic orbitals.*>'*If a radical forms a ring by adding to
an intramolecular double bond, the process is described as trig (because the
radical adds to a trigonal carbon). Addition to a triply bonded carbon is called
dig, while reaction with a carbon bearing four substituents is called tet. If the
closure leads to the smaller of the two possible rings, the process is called exo,
while closure to form the larger of the two possible rings is termed endo. A
number indicates the size of the ring formed by the closure. Thus, the 3-exo-
trig closure in Figure 5.22 is termed 3 because a three-membered ring is
formed, exo because the smaller of two possible rings is formed, and trig
because the radical adds to a trigonal (olefinic) carbon atom. An alternative
4-endo-trig process would form the cyclobutyl radical, but it is not observed.
Therefore, the energetically feasible processes are labeled “allowed,” while
noncompetitive cyclizations are labeled ““forbidden.”

Alkoxy radicals can undergo addition to a carbonyl group, followed by
B-scission of the resulting alkoxy radical, and this pathway offers a useful
route to ring expansion of appropriately substituted carbonyl com-
pounds.'*>'® For example, Dowd and Choi reported the formation of a
cyclohexanone from a cyclopentanone by the reaction in equation 5.25.'"”

0 0) 2o
l_J CH,Br  Bu,SH Ccn, , 0\@ _CO,CH,
CH,0,CH, AIBN CO,CH;,

l (5.25)

(0] (0]
Bu;SnH
-
CO,CH; CO,CH;

113 Baldwin, J. E. Chem. Commun. 1976, 734, 738; Baldwin, J. E.; Cutting, J.; Dupont, W.; Kruse, L.;
Silberman, L.; Thomas, R. C. Chem. Commun. 1976, 736.

114 Spellmeyer, D. C.; Houk, K. N. J. Org. Chem. 1987, 52, 959.
115 Baldwin, J. E;; Adlington, R. M.; Robertson, J. Tetrahedron 1989, 45, 909.

116 Zhang, W. in Renaud, P.; Sibi, M. P., Eds. Radicals in Organic Synthesis, Vol. 2. Applications;
Wiley-VCH: Weinheim, 2001; p. 234.

17 Dowd, P.; Choi, S.-C. J. Am. Chem. Soc. 1987, 109, 3493.
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e

3-Exo-Trig 4-Endo-Trig
(allowed) (disallowed)
A -0 -0
: 4-Exo-Trig 5-Endo-Trig
(allowed) (disallowed)
o~ &0
5-Exo-Trig 6-Endo-Trig
(allowed) (allowed)

The rate constants for several characteristic reactions of radicals have
been shown to be relatively independent of solvent.'"® If the radical partitions
between one reaction with a known rate constant and another reaction with an
unknown rate constant, the ratio of products can provide an estimate of the
unknown rate constant.'*® That is, the reactions can serve as a radical clock to
determine the rate constant for the competing reaction.'?*™'#*

As an example, consider the conversion of radical *R; to *R, and also the
abstraction of a hydrogen atom from reagent X-H by both *R; and *R;, as
shown in Figure 5.23. Plotting the product ratio, [H-R;]/[H-R;] versus the
concentration of the hydrogen atom donor, [X-H], produces a linear correla-
tion with slope equal to kx/kr (equation 5.26). If the rate constant for
rearrangement, kg, is known independently, then the rate constant for the
competing reaction, ky, is easily determined.

R, -H K«
Ro—H ke [X —H] (5.26)
For greatest accuracy, the rate constant of the radical clock reaction
should be similar to the rate constant of the competing reaction. For this
reason, investigators have developed a number of radical clocks with varying
rate constants for reaction, as shown in Table 5.3. In addition to applications in
the study of chemical reactions, radical clock reactions have been used
extensively in studies of biological processes, such as the peroxidation of

18 By, Y.; Li, R-Q,; Liu, L.; Guo, Q.-X. Res. Chem. Intermed. 2004, 30, 279.

119 Newcomb, M. in Coxon, ]. M., Ed. Advances in Detailed Reaction Mechanisms, Vol. 1; JAI Press:
Greenwich, CT, 1991; pp. 1-33. Also see Hollis, R.; Hughes, L.; Bowry, V. W.; Ingold, K. U. J. Org.
Chem. 1992, 57, 4284; Newcomb, M.; Johnson, C. C.; Manek, M. B.; Varick, T. R. J. Am. Chem. Soc.
1992, 114, 10915; Branchaud, B. P.; Glenn, A. G.; Stiasny, H. C. J. Org. Chem. 1991, 56, 6656;
Nonhebel, D. C. Chem. Soc. Rev. 1993, 22, 347.

120 Nlewcomb, M. Tetrahedron 1993, 49, 1151.

121 Newcomb, M. in Renaud, P.; Sibi, M. P., Eds. Radicals in Organic Synthesis, Vol. 1. Basic
Principles; Wiley-VCH: Weinheim, 2001; p. 317.

122 Griller, D.; Ingold, K. U. Acc. Chem. Res. 1980, 13, 317.
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FIGURE 5.22

Baldwin designations for radical
cyclizations.

kr

* R] > " R2

. kx [X-H] l kx [X-H]

H—R, H—R,
FIGURE 5.23

Reaction scheme for a radical
clock reaction.
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TABLE 5.3 Room Temperature Rate Constants for
Radical Clock Reactions

Reaction kr 571 Reference
D/ _— ‘/_// 1x10° 127
/ f 2 x10° 127
<‘_/=<Ph —_— E>_<Ph 45x 107 128
Ph Ph
D_- - /_/ 1.2 x 108 129
—_—

J_< 4.8 x 10" 130

ca. 4 x 10" 131

D T D

123 0 124,125,131 It

lipids™“” and the hydroxylation of C—Hbonds by cytochrome P45
is also possible to design probe molecules that can distinguish between
radical and cationic pathways.'?®'?!

Radical chain reactions are terminated by processes that lead to species
with an even number of electrons. The two most important termination steps
are combination and disproportionation. Combination (equation 5.27) is the
reverse of the thermal dissociation of a ¢ bond to produce two radicals.
Radical combination is usually quite exothermic and thus has a small or
negligible activation energy. As noted above, however, significant steric

123 Roschek, B., Jr.; Tallman, K. A.; Rector, C. L.; Gillmore, J.G.; Pratt, D. A.; Punta, C.; Porter, N. A.
J. Org. Chem. 2006, 71, 3527.

124 Kumar, D.; de Visser, S. P.; Sharma, P. K.; Cohen, S.; Shaik, S. J. Am. Chen. Soc. 2004, 126, 1907.
125 He, X.; Ortiz de Montellano, P. R. J. Biol. Chem. 2004, 279, 39479.

126 He, X.; Ortiz de Montellano, P. R. J. Org. Chem. 2004, 69, 5684.

27 Jin, J.; Newcomb, M. J. Org. Chem. 2007, 72, 5098.

128 Ha, C.; Horner, J.H.; Newcomb, M.; Varick, T. R.; Arnold, B. R;; Lusztyk, . J. Org. Chem. 1993,
58, 1194.

12% Bowry, V. W.; Lusztyk, |.; Ingold, K. U. J. Am. Chem. Soc. 1991, 113, 5687.
%% Newcomb, M.; Glenn, A. G.; Williams, W. G. J. Org. Chem. 1989, 54, 2675.
131 Newcomb, M.; Toy, P. H. Acc. Chem. Res. 2000, 33, 449.
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hindrance can lower the dissociation energy and introduce a barrier to
recombination.

*CH; + *CH; — H3C — CHj (5.27)

Disproportionation can be considered to be the abstraction of a hydrogen
atom from one radical by another radical.’** One of the radical centers is
converted to a carbon-hydrogen bond, while the other radical becomes an
olefin (equation 5.28). Both combination and disproportionation represent
bimolecular process of radicals. Combination is more exothermic than is
disproportionation, but the AS for dimerization is much more negative than is
AS for disproportionation. Therefore, the reaction of two radicals depends
strongly on temperature, with higher temperature favoring disproportiona-
tion and lower temperature favoring combination."®

“Sem e TN S (528)

There is one important exception to the statement that radical chain
reaction termination steps produce products with an even number of elec-
trons. A radical addition step may produce a radical product that is so much
less reactive than its precursor that further chain reaction is precluded. This
process, which is known as spin trapping, is primarily useful as a means of
studying radicals that cannot be studied directly by EPR. Adding a nitroso
compound or a nitrone to a reaction mixture involving short-lived radicals
can produce a spin adduct, a more persistent species that can be studied
directly by EPR spectrometry (Figure 5.24)."** The spectrum of the product is
often diagnostic of its radical precursor.'**'3¢ As shown in Figure 5.25,
Caldwell and co-workers designed a spin trap capable of distinguishing
between radicals and oxidative metal ions under biological conditions.'*”

Radical + Spin trap ———  Spin adduct
:(l)‘. :?:
(@ R+ + >:N+— —_— R+N—
a nitrone .
00

() R- + CgHs—N=0: —= CgHs—N

a nitroso compound R

132 Gibian, M. J.; Corley, R. C. Chem. Rev. 1973, 73, 441.
133 Bevington, J. C. Trans. Faraday Soc. 1952, 48, 1045.
134 Eberson, L. Adv. Phys. Org. Chem. 1998, 31, 91.

135 For an introduction to spin trapping, see Janzen, E. G. Acc. Chemn. Res. 1971, 4, 31; Perkins, M. J.

Adv. Phys. Org. Chem. 1980, 17, 1.

136 Janzen, E. G.; Evans, C. A.; Davis, E. R. in Organic Free Radicals, ACS Symposium Series 69;

American Chemical Society: Washington, D. C., 1978; p. 433 ff.
137 Caldwell, S. T.; Quin, C.; Edge, R.; Hartley, R. C. Org. Lett. 2007, 9, 3499.
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FIGURE 5.24

Reaction of a radical with a ni-
trone (a) or a nitroso compound
(b) in a spin trapping reaction.
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FIGURE 5.25
A discriminating spin trap.

FIGURE 5.26

Singlet (30a and 30b) and triplet
(30c) states of methylene.
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5.3 CARBENES

Structure and Geometry of Carbenes

A carbene is a structure containing a neutral carbon atom that is bonded to
only two other atoms, that has a formal charge of 0, and that has two
nonbonded electrons localized on that carbon atom.'® The simplest chemical
example of such a structure is CH,, commonly called methylene. Figure 5.26
shows three different electronic states that could be proposed for methy-
lene.’ In 30a the two electrons are both in the same orbital and therefore
must be paired. In 30b and 30c they are in separate orbitals, so these two
electrons may or may not have paired spins. Structures 30a and 30b are called
singlet states, since the nonbonded electrons have their spins paired. In 30c the
spins of the nonbonded electrons are not paired, so this is a triplet state.'*
Based on Hund'’s rule, we expect the triplet to be lower in energy than the
singlet, so 30b is an excited state of 30c. In theory all of the states in Figure 5.26
are possible, although they have different energies, patterns of reaction,

and lifetimes.'!
2, /// {/
H H '€ H

singlet singlet triplet

30a 30b 30c

138 Eor an introduction to the structures and reactions of carbenes, see (a) Liebman, J. F.; Simons, J.
in Liebman, J. F.; Greenberg, A., Eds. Molecular Structure and Energetics, Volume 1: Chemical Bonding
Models; VCH Publishers: Deerfield Beach, FL, 1986; p.51; (b) Moss, R. A.;Jones, M., Jr.,inJones, M.,
Jr.;Moss, R. A., Eds. Reactive Intermediates, Vol. 2; John Wiley & Sons: New York, 1981; (c) Kirmse,
W. Carbene Chemistry; Academic Press: New York, 1964; Gilchrist, T. L.; Rees, C. W. Carbenes,
Nitrenes and Arynes; Appleton-Century-Crofts: New York, 1969; (d) Hine, J. Divalent Carbon;
Ronald Press: New York, 1964; Bertrand, G. in Moss, R. A.; Platz, M. S.; Jones, M., Jr., Eds. Reactive
Intermediate Chemistry; John Wiley & Sons: Hoboken, NJ, 2004; chapter 8; () Jones, M., Jr.; Moss, R.
A.inMoss, R. A.; Platz, M. S.; Jones, M., Jr., Eds. Reactive Intermediate Chemistry; John Wiley & Sons:
Hoboken, NJ, 2004; chapter 7.

13 For further discussion, see Eisenthal, K. B.; Moss, R. A.; Turro, N. J. Science 1984, 225,
1439; Gaspar, P. P.; Hammond, G. S. in reference 138d, pp. 235-274.

4% The terms singlet and triplet arose from experiments in which singlet states gave emission at
only one wavelength in certain spectroscopic experiments, while triplet states gave three lines
(i.e., emission at three wavelengths). The distinction between singlet and triplet states will be
especially important in the discussion of photochemistry (Chapter 12).

141 The lifetime, 7, of a transient species is the inverse of the sum of the rate constants for its
disappearance (i.e., t =1/Zk;).
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Structure 30a has two electrons in one orbital and no electrons in another
orbital. We would expect the carbon atom to be sp? hybridized, with the
nonbonded electrons in an sp® orbital, leaving the p orbital empty. This
arrangement allows the two electrons to be in a lower energy orbital having
more s character. Structures 30b and 30c may be expected to have the same
hybridization for the two singly occupied orbitals. If there is greater repulsion
between pairs of electrons in the C—H bonds with each other than there is
between the single electrons on carbon, then VSEPR theory would suggest
that the H-C—H bond angle should be greater than 109.5°. The extreme angle
of 180°, however, would be sp hybridization, and that would mean placing the
two unpaired electrons into orbitals with no s character. Therefore, some
hybridization intermediate between sp and sp® might be expected, but there is
no obvious basis for predicting the hybridization for 30b and 30c exactly.

Theoretical and experimental studies support the expectation that the
lowest energy electronic state of methylene is the triplet, 30c. The singlet 30a is
a higher energy excited state, and the singlet 30b is an even higher energy
state. The exact difference in energy between 30c and 30a was the subject of
some debate, however. Most theoretical calculations indicated a 10 kcal/mol
energy separation, while an experimental value was reported to be about
20 kcal/mol. The issue was resolved when further experimental work gave a
revised experimental value of 9 kcal /mol, which is very close to the calculated
value.'*

The geometry of triplet methylene (30c) was also the subject of intensive
theoretical and experimental work. Indeed, methylene was called a “para-
digm for quantitative theoretical chemistry’’ because the success of computa-
tion in describing methylene, even in the face of initially contradictory
experimental evidence, helped establish the credibility of computational
chemistry.'* Now the theoretical calculations and EPR data
agree that triplet methylene is slightly bent, with an H-C—H angle of 136°
(Figure 5.27).'%71% The species is thought to have only a small barrier to
inversion in a process reminiscent of the inversion of nitrogen in amines.

142 Leopold, D. G.; Murray, K. K.; Lineberger, W. C. J. Chem. Phys. 1984, 81, 1048. See also Chem.
Eng. News 1984 (Nov 26), 30.

143 Schaefer, H. F. I11. Science 1986, 231, 1100. See also Wasserman, E. Science 1986, 232, 1319;
Schaefer, H. F. IIL. Science 1986, 232, 1319; Wasserman, E.; Schaefer, H. F. III. Science 1986, 233, 829.

144 Bender, C. F.; Schaefer, H. F. IIL J. Am. Chem. Soc. 1970, 92, 4984.
145 Wasserman, E.; Yager, W. A; Kuck, V. ]. Chem. Phys. Lett. 1970, 7, 409.

146 Bunker, P. R.; Sears, T.].; McKellar, A. R. W.; Evenson, K. M.; Lovas, F.]. J. Chem. Phys. 1983, 79,
1211; McKellar, A.R. W.; Yamada, C.; Hirota, E. J. Chem. Phys. 1983, 79, 1220; Bunker, P. R.; Jensen,
P. J. Chem. Phys. 1983, 79, 1224.
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FIGURE 5.27

Calculated potential energy sur-
face for the lowest triplet state
of methylene. (Adapted from
reference 143.)
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Cl H :g+_1’ H
31
FIGURE 5.28

Stabilization of a singlet
carbene by chlorine.

32

FIGURE 5.29

Stabilization of cyclopropenyli-
dene (32) by adjacent p orbitals.
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The structural principles discussed for methylene generally apply to
other carbenes as well, but there are some additional considerations. Singlet
carbenes are n-electron deficient because of the empty p orbital, but they are -
electron rich because of the nonbonded pair of electrons in an sp” orbital.
Therefore, they are stabilized by groups that donate electrons to the empty p
orbital of the carbene carbon by resonance and withdraw electrons through
the o framework by induction.'*” A halogen atom is such a substituent, and
Moss and Mamantov found that a halogen bonded to the carbene center
stabilizes the singlet state of the carbene relative to the triplet.'*>'** Singlet
chlorocarbene (31, Figure 5.28) is more stable than the triplet by about
6.8 kcal/mol, while singlet fluorocarbene is more stable than the triplet by
ca. 14.5kcal/mol."¥” The singlet of dichlorocarbene is calculated to be ca.
20kcal/mol lower in energy than the triplet.'>*'>!

A particularly interesting singlet carbene is cyclopropenylidene, 32
(Figure 5.29), which may be the most abundant cyclic hydrocarbon in inter-
stellar space.’ The structure is thought to be stabilized because the non-
bonded pair of electrons is in an orbital with considerable s character, while
the p orbital of the carbenic center is stabilized by electron donation from the
adjacent olefinic system.’® Cyclopropenylidene itself is not stable in the
condensed phase, but the thermally stable bis(diisopropylamino) derivative
33 was reported to be stable.'*

T_x
T T

Hyperconjugation can also stabilize singlet carbenes by donating Cz—C
or Cg—H o electron density to the empty p orbital of the carbene. This electron
donation was calculated to lower the energy of singlet t-butylcarbene by
about 18 kcal/mol.'** Dialkylcarbenes may be stabilized by hyperconjugation
involving two alkyl groups, but they may also be affected by steric interac-
tions of the two alkyl groups. The resulting changes in bond angles at the
carbene center affect the relative energies of the singlet and triplet states of the
carbenes. The greater bond angle at the carbene carbon for di-t-butylcarbene,

147 Seott, A. P.; Platz, M. S.; Radom, L. J. Am. Chem. Soc. 2001, 123, 6069.

148 Moss, R. A.; Mamantov, A. |. Am. Chem. Soc. 1970, 92, 6951.

1* Rate constants for rearrangements of alkylfluorocarbenes are about an order of magnitude
lower than those of the alkylchiorocarbenes: Moss, R. A.; Ho, G.-J.; Liu, W. J. Am. Chem. Soc. 1992,
114, 959.

%0 Barden, C. J.; Schaefer, H. F. IL. J. Chem. Phys. 2000, 112, 6515. See also Mukarakate, C.;
Mishchenko, Y.; Brusse, D.; Tao, C.; Reid, S. A. Phys. Chem. Chem. Phys. 2006, 8, 4320.

51 Dichlorocarbene can be used to functionalize single-walled nanotubes: Hu, H.; Zhao, B.;
Hamon, M. A_; Kamaras, K.; Itkis, M. E.; Haddon, R. C. ]. Am. Chem. Soc. 2003, 125, 14893.

152 Tavallo, V.; Canac, Y.; Donnadieu, B.; Schoeller, W. W.; Bertrand, G. Science 2006, 312, 722.
123 A QTAIM analysis suggested that the mechanism of stabilization may be more complicated:
Johnson, L. E.; DuPré, D. B. J. Phys. Chem. A 2007, 111, 11066.

154 Sulzbach, H. M.; Bolton, E.; Lenoir, D.; Schleyer, P. v. R.; Schaefer, H. F. IIL. ]. Am. Chem.Soc.
1996, 118, 9908.
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for example, means that the orbitals from the carbene carbon to the t-butyl
groups must have greater s character. As a result, the orbital bearing the two
nonbonded electrons in singlet di-t-butylcarbene have more p character. This
destabilizes the singlet carbene, and the triplet becomes more stable by about
1kcal/mol. Diphenylcarbene is also affected by the steric repulsion of the two
phenyl groups, and it too has a triplet ground state. In a study of diphenyl-
carbene generated in diphenylethene crystals, the Cp,—C,—Cpp, bond angle
was found to be 148°, and the phenyl rings were twisted 36° out of the plane
defined by the carbene carbon atom and the two ring carbon atoms bonded to
it.!>® Diarylcarbenes with substituents on the aryl groups may have even
greater steric interactions, and the energy difference between the triplet
ground state and the higher energy singlet state of a diarylcarbene tends to
increase as steric effects make the carbene more nearly linear.'®

In some cases donation of nonbonded electrons by atoms 8 to the carbene
carbon can stabilize singlet carbenes dramatically. Arduengo and co-workers
reported that treating 1,3-di-1-adamantylimidazolium chloride (34) with the
anion CH3SOCH, "~ in THF produced the singlet carbene 1,3-di-1-adamantyl-
imidazol-2-ylidene (35, equation 5.29).2%7 This carbene is stabilized thermo-
dynamically by electron donation from the two amino groups, and it is
stabilized kinetically by bulky adamantyl substituents that make it less likely
to react intermolecularly. As a result, 35 is stable in the presence of air and
moisture, and the crystals of 35 melt at 240-241°C.

7 @ g

[N/>:—H et [N>_= -~ [:/> — [:\> (5.29)

N* of DMso N, ; ,
+H, +NaCl
34 35

Compound 35 is known as a ““push—push’’ carbene because two amino
groups can donate electrons to the vacant p orbital of a singlet carbene. A
““push-pull” carbene is a carbene stabilized both by resonance donation of
electron density from an adjacent pair of nonbonded electrons to the empty p
orbital of a singlet carbene and by stabilization of the nonbonded electron pair
of the carbene through inductive or conjugative electron withdrawal by
another substituent. For example, the singlet carbene 36, where the phos-
phorus is the electron donor and the 2,6-bis(trifluoromethyl)phenyl group is
the electron-withdrawing group, was found to be stable in solution at room
temperature for weeks.'>®

155 Doetschman, D. C.; Hutchison, C. A., Jr. J. Chem. Phys. 1972, 56, 3964.
1% Nazran, A. S.; Griller, D. J. Am. Chem. Soc. 1984, 106, 543.
137 Arduengo, A. J. III; Harlow, R. L.; Kline, M. J. Am. Chem. Soc. 1991, 113, 361.

158 The melting range of 36 was found to be 68°-70°C. Buron, C.; Gornitzka, H.; Romanenko, V.;
Bertrand, G. Science 2000, 288, 834.
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Hyperconjugation can stabilize triplet carbenes, but to a lesser extent than
singlet carbenes, by donating Cs—C o or Cs—H o electron density to a half-
filled orbital of the carbene center. It is more difficult to stabilize triplet
carbenes than singlet carbenes with bulky alkyl substituents, because the
radical character of triplet carbenes makes them much more reactive with
C—H bonds.”® Carbon—fluorine bonds are less reactive toward radicals,
however, and the triplet carbene 37 was sufficiently stable to survive for
nearly a day in solution at room temperature.'*

CF3 Br,

BrF;C
37

Generation of Carbenes

Carbenes may be synthesized by a variety of pathways that result in the
elimination of two bonds from a tetravalent carbon atom. Among the more
prominent of these reactions are the following;:

1. Thermolysis or photolysis of diazoalkanes (equation 3.6) and dialkyl-
diazirines (equation 3.7)

R R
No=N=R: G N=N: 2 (5.30)
R/ =N R/C—N=N- i BCi+N, .

CH, ><Iﬁl -
CH, N

CH,

> (531)

CH,

For example, N-nitrosoureas react with base to generate diazoalkanes, which
can then eliminate nitrogen.'®'

%% For a discussion of factors that stabilize triplet carbenes, see Nemirowski, A ; Schreiner, P.R. J.
Org. Chem. 2007, 72, 9533.

160 Jtoh, T.; Nakata, Y.; Hirai, K.; Tomioka, H. ]. Am. Chem. Soc. 2006, 128, 957.

161 Jones, W. M.; Grasley, M. H.; Brey, W. S., Jr. . Am. Chem. Soc. 1963, 85, 2754.
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(0]
rRHC. A ase
III NH, _ bese R,CN, a R,C: +N, (5.32)
NO

O R 0 R
Hc«@g N—N=g/ 2Bold HC-< >—g N-f=c’
—~N—N= [—— — N-~N= C:
3 " l N 3 ” N \ RZ

0 H R o) R
+ N, + H:,C‘@—SO,;
(5.33)
3. a-Elimination reactions.'®®
HCCI; +base™ ==base-H 4+ Cl1C:" =C1™ + : CCl, (5.34)

A carbene produced by elimination of N, or Cl™ is a singlet initially,
but electronic relaxation to a lower energy triplet ground state can occur if
reaction does not occur first. It is possible to produce a triplet carbene directly
through a process known as sensitization, in which a triplet electronic excited
state of a sensitizer (S) transfers energy to a carbene precursor and returns to
its singlet ground electronic state (equation 5.35).'* Conservation of electron
spin requires that the carbene be produced in its triplet state.

2]
S+ H,C=N=N°® - S + H,C"" + N, (5.35)

4. Generation of carbenoids. The Simmons-Smith reaction produces a
carbene equivalent that is stabilized by association with a metal and that
reacts as a singlet carbene.'®

CHal, 2", ICH,Znl (5.36)

162 For a mechanism, see Figure 5.31.

163 The base-promoted a-elimination of chloroform to dichlorocarbene was reported by Hine, J.;
Dowell, A. M., Jr. J. Am. Chem. Soc. 1954, 76, 2688.

164 A sensitizer is an electronically excited species that transfers energy to a ground state
molecule, leading to the ground electronic state of the sensitizer and an electronically excited
state of the energy acceptor. The symbol S'" means that the sensitizer is a triplet (i.e., the two
electrons in singly occupied orbitals have the same spin). These terms will be discussed in Chapter
12.

165 Simmons, H. E.; Smith, R. D. J. Am. Chem. Soc. 1958, 80, 5323.
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5. Ring contraction of strained alkynes. For example, Gilbert and Yin
reported evidence that ring contraction of norbornyne, 38, produced the

vinylidene 39.1%
Aj - A (5.37)

C:
38 39

Reactions of Carbenes

The reactivity of a carbene is strongly influenced by its multiplicity—that is,
whether it is a singlet or triplet. As noted above, some carbenes are produced
as singlets, while others are formed as triplets or may convert to triplets before
reaction.’®” Singlet and triplet carbenes exhibit similar reaction types, but
there are some important differences between them.'*® Because it has both an
empty p orbital (like a carbocation) and a nonbonded pair of electrons (like a
carbanion), the singlet carbene exhibits both carbocation and carbanion
character. However, the triplet carbene behaves more as a diradical. These
characteristics influence the types and stereochemistries of carbene reactions.

One of the major reactions of carbenes is cycloaddition with double
bonds:

D= * e, — N (5.38)

A singlet carbene adds stereospecifically, meaning that reaction with a cis-
alkene gives only cis-cyclopropane, and reaction with a trans-alkene gives
trans-cyclopropane. The reaction of the triplet carbene is not stereospecific,
however, and the product is a mixture of isomers. The difference in stereo-
chemistry arises because the singlet carbene can add in one step (equa-

tion 5.39),
FCVD; Z
—_ ’ | (5.39)

while the triplet cannot.'®® The triplet carbene adds first to one end of the
double bond to produce a diradical, but it can only close to the cyclopropane
after one electron flips its spin. As shown in Figure 5.30, this may allow
rotation to occur around the C—C single bond before ring closure, so a mixture

166 Gilbert, J. C.; Yin, J. J. Org. Chem. 2006, 71, 5658.

17 The singlet-triplet energy gap also plays an important role in determining reactivity: Tomioka,
H.inMoss, R. A.;Platz, M. S.;Jones, M., Jr., Eds. Reactive Intermediate Chemistry; John Wiley & Sons:
Hoboken, NJ, 2004; chapter 9.

168 If a triplet carbene were to add to an aikene in one step, there would be two unpaired electrons
inone o bond; that is, there would be an excited state of a o bond, a very high energy species. Fora
summary of the reactions of triplet carbenes, see reference 167.
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1 1 H H H2C ? \\H H2C 1 \\R
CH; + >:< _— H o R . - B "
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Jl) spin flip ‘1) spin flip
2) closure 2) closure
H..A.--H H-...Aw]{
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of isomers results. Addition of singlet carbenes to conjugated dienes most
often results in 1,2-addition, but 1,4-addition has been observed.'¢*170

Another reaction of singlet carbenes is insertion into single bonds, as
shown in equation 5.40.

R—-H+ :CH,—~R—-CH,—H (5.40)

Insertion into C~H bonds is more probable than insertion into C—C bonds.
For example, photolysis of diazomethane in cyclopentane at —75°C produced
only methylcyclopentane; cyclohexane was not observed.'”! Singlet carbenes
are thought to add to C—H bonds by a concerted process, while triplet
carbenes can produce net addition through hydrogen abstraction and then
recombination of the alkyl radicals. Addition to double bonds and C—H
insertion reactions are competing processes. Irradiation of diazomethane in
cyclohexene produced 1-methylcyclohexene (40, 10%), 3-methylcyclohexene
(41, 25%), 4-methylcyclohexene (42, 25%), and norcarane (43, 40%). Thus,
singlet methylene appeared to be indiscriminate with regard to allylic, 2°, or
vinylic C—H bonds."”" Different carbenes exhibit different selectivities
toward insertion and cycloaddition reactions, however, and halocarbenes
tend to give more cycloaddition than insertion products. In particular,
reaction of cyclohexene with dichlorocarbene resulted in a 60% isolated yield
of the dichloro derivative of norcarane, 7,7-dichlorobicyclo[4.1.0]heptane
(44)."% Insertion of dichlorocarbene into C—H bonds does occur to some
extent, and the relative reactivity of different C—H bonds has been attributed
to the ability of the carbon skeleton to accommodate partial positive charge
buildup during donation of electron density to the carbene in the early stage
of the addition.'”

1% For a theoretical study of the 1,2- and 1,4-addition pathways and for references to literature
reports of 1,4-addition, see Evanseck, J. D.; Mareda, J.; Houk, K. N. J. Am. Chem. Soc. 1990, 112, 73.

170 Turkenburg, L. A. M.; de Wolf, W. H.; Bickelhaupt, F. Tetrahedron Lett. 1982, 23, 769.

71 Doering, W. von E.; Buttery, R. G.; Laughlin R. G.; Chaudhuri, N. J. Am. Chem. Soc. 1956, 78,
3224.

172 Doering W. von E.; Hoffmann, A. K. J. Am. Chem. Soc. 1954, 76, 6162.

173 The reaction pathway is different for acidic C-H bonds: Mieusset, J.-L.; Brinker, U. H. J. Org.
Chem. 2007, 72, 10211.
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FIGURE 5.30

Nonstereospecific addition of
triplet methylene to a cis-
alkene.
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FIGURE 5.31

Conversion of ketone to alkene
through the Bamford-Stevens
reaction.
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40 41 42 43

O
Cl

44

(5.41)

Singlet carbenes can rearrange to alkenes by a 1,2—hydro§en shift if
hydrogen atoms are located on adjacent carbon atoms.'”*'”> Evanseck
and Houk determined from ab initio calculations that the activation energy
for the rearrangement of methylcarbene to ethene (equation 5.42) is only
0.6 kcal/mol.'7®

Hm H (5.42)

This type rearrangement is the basis of the Bamford-Stevens reaction, in
which the tosylhydrazone of an aliphatic ketone is converted to an alkene by
the action of strong base, such as the sodium salt of ethylene glycol in ethylene
glycol as solvent (Figure 5.31)."””

The extent to which any particular carbene exhibits the reactions dis-
cussed above depends on its structure and electronic state.’”® Alkyl and

/NHTs
(@] N
R\)J\R, + H;N—NH-Ts —— R\)J\R,
Base
. & e
~ "R N TS

N) N
LRl P

R—CH=CH-R’

174 Schaefer, H. F. 1L Acc. Chem. Res. 1979, 12, 288.

17> Some carbenes with a-hydrogen atoms have been trapped and studied in matrices: Sander,
W.; Bucher G.; Wierlacher, S. Chem. Rev. 1993, 93, 1583.

176 Evanseck, J. D.; Houk, K. N. J. Phys. Chem. 1990, 94, 5518.

177 Bamford, W.R.; Stevens, T. S. J. Chem. Soc. 1952, 4735. For a mechanistic discussion and review,
see Shapiro, R. H. Org. React. 1976, 23, 405.

178 For a review, see Nickon, A. Acc. Chem. Res. 1993, 26, 84.



5.3 CARBENES

dialkyl carbenes undergo such rapid intramolecular reactions that intermo-
lecular reactions are not competitive. For example, products from the decom-
position of diazocyclooctane are shown in equation 5.43.1”°

B2 @Tﬁ . O . © (5.43)

46% 9% 45%

N,

O

If intramolecular reactions cannot occur, the carbanion—carbocation character
of a singlet carbene can lead to reactions that occur through ionic species.
Singlet carbenes react with methanol by nucleophilic abstraction of a proton
by the pair of electrons in the sp” orbital of the carbene, resulting in a
carbocation that subsequently reacts with the alcohol to produce an ether.'**
For example, the diphenylcarbene singlet (45, Figure 5.32), which cannot
undergo rearrangement to form an alkene, abstracts a proton from methanol
to form the diphenylmethyl carbocation (46). Methanol then adds as a
nucleophile to 46 to produce the ether 47.!135¢180181

H+ H, OCH;
= CH;0H X
CeHe™ > CeHs 3 CeHe CeHs —SHOM - ool CeH,s
45 46 47

Singlet carbenes can also react with nucleophiles. For example, singlet
chlorophenylcarbene reacts with pyridine to form the yilde 48 (Figure 5.33)
with a rate constant of 3 x 108 M ™' s™".¥? The formation and disappearance of
such ylides may be detected spectroscopically, thus providing a method for
determining the rate constants for other reactions of the carbenes. Platz and
co-workers used this technique to determine that the first-order rate constant
for the 1,2-hydrogen shift in benzylchlorocarbene to form the cis and trans
isomers of B-chlorostyrene is (4.9-6.7) x 10”5~ ".'®% The second-order rate

. X cl =
- _Cx | -+
11”7 TPh N - >—N\ Y,
- N Ph

48

7% Friedman L.; Shechter, H. J. Am. Chem. Soc. 1961, 83, 3159.

180 There is also the possibility that triplet diphenylcarbene can react with methanol, although this
seems not to be the case for sterically more hindered diarylcarbenes such as dimesitylcarbene:
Griller, D.; Nazran, A. S.; Scaiano, J. C. J. Am. Chem. Soc. 1984, 106, 198; reference 156; Jones, M. B.;
Maloney, V.M.; Platz, M. S. |. Am. Chem. Soc. 1992, 114, 2163. See also Monguchi, K,; Itoh, T.; Hirai,
K.; Tomioka, H. . Am. Chem. Soc. 2004, 126, 11900.

'8! For an application of diaryl carbenes in the functionalization of diamond surfaces, see Wang,
H.; Griffiths, J.-P.; Edgell, R. G.; Moloney, M. G.; Foord, J. S. Langmuir 2008, 24, 862.

182 Jackson, J. E.; Soundararajan, N.; Platz, M. S.; Liu, M. T. H. J. Am. Chem. Soc. 1988, 110, 5595.
183 Jackson, J. E.; Soundararajan, N.; White, W.; Liu, M. T. H.; Bonneau, R.; Platz, M. S. J. Am. Chem.
Soc. 1989, 111, 6874.
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FIGURE 5.32

Reaction of diphenylcarbene
with methanol to form benzhy-
dryl methyl ether.

FIGURE 5.33
Formation of an ylide from
pyridine and singlet chloro-
phenylcarbene.
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constant for addition of benzzlchlorocarbene to trans-3-hexene was found to
be 6.8 x 107 Lmol "' s~ 1,11

Dialkylcarbenes that cannot undergo a hydrogen shift have longer life-
times than do alkyl carbenes that can rearrange as shown in equation 5.42.
Two have been studied spectroscopically: di-t-butylcarbene (49)'®° and
diadamantylcarbene (50)."% The studies indicated that both are ground state
triplets, but the reactions of diadamantylcarbene in solution suggested in-
volvement of both the singlet and triplet states. Spin-equilibrated 50 reacted
with methanol (k=2 x10"Lmol 's™") to produce methyl diadamantyl-
methyl ether.'®” Reaction of the triplet state of 50 with oxygen (a triplet
ground state molecule) gave a carbonyl oxide that could be reduced to
diadamantyl ketone, confirming triplet reactivity.'®®

a-Diazoketones can eliminate N, both photochemically and thermally.'®
The resulting ketocarbenes generally have triplet ground states. For example,
the sin§let of formylcarbene is about 2.4 kcal /mol higher in energy than the
triplet.*” Nevertheless, ketocarbenes readily undergo the Wolff rearrange-
ment, in which alkyl and aryl groups migrate to the carbene center to produce
a ketene (equation 5.44)."%™! Part of the energy barrier for the Wolff
rearrangement (ca. 6 kcal/mol) is therefore due to the energy required to
populate the singlet state before reaction can occur.'”” The ketenes produced
by the Wolff rearrangement react readily with water to produce carboxylic
acids (equation 5.45), with alcohols to produce esters, and with amines to
produce amides. The synthesis of acids by this process makes diazoketones
useful components in photoresists for the fabrication of microelectronic

devices.'?
o ~ -
co NN N hv i N Ry
LN 2 - Cx N~ Co - =C=
R, Rl/ ? H» Rl/\r? —_— R/C C=0 (5.44)
R, R'g_ R2 2

'8 The rate constant for the rearrangement of chloromethylcarbene to vinyl chloride was
determined to be 3 x 10°s™". (a) Bonneau, R.; Liu, M. T. H,; Rayez, M. T. J. Am. Chem. Soc.
1989, 111, 5973; (b) Liu, M. T. H.; Bonneau, R. . Am. Chem. Soc. 1989, 111, 6873.

185 Gano, J. E.; Wettach, R. H.; Platz, M. S.; Senthilnathan, V. P. . Am. Chem. Soc. 1982, 104, 2326.
186 Myers, D. R.; Senthilnathan, V. P.; Platz, M. S.; Jones, M., Jr. |. Am. Chem. Soc. 1986, 108, 4232.

187 The term spin-equilibrated means that there is an equilibrium population of the singlet and
triplet states.

18 Morgan, S.; Platz, M. S.; Jones, M., Jr.; Myers, D. R. J. Org. Chem. 1991, 56, 1351.

'® For other applications of diazocarbonyl compounds in organic synthesis, see Ye, T.; McKer-
vey, A. Chem. Rev. 1994, 94, 1091.

190 Wolff, L. Justus Liebigs Ann. Chem. 1912, 394, 23.
! Kirmse, W. Eur. J. Org. Chem. 2002, 2002, 2193.
192 Yto, H. Adv. Polym. Sci. 2005, 172, 37.
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5.4 CARBOCATIONS

Carbonium lons and Carbenium lons

Carbocations are reactive intermediates having a formal charge of +1 on a
carbon atom. Around 1900 it was observed that dissolving triarylmethyl
halides in SO, produced electrically conducting solutions, which suggested
that carbon atoms could be positively charged.'**'*> In the gas phase, ions
require more energy for formation than do the corresponding trivalent carbon
radicals because energy is required both to break the bond to carbon and to
separate the charged ions. The additional energy needed to form ions can be
much smaller in solution because polar solvent molecules can solvate and
stabilize the ions. This stabilization afforded by polar solvents means that any
investigation of the cation is necessarily an investigation of both the ion and its
environment.

During much of the history of organic chemistry, a structure with a
positively charged carbon atom was called a carbonium ion, a term reminiscent
of other positively charged species, such as ammonium, phosphonium, and
sulfonium.'”® However, the latter terms all refer to a cation formed by adding
a positively charged atom such as a proton to a neutral atom. To keep the
nomenclature of organic chemistry consistent, Olah suggested that a species
such as CHj should be considered the product of the addition of a proton to
methylene (equation 5.46), so it should more properly be termed a carbenium
ion, and that is the term now in general use for species in which a trivalent
carbon atom bears a positive charge. Often, however, the more general term
carbocation is used as a generic term for all cations of carbon compounds.'®”

:CH, +H* — CH; 5.46
3

To continue the analogy of adding the suffix -ium to the term for a neutral
species, Olah proposed that the term carbonium ion refer to a species that
could be formed by adding a positive charge to a neutral, tetravalent carbon
atom, as in equation 5.47. The carbon atom in the CH5 ion appears to be
bonded to more than four atoms at once, and such a structure is known as a

193 Bethell, D.; Gold, V. Carbonium Ions: An Introduction; Academic Press: New York, 1967.
194 Whitmore, F. C. J. Am. Chem. Soc. 1932, 54, 3274; Traynham, J. G. J. Chem. Educ. 1989, 66, 451.
%5 Olah, G. A. J. Org. Chem. 2001, 66, 5943.

1% The “waxing and waning’ of the term carbonium ion was described by Traynham, J. G. J. Chen.
Educ. 1986, 63, 930.

17 Olah, G. A. ]. Am. Chem. Soc. 1972, 94, 808.
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FIGURE 5.34

Designations of carbocations.
(Adapted from reference 198.)

H H
Sc-
i
HH H
FIGURE 5.35

Structure proposed for meth-
onium ion.
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Carbocations
Trivalent-tricoordinate Hypercoordinate
carbenium ions carbonium ions
"Classical” ions "Nonclassical” ions
CH,' CH,/

hypercoordinate carbon compound.'?®2%?% The relationship between the two
types of carbocations is summarized in Figure 5.34."®

:CHy +H* — CHJ' (5.47)

Structure and Geometry of Carbocations

The structure of CH.", also known as the methonium ion (Figure 5.35), has
been the subject of extensive theoretical investigation. As originally proposed
by Olah, the structure is a hypercoordinate species with a three-center, two-
electron (3c-2e) bond.?*

A variety of theoretical studies as well as an IR spectrum of the meth-
onium ion led investigators to conclude that the potential energy surface for
the structure is relatively flat, with one global energy minimum representing
about 80% of the ions and two other structures relatively close in energy
accounting for the rest of the structures.?! Consequently, the hydrogen atoms
interchange readily. As a simple model for bonding, the structure might be
considered to have a CH;” ““tripod”” unit with an H, molecule held to the
carbon by a 3c—2e bond. However, other investigators concluded that the
structure is better described as a H;C® pedestal with an Hy ion attached by a
3c—2e bond.?®* An atoms-in-molecules analysis did not reveal a bond critical
point between the two hydrogen atoms thought to be attached to carbon with
the 3c-2e bond. This led to the conclusion that all five hydrogen atoms in the
methonium ion are directly bonded to carbon,”” even though the AIM
analysis did indicate the presence of 3c-2e bonds of other nonclassical

%8 Olah, G. A.; Prakash, G. K. S.; Williams, R. E.; Field, L. D.; Wade, K. Hypercarbon Chemistry; John
Wiley & Sons: New York, 1987.

199 CHé+ , a carbodication, is predicted to be an energy minimum also. For a discussion, see (a)
Lammertsma, K.; Olah, G. A_; Barzaghi, M.; Simonetta, M. J. Am. Chem. Soc. 1982, 104, 6851; (b)
Lammertsma, K. J. Am. Chem. Soc. 1984, 106, 4619 and references therein.

% Olah noted that carbon can be hypercoordinate but not hypervalent because it is a first-row
element and thus is not able to extend the valence shell. For a discussion of the terms
hypercoordinate and hypervalent, see (a) Schleyer, P. v. R. Chem. Eng. News 1984 (May 28), 4; (b)
Martin, J. C. Chem. Eng. News 1984 (May 28), 4.

201 Asvany, O.; Kumar P, P.; Redlich, B.; Hegemann, I.; Schlemmer, S.; Marx, D. Science, 2005, 309,
1219; Huang, X.; McCoy, A. B.; Bowman, ]. M.; Johnson, L. M.; Savage, C.; Dong, F.; Nesbitt, D. J.
Science, 2006, 311, 60.

292 Fleming, F. P.; Barbosa, A. G. H.; Esteves, P. M. J. Phys. Chem. A 2006, 110, 11903,

298 Okulik, N. B.; Peruchena, N. M.; Jubert, A. H. J. Phys. Chem. A 2006, 110, 9974.
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carbocations.”®® Therefore, further work will be necessary to clarify the
structure and bonding of the methonium ion.

The methyl carbenium ion, a planar structure with 120° H-C—H bond
angles (thus sp? hybridization) as shown in Figure 5.36, seems much less
exotic to organic chemists. Because 2s orbitals are lower in energy than 2p
orbitals, a carbocation is lower in energy if the empty orbital has as much p
character as possible. Moreover, sp* hybridization allows the three substit-
uents bonded to the carbon atom to be as far apart from each other as possible.
This bonding model is consistent with the observed geometry for the t-butyl
carbocation, which has been determined through both NMR?* and X-ray
crystallographic®® studies to be planar, with 120° bond angles about the
central carbon atom.””” Other evidence supporting a planar structure for
carbenjium ions comes from the racemization of chiral alkyl halides
under solvolysis conditions. Moreover, the correlation of decreased solvol-
ysis rate constants with increasing angle strain at a cationic carbon atom is
also consistent with the view that carbenium ions prefer a planar
geometry.zo&zo9

One fundamental aspect of carbocation chemistry is the large depen-
dence of the energy of the cation on the substituents attached to the positively
charged carbon atom. This dependence is most evident in the gas phase.
Table 5.4 shows thermodynamic data for selected carbocations.”’®*'! The
hydride ion affinity, HIA(R "), is defined as the negative of the AH for the
attachment of a hydride ion to the cation in the gas phase. That is, the greater
the HIA(R ), the more endothermic is the removal of a hydride ion from an
alkane. We expect the trends to be the same for heterolytic dissociation of
alkyl halides or other species that produce carbocations.

The data in Table 5.4 indicate that the AH for heterolytic dissociation of
alkanes in the gas phase varies with the alkyl group as follows: methyl >
ethyl > isopropyl > t-butyl,*'> which is consistent with the generalization that
the ease of formation of carbocations is 3° > 2° > 1° > methyl. What is the
source of this increase in stability? We can explain some, but not all, of the
results by saying that an sp> hybrid orbital on carbon has a Pauling electro-
negativity of 2.5, while an sp” hybrid orbital on carbon is about 0.25 units more

204 Okulik, N. B.; Peruchena, N. M.; Esteves, P. M.; Mota, C. J. A.; Jubert, A. . Phys. Chem. A 1999,
103, 8491.

205 Yannoni, C. S.; Kendrick, R. D.; Myhre, P. C.; Bebout, D. C; Petersen, B. L. J. Am. Chem. Soc.
1989, 111, 6440.

206 Hollenstein, S.; Laube, T. J. Am. Chem. Soc. 1993, 115, 7240.

27 Kato, T.; Reed, C. A. Angew. Chem. Int. Ed. 2004, 43, 2908.

208 Cf. Gleicher, G.J.; Schleyer, P. v. R. |. Am. Chem. Soc. 1967, 89, 582 and references therein. The
authors concluded that the increase in angle strain with solvolysis to a carbenium ion is the most
important effect, but by no means the only effect, in correlating molecular structure with reaction
rate.

299 Bartlett, P. D.; Knox, L. H. J. Am. Chem. Soc. 1939, 61, 3184. For a review, see Applequist, D. E.;
Roberts, J. D. Chem. Rev. 1954, 54, 1065.

210 Aye, D. H.; Bowers, M. T. in Bowers, M. T., Ed. Gas Phase Ion Chemistry, Vol. 2; Academic Press:
New York, 1979; p. 1.

211 | ossing, F. P.; Holmes, J. L. ]. Am. Chem. Soc. 1984, 106, 6917 and references therein.

213 Data of Stevenson, D. P., cited by Streitwieser, A., Jr. Chem. Rev. 1956, 56, 571. The AH values for
allyl and benzyl chlorides were reported to be 158 and 152 kcal/mol, respectively.
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FIGURE 5.36

Simple representation of a
methyl carbenium ion.

291



292

H oy
o
H‘)"C\H
H
FIGURE 5.37

Inductive model for stabiliza-
tion of a carbocation by a
methyl group.

FIGURE 5.38

Stabilization of a carbocation
through hyperconjugation.
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TABLE 5.4 Thermodynamic Data for Selected Alkyl Cations®

Alkyl AH; (R™) (kcal/mol) HIA(R™) (kcal/mol)
Methyl 261 313.4°
Ethyl 216 270.7°
n-Propyl 208 268
n-Butyl 201 266
n-Pentyl 194 264
Isopropyl 192 249.7°
sec-Butyl 183 248
sec-Pentyl 174 244
Cyclopropyl 234 256
Cyclopentyl 193 246
Cyclohexyl 179 243
t-Butyl 166 236.9"
t-Pentyl 159 230
t-Hexyl 152 228
Allyl 226 256
Propargyl 281 271
Benzyl 215 238
Vinyl 266° 288.0"
Phenyl 279 294

“Except as noted, data are from reference 211.
bSee reference 212.
See reference 210.

electronegative.’* Thus, polarization (induction) of the electrons in a
H;C—C™* obond toward the center of positive charge, as shown in Figure 5.37,
may help stabilize the ion.

We may also explain the electron-donating ability of a methyl or other
alkyl group in terms of hyperconjugation, a lowering of the energy of asystem
by delocalization of electrons through = bonds involving sp”-hybridized
carbon atoms adjacent to the carbocation center, just as we did earlier for
radicals.”*® In one formulation of the interaction, an alkyl group can conjugate
with an adjacent positively charged carbon through the resonance structure
shown on the right in Figure 5.38.

The resonance model is complementary to a perturbational MO analysis
(Chapter 4).2'® Figure 5.39 shows the PMO description for the interaction of an
empty p orbital with a 7(CHj;) localized methyl group orbital. The net effect is

H o, H'
Yy SR 'R
R\R C ‘Rlz ~— R\Rthz

1% See the discussion in Huheey, J. E. Inorganic Chemistry, 3rd ed.; Harper & Row Publishers: New
York, 1983; p. 153.

%15 Hyperconjugation has alsobeen described as a through-space delocalization of electrons. Fora
comparison of induction and hyperconjugation, see White, J. C.; Cave, R.].; Davidson, E.R.]. Am.
Chem. Soc. 1988, 110, 6308 and references therein.

216 Hoffmann, R.; Radom, L.; Pople,]. A.;Schleyer, P.v.R.; Hehre, W.].; Salem, L. ]. Am. Chem. Soc.
1972, 94, 6221 discussed the PMO description for methyl-substituted cations and anions.
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to distribute the electron density from the methyl portion of the molecule into
a new orbital that has density on both the methyl group and the adjacent
carbocation center, thus delocalizing the positive charge and stabilizing the
carbocation.

The PMO model is reinforced by the results of an extended Hiickel
calculation. Figure 5.40 shows four perspectives of the LUMO determined in
extended Hiickel calculations for the ethyl cation. Clearly, this empty orbital
has some electron density on the 8 hydrogen atoms, indicating that there has
been donation of electron density associated with C—H bonding toward the
carbocation center.

Both the hyperconjugation model and the molecular orbital model for the
stabilization of carbenium ions by alkyl groups suggest that there should be
more bonding between the carbocation carbon (C,) and an attached carbon
atom (Cg) than between Cg and a substituent attached to it. These predictions
were confirmed by the X-ray crystal structures for the t-butyl carbocation (51,
Figure 5.41) and the 3,5,7-trimethyl-1-adamantyl cation (52). In both 51 and 52,
the length of the C,—Cg bonds is 1.442(5) A, whereas the typical length of a
C(sp®)—C(sp®) bond is 1.503 A.*'” The C—C, bond length in 52 (Figure 5.41) is

217 Laube, T. Acc. Chem. Res. 1995, 28, 399.
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FIGURE 5.39

PMO description of stabilization of
carbocation by methyl group.

FIGURE 5.40

(a) Side and (b) end views of
LUMO of ethyl cation in bisected
conformation; (c) side and (d)
end views of LUMO of ethyl ca-
tion in eclipsed conformation
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FIGURE 5.41

Geometries of t-butyl carbocat-
ion (51) and 3,5,7-trimethyl-1-
adamanty! cation (52).
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T 1444

1)+ 1.62 A
Lecac=120° _r

144 A

S1 52

1.62 A as a result of the weakening of this bond by donation of electron density
to the carbocation center.”'®

Hyperconjugation has been found to be important not only for carbocat-
ions having Cz—H and Cg—C bonds but also for structures having other
elements bonded to Cg. The stabilization resulting from hyperconjugation
increases along the series Cg—C < Cg—Si < Cg—Ge < Cg—Sn < Cg—Pb.”" For
example, the 2° carbocation 53 was found to be stable under N, for days at
room temperature and to melt at 109°C. Although there are both Cg—Si and
Cz—5n bonds in the ion, the crystal structure revealed that it is the two Cg—5n
bonds that are aligned for maximum hyperconjugative interaction with the

carbocation center.??°
H
- Sn CH
(HC)sSi =, Sn(CH3)3
H { T Si(CHa);s
(CH3)35n
53

The simple models for hyperconjugation in the ethyl carbocation shown
above were based on the implicit assumption that the ethy! cation could be
described as a classical carbenium ion—specifically, a methyl-substituted
methyl cation. The available data indicate that hyperconjugation involving
the three alkyl substituents bonded to a 3° carbocation can stabilize the ion
and help it retain a classical, carbenium ion structure. Hyperconjugation
alone seems unable to stabilize 2° or 1° carbocations sufficiently for them to
exist as carbenium ions, however. Many of the carbocations whose classical
structures are familiar to organic chemists are calculated to have nonclassical
structures, either as global energy minima or as local minima that are close in
energy to the global minimum. For example, ab initio calculations indicate
that a bridged Cy, structure (54) for the ethyl cation is more stable than the
classical structure by about 3 kcal/mol. The classical geometry for ethyl cation
was found to be a transition state for proton scrambling in the C,Ha ion.?!
This conclusion was supported by experimental data showing randomization

'8 The gas phase IR spectrum of the t-butyl cation is also consistent with the hyperconjugation
model. Douberly, G. E.; Ricks, A. M.; Ticknor, B. W_; Schleyer, P. v. R.; Duncan, M. A. . Am. Chem.
Soc. 2007, 129, 13782.

1% Ferndndez, I; Frenking, G. J. Phys. Chem. A 2007, 111, 8028.

220 Gehormann, M.; Garratt, S.; Hughes, D. L.; Green, J. C.; Bochmann, M. J. Am. Chem. Soc. 2002,
124, 11266.

22 Raghavachari, K.; Whiteside, R. A.; Pople, J. A.; Schleyer, P. v. R. J. Am. Chem. Soc. 1981, 103,
5649.
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of the protons in the ethyl cation both in the gas phase and in solution. ?%72**

In addition, the single-photon IR photodissociation spectrum of the C;H" ion
weakly complexed with a single Ar atom was consistent with the cation
having the structure 54 in the gas phase.””

H 7
/7 N\

HY T N'H
H

H
54

The bridging is symmetric in 54, but Figure 5.42 indicates that many types
of carbocation structures might be possible.”? We should note that bridging
and hyperconjugation are closely related phenomena involving electron
donation to the center of positive charge. In hyperconjugation, that donation
results in shorter C,—Cgbonds and longer Cz—C, (or Cg—H) bonds, as well as
decreased C,—Cg—C, (or C,—Cg—H) bond angles. In bridging, C,—Cz—C,
(or C,—Cg—H) bond angles decrease so much that C, (or H) interacts directly
with C,. The extent to which a particular carbocation exhibits the bridging
interactions illustrated in Figure 5.42 is a function of the nature of the bridging
group, the nature of the substituents attached to the two carbon atoms
involved in potential bridging, and the environment of the ion. Carbocations
stabilized by resonance interactions or by multiple alkyl groups bonded to the
carbocation center are more likely to exhibit classical carbenium ion behavior,
while less stabilized carbocations show a greater tendency toward nonclas-
sical structures.®”

R R
\ + Nt N S
C——cC c=—=C —==C C——=C
open hyperconjugation unsymmetrical ~ symmetrical
trivalent but no bridging bridging bridging
| N
I I
"classical” "nonclassical"

222 Ausloos, P.; Rebbert, R. E.; Sieck, L. W_; Tiernan, T. O. J. Am. Chem. Soc. 1972, 94, 8939.

23 yorachek, J. H.; Meisels, G. G.; Geanangel, R. A.; Emmel, R. H. J. Am. Chem. Soc. 1973, 95, 4078
and references therein.

224 Other carbocations are also calculated to have nonclassical structures: Hehre, W. J.;Radom, L.;
Schleyer, P. v. R.; Pople, J. A.; Ab Initio Molecular Orbital Theory; John Wiley & Sons: New York,
1986; p. 379 ff; see also Klopper, W.; Kutzelnigg, W. J. Phys. Chem. 1990, 94, 5625.

225 Andrei, H.-S.; Solca, N.; Dopfer, O. Angew. Chem. Int. Ed. 2008, 47, 395.

26 Olah, G. A. J. Org. Chem. 2005, 70, 2413.

¥ Bridging may provide additional stabilization even to 3° structures, as evidenced by the
structure of the t-pentyl carbocation. Schleyer, P. v. R.; Carneiro, ]. W. de M.; Koch, W.; Forsyth, D.
A.]. Am. Chem. Soc 1991, 113, 3990.
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FIGURE 5.42

Representative members of a
continuum of carbocation struc-
tures. (Adapted from reference
226.)
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5 REACTIVE INTERMEDIATES

This view of variable carbocation structure is the product of extensive
experimentation and theoretical analysis.’**?***° 'H and *C NMR have
been among the primary instrumental methods used to study the struc-
tures of carbocations.?***> Other important tools include IR spectroscopy
of long-lived carbocations in cryogenic matrices® and X-ray crystal
structure determination of carbocation salts.”®®> Studies of isotopically
labeled compounds have also provided important insights.*** A pioneer
in the use of NMR to study carbocations was Olah, who found that under
appropriate conditions organic precursors dissolved in Brensted super-
acids at low temperature gave solutions with spectra that were consistent
with the presence of relatively long-lived carbocations.”>*° Useful
Bronsted superacids include HSO3F, CF;SOsH, and HClO,, while the
nonnucleophlic solvents include SO,, SO,CIF, and SO,F,.?%® A mixture
composed of equimolar parts HSO3F and SbF;s is known as “Magic Acid”
and is about 10 times as acidic as 100% H,50,.?*® These media
are capable of ionizing alkyl halides and other compounds and are
even able to protonate hydrocarbons such as methane (equation 5.48).
3C NMR is a particularly useful tool for studying carbocations in super-
acid media because the chemical shifts for carbenium ions are observed
at very low field. For example, the chemical shift for the 3° carbon atom
in isobutane is 25.2 ppm, whereas the chemical shift for the correspondin
carbon atom in (CH3);C* in SO,CIF-SbFs5 solution is 330.0 ppm.24
The large shift appears to result from decreased shielding due to

228 Olah, G. A; Schleyer, P. v. R, Eds. Carbonium lons, Vols. I-V; Wiley-Interscience: New York,
1968-1976.

229 Schleyer, P. v. R;; Maerker, C.; Buzek, P.; Sieber, S. Prakash G. K. S. in Prakash, G. K. §.;
Schleyer, P. v. R., Eds. Stable Carbocation Chemistry; John Wiley & Sons: New York, 1997, chapter 2.

20 Olah, G. A. Carbocations and Electrophilic Reactions; John Wiley & Sons: New York, 1974.

231 Gaunders, M.; Jiménez-Vazquez, H. A. Chem. Rev. 1991, 91, 375.

232 Gaunders, M.; Jiménez-Vazquez, H. A.; Kronja, O. in Prakash, G. K. S.; Schleyer, P. v. R., Eds.,
Stable Carbocation Chemistry; John Wiley & Sons: New York, 1997, chapter 9.

23 Mpyhre, P. C.; Yannoni, C. S. in Prakash, G. K. S.; Schleyer, P. v. R., Eds. Stable Carbocation
Chemistry; John Wiley & Sons: New York, 1997, chapter 12.

24 Gunko, D. E. in Prakash, G. K. S.; Schleyer, P.v. R., Eds. Stable Carbocation Chemistry; John Wiley
& Sons: New York, 1997, chapter 11.

235 L aube, T.in Prakash, G.K.S.; Schleyer, P.v.R., Eds. Stable Carbocation Chemistry; John Wiley &
Sons: New York, 1997, chapter 14.

236 Forsyth, D. A. in Prakash, G. K. S.; Schleyer, P. v. R., Eds. Stable Carbocation Chemistry, John
Wiley & Sons: New York, 1997, chapter 10.

27 Olah, G. A.; Tolgyesi, W.S.; Kuhn, S. ].; Moffatt, M. E.; Bastien, . ].; Baker, E. B. ]. Am. Chem. Soc.
1963, 85, 1328.

28 Olah, G. A.; Prakash, G. K. S.; Sommer, J. Superacids; John Wiley & Sons: New York, 1985.

2 Bronsted superacids are acids stronger than 100% H,504, while Lewis superacids are stronger
than AICl; (reference 226).

40 Absolute chemical shifts do not necessarily correlate with charge densities. The shielding
constant for a carbon nucleus in >*C NMR is thought to be the sum of several terms. For example,
see Nelson, G. L.; Williams, E. A. Prog. Phys. Org. Chem 1976, 12, 229. However, we would expect
such a correlation within a family of closely related compounds. A relationship between *C shifts
and n-electron densities for aromatic compounds was developed by Spiesecke, H.; Schneider, W.
G. Tetrahedron Lett. 1961, 468. The correlation was extended by Olah, G. A.; Mateescu, G. D. J. Am.
Chem. Soc. 1970, 92, 1430.
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b & © © FIGURE 5.43
Calculated structure of the cyclo-
. <CC'C=111.5° pentyl carbocation. (Reproduced
<HCCY = 97.1° from reference 229.)

the decreased electron density at the carbenium center.

RH superacid [RHz] + Rt +H, (548)

nonnucleophilic solvent

Among 2° carbocations, only the isopropyl, sec-butyl, and cyclopentyl
carbocations have been observed in solution.”*' These three structures never-
theless illustrate the kinds of delocalization effects that may be expected in
other 2° carbocations. The cyclic structure of the cyclopentyl cation prevents
significant C—C—C bridging. The calculated geometry (Figure 5.43) shows a
twisted C, structure with the Cs—H bonds aligned parallel with the empty p
orbital for maximum hyperconjugative overlap.?***

The isopropyl cation is not prevented from bridging by a cyclic skeleton.
Calculations reveal that an unsymmetrical corner-protonated cyclopropane
(55) is about 7 kcal/mol higher in energy than a more classical structure
having C, symmetry (56, Figure 5.44). **° As with the cyclopentyl cation, the
Cg—H bonds in the open structure are aligned for maximum hyperconjuga-
tive interaction with the p orbital on C,,.

AR N
\:sg{/ﬁ:' Yeris00i f/c..}é)
— N%

21 yreek, V.; Kronja, O.; Saunders, M. J. Chem. Theory Comput. 2007, 3, 1223.

2 There is evidence for partial bridging in a cyclopentyl cation derivative having methyl groups
on the 8 carbons. Kronja, O.; Kohli, T.-P.; Mayr, H.; Saunders, M. J. Am. Chem. Soc. 2000, 122, 8067.

FIGURE 5.44

Asymmetric corner-protonated
cyclopropane (55) and calcu-
lated geometry of classical iso-
propyl cation (56). (Structures
reproduced from reference
229.)
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FIGURE 5.45

Energy minima for the 2-butyl
carbocation.

5 REACTIVE INTERMEDIATES

H3C/ 41-_[3 \H Ho,+ H\H HCI,:E\\H HCIA\CH
rj\' \ \ 3 y N 3 ’ \ 3
H H H3C CH3 H CH3 H H

57 58 59 60

The 2-butyl cation is a more challenging species. Unlike the isopropyl
cation, ithas a C, carbon, and unlike the cyclopentyl cation, there is not a ring
structure to preclude orientation of the Cg—C, bond so as to facilitate
bridging. An intensive search at several levels of theory led to the identifica-
tion of structures 57, 58, 59, and 60 (Figure 5.45) as energy minima on a rather
flat potential energy surface.”*! Structure 57 exhibits partial bridging, while
the less-bridged structure 58 is stabilized by hyperconjugation with the C3—H
bond (as illustrated) and the C1—H bond (not illustrated). Structures 59 and
60 differ slightly in energy, depending on the relationship of the two methyl
groups.

Structures that might be drawn in the simplest possible form as 1°
carbocations are even more likely to be stabilized by bridging, but it is not
possible to observe such species in solution. The lifetime of a 3° carbocation in
dilute aqueous solution is estimated to be ca. 107'" s, while that of a 2°
carbocation is estimated to be ca. 5x 107'%s.***?* The lifetime of a 1°
carbocation, if it exists in water, should be even shorter. Ab initio studies
of the 1-propyl cation with the FBH; counterion indicated a nonclassical
structure at large cation—anion distances. A geometry like that of a 1-propyl
cation was found to be lower in energy at short ion pair distances, however.”*
Thus, it appears that ion pairing effects may influence carbocation
structure and provide relative stabilization of a more nearly classical struc-
ture. Nucleophilic solvent appears not to have a similar effect on the
structure.>*¢*

Primary alkyl halides do react in superacids, but ordinarily the products
are 2° or 3° carbocations arising from rearrangements.”'” Nevertheless, there
is evidence for the ethyl cation in mixtures of CH;CH,F and SbFs at low
temperature in SO, solution as well as in a HzPW;,04 pseudoliquid
phase.***?* There are also indications for formation of the ethyl cation in
a reaction of ethene with methane and a HF-TaFs catalyst*® and in the
solvolysis of ethyl tosylate in concentrated H,S0,.2****" In addition, a 1°
carbocation-brosylate ion pair was proposed as an intermediate in the E1

43 Chiang, Y.; Kresge, A.]. J. Am. Chem. Soc. 1985, 107, 6363.

244 The lifetime of the isopropyl cation in aqueous acetonitrile was found tobe 5 x 10~ s. Pezacki,
J. P.; Shukla, D.; Lusztyk, J.; Warkentin, J. J. Am. Chem. Soc. 1999, 121, 6589.

245 Farcasiu, D.; Hancu, D. J. Am. Chem. Soc. 1999, 121, 7173.
246 Kirmse, W.; Zellmer, V.; Goer, B. J. Am. Chem. Soc. 1986, 108, 4912.

247 Casanova, J.; Kent IV, D. R.; Goddard, W. A. III. Roberts, J. D. Proc. Nat. Acad. Sci. U.S.A. 2003,
100, 15.

248 Olah, G. A.; DeMember, J. R; Schlosberg, R. H.; Halpern, Y. J. Am. Chem. Soc. 1972, 94, 156.

9 Lee, K. Y.; Kanda, Y.; Mizuno, N.; Okuhara, T.; Misono, M.; Nakata, S.; Asaoka, S. Chem. Lett.
1988, 1175.

250 Giskin, M. J. Am. Chem. Soc. 1976, 98, 5413.
31 Myhre, P. C.; Brown, K. S. J. Am. Chem. Soc. 1969, 91, 5641.
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reaction of the fluorene derivative 61.°” The investigators suggested that the
orbitals of the fluorenyl system stabilize the ion by overlap with the devel-
oping p orbital of the cation. In any case, a 1° carbocation is unlikely to be a
solvent-equilibrated reactive intermediate in a typical Sy1 or El reaction.

5D ae (O

~ (5.49)
+ OBs
OBs

61

One very interesting structure that might at first glance appear to be a 1°
carbocation is the cyclopropylmethyl cation. Calculations indicated, how-
ever, that this species is best described by a pair of rapidly equilibrating
nonclassical structures (62 and 63, Figure 5.46) that are approximately equal
in energy.®® Attempts to prepare the 1° cyclobutylmethyl cation were un-
successful, however, with cyclopentyl cations being formed instead.”*

The hydrogen-bridged C,Hs cation 54 (page 295) may be considered the
smallest possible member of a type of nonclassical carbocation, 64, in which
hydrogen participates in a 3c-2e bond terminating at carbon on each end. The
larger structures of this type are termed u-hydridobridged cations.”***
Although such u-hydrido bridging may appear unusual, Sorensen has noted
its conceptual similarity to the delocalization of charge in an allyl cation
system (Figure 5.47).%

An example that illustrates the stability to be gained by w-hydrido
bridging is shown in equation 5.50. Protonolysis of in-bicyclo[4.4.4]-1-tetra-
decene (65) with trifluoromethanesulfonic acid in methylene chloride solu-
tion led to the u-hydridobridged ion 66. The room temperature 'H
NMR spectrum showed a one-proton singlet at 8 —3.5, and the *C NMR

-1*
64

.
Sc-H g =— > H-c<

7 < 7 AN

&\4- - +/§

%2 Meng, Q.; Thibblin, A. J. Am. Chem. Soc. 1997, 119, 4834.

253 Vancik, H.; Gabelica, V.; Sunko, D. E.; Buzek, P.; Schleyer, P. v. R. . Phys. Org. Chem. 1993, 6,
427.

4 Reddy, V. P.; Rasul, G.; Prakash, G. K. S.; Olah, G. A. J. Org. Chem. 2007, 72, 3076.

255 Gorensen, T. S. in Prakash, G. K. S.; Schleyer, P. v. R., Eds. Stable Carbocation Chemistry; John
Wiley & Sons: New York, 1997, chapter 2.

25 McMurry, J. E.; Lectka, T. Acc. Chem. Res. 1992, 25, 47; J. Am. Chem. Soc. 1993,115, 10167
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62 63
FIGURE 5.46

Two structures for the cyclopro-
pylmethyl cation.

FIGURE 5.47

Resonance representations of u-
hydridobridged cation (top) and
allyl cation (bottom).
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FIGURE 5.48

Nonclassical carbonium ion
model for 2-norbornyl cation.
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spectrum showed only three peaks, consistent with the structure shown. The
spectrum suggests that the inside hydrogen atom has partial negative charge,
while both carbon atoms to which it is bonded have partial positive
charge 25725

-+
CF,COH

H
T (5.50)

65 66

The Norbornyl Cation

Perhaps the “classic’’ example of a nonclassical carbocation is the 2-norbornyl
cation, which was at the center of what has been called ‘‘the most heated
chemical controversy in our time.”” In Chapter 8 we will review the
experimental evidence, largely based on solvolysis reactions, that led to the
proposal of the nonclassical carbonium ion structure shown in Figure 5.48.
However, this description was not accepted by all researchers, and an
alternative model for the 2-norbornyl cation was a pair of rapidly equilibrat-
ing classical (carbenium) ions, as shown in Figure 5.49. Many papers relating
to the development of contrasting ideas in this area were published in a
reprint and commentary volume by Bartlett.>*%

As with other carbocations, NMR spectroscopy was utilized to study the
structure of the 2-norbornyl cation. The lowest temperatures used to record a
spectrum for this system are 5K (nonspinning) and 6K (spinning)
by Yannoni, Myhre, and co-workers.2! Between 150K and 5K, the peak
observed for C1 and C2 was at 125 ppm and did not change with temperature,
suggesting that the 2-norbornyl cation was indeed a nonclassical carbonium
ion (Figure 5.48). The authors concluded that if it were a pair of rapidly
equilibrating classical ions (Figure 5.49), the activation energy for the equili-
brium could be no more than 0.2kcal/mol.**> ESCA analysis®*>*** and

7 McMurty, J. E.; Hodge, C. N. J. Am. Chem. Soc. 1984, 106, 6450.

8 Theoretical analyses of such structures indicated that the C-H-C 3c—2e bonds in tricyclic
systems are highly sensitive to molecular geometry. Ponec, R.; Yuzhakov, G.; Tantillo, D.]. . Org.
Chem. 2004, 69, 2992,

259 Bartlett, P. D. Nonclassical lons: Reprints and Commentary; W. A. Benjamin: New York, 1965.
0 Sargent, G. D. Q. Rev. Chem. Soc. 1966, 20, 301 suggested that the “classical” period in
carbocation history lasted less than ten years, from the time of Whitmore’s publication (reference
194) until the first report of a bridged ion by Nevell, T. P.; de Salas, E.; Wilson, C. L. J. Chem. Soc.
1939, 118; see also Saltzman, M. D.; Wilson, C. L. ]. Chem. Educ. 1980, 57, 289.

%! (a) Yannoni, C. S.; Macho, V.; Myhre, P. C. J. Am. Chem. Soc. 1982, 104, 7380; (b) Myhre, P. C.;
Webb, G. G.; Yannoni, C.S. J. Am. Chem. Soc. 1990, 112, 8991. (c) Similar experiments on the C;H; *
ion were consistent with ab initio calculations suggesting that both a partially delocalized bisected
cyclopropylcarbinyl cation and a nonclassical symmetrical bicyclobutonium ion (puckered
cyclobutyl cation) are local energy minima on a very flat potential energy surface: Myhre, P.
C.; Webb, G. C.; Yannoni, C. S. J. Am. Chem. Soc. 1990, 112, 8992 and references therein.

% This conclusion was based on the premise that tunneling of the carbon atoms was not
important in the equilibration mechanism. For a discussion, see {(a) Myhre, P. C.; McLaren, K.
L.; Yannoni, C. S. J. Am. Chem. Soc. 1985, 107, 5294; (b) reference 261b.

263 Olah, G. A.; Mateescu, G. D.; Riemenschneider, J. L. J. Am. Chem. Soc. 1972, 94, 2529.

264 Johnson, S. A.; Clark, D. T. J. Am. Chem. Soc. 1988, 110, 4112.
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5 5
¢ 4 FIGURE 5.49
7 6 3 7 3 Rapidly equilibrating classical car-
1 ~—F , ——= xS ) bocation (carbenium ion) model
+ + for 2-norbornyl cation.

studies of carbocation stability in the gas phase™ also were interpreted as
favoring the nonclassical structure.

At —70°C the *C NMR spectrum of the 2-norbornyl cation showed three
peaks. One peak at + 101.8 ppm (J = 53.3 Hz) was assigned to carbon atoms 1,
2, and 6; another peak at +162.5ppm (J =140 Hz) was assigned to carbon
atoms 3, 5 and 7; a third peak at +156.1 ppm (J =153 Hz) was assigned to
carbon atom 4.%%! We expect carbon atoms 1 and 2 to be equivalent, whether
we think the carbocation is classical or nonclassical, but their equivalence
with carbon atom 6 is a surprise. Apparently there is a rapid hydride
shift that interconverts these positions (Figure 5.50). Below 150K the hydride
shift could be frozen out, and a spectrum ascribed to a single ion was
observed.

Further support for the nonclassical structure of the 2-norbornyl cation
came from an application of *C NMR spectroscopy that is based on the
difference between the total chemical shift of a carbocation and that of the
corresponding alkane. Differences in total chemical shift of 350 ppm or more
are associated with classical carbocations, while differences of less than
200 ppm are thought to indicate nonclassical, bridged carbonium ions. For
example, the sum of the total *C NMR chemical shift of propane is 47 ppm,
while the sum for the 2-propyl cation is 423 ppm. The difference, 376 ppm,
indicates that the 2-propyl cation is a classical ion. For the 2-norbornyl
system the total of the '>C shifts is 408 ppm, while the total for norbornane
is 233 ppm. The difference, 175 ppm, was taken as evidence for a nonclassical
structure.?®®

The conclusion that the 2-norbornyl cation is a nonclassical carbocation
was strengthened by the experimental determination of its infrared spectrum
when the cation was generated in a cryogenic SbFs matrix. The experimental
IR spectra agreed with those calculated for a nonclassical structure.®®’

FIGURE 5.50

1,2,6-Hydride shift in the 2-norbor-
nyl cation.

265 Kaplan, F.; Cross, P.; Prinstein, R. J. Am. Chem. Soc. 1970, 92, 1445.

266 Schleyer, P.v.R.; Lenoir, D.; Mison, P.; Liang, G.; Prakash, G. K. S.; Olah, G. A. . Am. Chem. Soc.
1980, 102, 683.

267 Koch, W.; Liu, B.; DeFrees, D. J.; Sunko, D. E.; Vancik, H. Angew. Chem. Int. Ed. Engl. 1990, 29,
183.
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Additional experimental and theoretical evidence also support the conclu-
sion that the 2-norbornyl cation is a nonclassical ion.2?®270 However, there is
theoretical evidence that the geometry of the cation can be shifted toward that
expected for a classical carbocation when it is complexed with ammonia and
benzene. These results may have implications for understanding the chem-
istry of carbocations involved in biocatalytic reactions.””!

Rearrangements of Carbocations

Every student of introductory organic chemistry learns that the relative
stability of alkyl carbocations is 3° > 2° > 1° > methyl and that a less stable
carbocation will rearrange to a more stable carbocation whenever possible.
Knowledge of this pattern is key to understanding important organic reac-
tions, such as the formation of sec-butylbenzene from the reaction of benzene
with 1-chlorobutane in the presence of AICl;*”> Contemporary studies,
especially theoretical investigations, continue to explore these rearrange-
ments. For example, Kronja and co-workers modeled the expansion of the
five-membered ring to a six-membered ring that occurs during the biogenesis
of steroids by studying the 2-cyclopentyl-2-propyl cation 67.”> Both theore-
tical calculations and experimental results suggested that the reaction takes
place by the pathway shown in equation 5.51.

R .
w = % — e 5.51
H H E>t\ (I (5:31)

Often carbocation rearrangements are evident from skeletal changes
produced by a chemical reaction. In other cases, rearrangements may be
unrecognized because the products are indistinguishable from the reactants
without isotopic labeling. Spectroscopic studies reveal that many carboca-
tions are surprisingly dynamic. For example, the '"H NMR spectrum of the
cyclopentyl carbocation (68, Figure 5.51) at —70°C is a singlet—indicating the
equivalence of all the protons—not the multiplet exg)ected for a system with
three sets of magnetically nonequivalent protons.*° Similarly, the '*C NMR
spectrum indicates one carbon signal coupled with nine equivalent protons.

268 Olah, G. A.; Prakash, G. K. S.; Saunders, M. Acc. Chem. Res. 1983, 16, 440. Also see Walling, C.
Acc. Chem. Res. 1983, 16, 448.

26 Lenoir, D.; Apeloig, Y.; Arad, D.; Schleyer, P. v. R. J. Org. Chem. 1988, 53, 661 and references
therein; Schleyer, P. v. R.; Sieber, 5. Angew. Chem. Int. Ed. Engl. 1993, 32, 1606.

#0 A natural bond orbital analysis of 2-norbornyl and other nonclassical carbocations found
evidence for a three-atom, two-center orbital and distribution of charge over all three atoms in the
structures. Alkorta, I.; Abboud, J. L. M.; Quintanilla, E.; Davalos, J. Z. ]. Phys. Org. Chem. 2003, 16,
546.

1 Hong, Y. J.; Tantillo, D. J. J. Org. Chem. 2007, 72, 8877.

72 For a discussion, see Shubin, V. G.; Borodkin, G. L in Prakash, G. K. S.; Schleyer, P. v. R., Eds.
Stable Carbocation Chemistry; John Wiley & Sons: New York, 1997, chapter 7.

273 Vréek,V.; Siehl, H.-U.; Kronja, O. J.Phys. Org. Chem. 2000, 13, 616; see also Vréek,V.; Saunders,
M.; Kronja, O. J. Org. Chem. 2003, 68, 1859.
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Apparently a rearrangement takes place rapidly on the NMR time scale,
making all nine protons in the molecule equivalent.?”*

A study of the line broadening of the *C NMR spectrum of 68 by
Saunders revealed an isomerization rate constant of 3.1 x 107 s~ ! at —139°C,
witha AG* of 3.1 kcal /mol.?”>?7¢ The ESCA analysis of 68, however, suggested
the presence in the ion of four uncharged carbon atoms and one positively
charged carbon atom.””” The NMR and ESCA results are different because
NMR is a “slow camera’ that sees only an average of the environments a
nucleus experiences during its ca. 1077 second “‘shutter speed.”*”® On the
other hand, ESCA is a ““fast camera” with a “‘shutter speed”” of 10~ second,
s0 it is able to detect the discrete cyclopentyl ions.”””

We might assume the isopropyl cation to be immune to the rearrange-
ment exhibited by the cyclopentyl cation, since a 1,2-hydride shift would
convert a 2° carbocation to a 1° carbocation in an endothermic process.
Nevertheless, scrambling of hydrogen atoms in the isopropyl cation
was inferred by Saunders from 'H NMR spectra, and the E, for the process
was determined to be 16.4kcal/mol.**° More surprising than the proton
rearrangement is the rearrangement of the carbon skeleton. Olah observed
that a sample of isopropyl cation labeled with *C at C2 underwent carbon
skeletal rearrangement with a half-life of 1 hour at —78°C, and after several
hours the label was evenly distributed along the carbon chain.?®! The
mechanism shown in Figure 5.52 accounts for both proton and carbon
scrambling.

* *
CH; CH,—/CH; CHj;
NeH = N 0 — N
A7H CH, 'H SAH
CH; CH;

274 Schleyer, P. v. R.; Carneiro, ]. W. de M.; Koch, W.; Raghavachari, K. ]. Am. Chem. Soc. 1989, 111,
5475.

275 Saunders, M.; Kates, M. R. J. Am. Chem. Soc. 1978, 100, 7082.

276 Compare Saunders, M.; Kronja, O. in Olah, G. A; Prakash, G. K. S., Eds. Carbocation Chemistry;
Wiley-Interscience: Hoboken, NJ, 2004, p. 213.

277 For a discussion of ESCA, see Chapter 1.

%78 This is a very rough estimate based on rate constants of processes that lead to coalescence of
peaks in variable temperature NMR.'?® The general rule is that the mean lifetime of a species to be
detected by any spectroscopic technique must be greater than the inverse of 2nAv, where Av is the
difference in frequencies of the two species in the spectroscopic technique being used. For a
discussion, see (a) Oki, M. Top. Stereochem. 1983, 14, 1; (b) Bushweller, C. H. in Sarma, R. H., Ed.
Stereodynamics of Molecular Systems; Pergamon Press: New York, 1979; pp. 39-51.

279 Olah, G. A.; Mateescu, G. D.; Riemenschneider, J. L. J. Am. Chem. Soc. 1972, 94, 2529.

280 gaunders, M.; Hagen, E. L. J. Am. Chem. Soc. 1968, 90, 6881.

21 Olah, G. A.; White, A. M. J. Am. Chem. Soc. 1969, 91, 5801.
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FIGURE 5.51

Equilibration of protons due to rap-
id rearrangement in cyclopentyl
carbocation (68).

FIGURE 5.52

Possiblemechanismforrearrange-
ment of isopropyl cation. (Adapt-
ed from reference 281.)
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FIGURE 5.53

1,4-Hydride shift and u-hydrido-
bridged nonclassical ion inter-
mediate.

5 REACTIVE INTERMEDIATES

The situation for the sec-butyl cation is even more interesting. We might
expect it to behave as does the cyclopentyl cation—that is, to undergo
degenerate rearrangement among the two 2° carbocations at a rapid rate.
The C NMR spectrum of the 2-butyl cation in SbFs-SO,CIF shows only two
signals, one for the outside carbon atoms (C1 and C4) and another for the
inside carbons (C2 and C3). The 'H NMR spectrum also shows only two sharp
peaks, one attributed to the six methyl protons and the other assigned to the
five protons on C2 and C3. The simplicity of the spectrum suggests that 69 and
70 rapidly interconvert by a 1,2-hydride shift. When a sample of the 2-butyl
cation was heated above —100°C, the '"H NMR spectrum did show broad-
ening. The results suggested that a process with an activation energy of about
7.5 kcal/mol interchanges the inside and outside methyl protons.*** Isotopic
labeling experiments were consistent with a process involving protonated
cyclopropane intermediates 71 and 72. Equation 5.52 shows the process that
interchanges C1 and C2 to give 73, and a similar process beginning with 69 can
interchange C3 and C4. The >C NMR peaks did not show broadening down
to —140°C, indicating that the energy barrier for the interconversion of 69
and 70 must be less than 2.4 kcal/mol.**®

2 H H
/*'2\/4_;/2\3/4_;KE\>—134_;H2') — TN
1 3 I H 34 (552)
H H | ’

69 70 71 72 73

In addition to 1,2-hydride shifts, 1,3-, 1,4-, and higher hydride shifts can
be observed. For example, the NMR spectrum of the 2,5-dimethyl-2-hexyl
cation suggested rearrangement involving a 1,4—h2/dride shift by a process
having an activation energy of 12-13 kcal/mol.*®* Theoretical calculations
suggested that the process occurs as shown in Figure 5.53, where the
w-hydridobridged carbocation was found to be an intermediate
5.6-10.5 kcal /mol (dependin§ on the level of theory) higher in energy than
the open chain carbocation.”® The p-hydridobridged ions can be observed
spectroscopically in monocyclic, bicyclic, and tricyclic systems.?*

The discussion here has demonstrated that structures having a positive
charge on the carbon skeleton exhibit structural variations that confound our
attempts to represent them completely with simple valence bond structures.
Even more intriguing structures having more than one positive charge on the

+ ]

+ +
=>C,\<=7/\—>< =/(+_§<
H H H

LR=pi,

82 Walker, G. E.; Kronja, O.; Saunders, M. J. Org. Chem. 2004, 69, 3598.

283 Saunders, M.; Kates, M. R. J. Am. Chem. Soc. 1978, 100, 7082.

28 gaunders, M.; Stofko, J.J., Jr. J. Am. Chem. Soc. 1973, 95, 252.

25 Vreek, I V.; Vréeek,V.; Siehl, H.-U. J. Phys. Chem. A 2002, 106, 1604.

286 Gun, F.; Sorensen, T. S. J. Am. Chem. Soc. 1993, 115, 77 and references therein.
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carbon skeleton are known, such as the “remarkably stable” pagodane
dication, 74.2%”

2+
&

Radical Cations

Each of the carbocations discussed to this point has been a species in which all
of the electrons were spin-paired. Another type of positively charged reactive
intermediate is the radical cation—a species that has both an unpaired
electron and a positive charge.?®®*® Radical cations play important roles in
many radiochemical and photochemical reactions, and they may also be
important in biological processes,**® including photosynthesis®*° and the
biosynthesis of natural products.

Organic radical cations can be generated from neutral organic com-
pounds through:***

1. Chemical oxidation by a wide variety of oxidizing agents, including
Bronsted acids, Lewis acids, metal ions and oxides, nitrosonium ions,
other organic radical cations, semiconductor materials, and some
zeolites??

2. Electrochemical oxidation
3. Radiolysis with ionizing radiation (X-rays and y-rays)

*%7 Prakash G. K. S. in Prakash, G. K. S.; Schleyer, P. v. R., Eds. Stable Carbocation Chemistry; John
Wiley & Sons: New York, 1997, chapter 4.

%8 Such species are also termed cation radicals, but the name radical cation is consistent with IUPAC
terminology. (Commission on Physical Organic Chemistry, IUPAC, Pure Appl. Chem. 1994, 66,
1077.) In the recommended nomenclature, the radical cation of molecule A is denoted A* *; thatis,
the symbols for cation and radical are written in the same order as indicated by the term radical
cation.

28 For a discussion of radical ions in organic chemistry, see (a) Roth, H. D. Top. Curr. Chem. 1992,
163, 131; (b) Kaiser, E. T.; Kevan, L., Eds. Radical Ions; Wiley-Interscience: New York, 1968; (c)
Lund, A.; Shiotani, M., Eds. Radical Ionic Systems: Properties in Condensed Phases (Topics in Molecular
Organization and Engineering, Vol. 6); Kluwer Academic Publishers: Dordrecht, 1991; (d) Bauld, N.
L. in Mariano, P.S., Ed. Advarnces in Electron Transfer Chemistry, Vol. 2; JAS Press: Greenwich, CT,
1992; pp. 1-66; (e) Chanon, M.; Rajzmann, M.; Chanon, F. Tetrahedron 1990, 46 6193; (f) Hammer-
ich, O.; Parker, V. D. Adv. Phys. Org. Chem. 1984, 20, 55; (g) Shida, T.; Haselbach, E.; Bally, T. Acc.
Chem. Res. 1984, 17,180; (h) Nelsen, S. F. Acc. Chem. Res. 1987, 20, 269; (i) Roth, H. D. Acc. Chem. Res.
1987, 20, 343; (j) Bauld, N. L.; Bellville, D.J. Acc. Chem. Res. 1987, 20, 371; (k) Roth, H. D. in Moss, R.
A.;Platz,M.S.;Jones, M., Jr., Eds. Reactive Intermediate Chemistry; John Wiley & Sons: Hoboken, NJ,
2004; chapter 6; Wiest, O.; Oxgaard, J.; Saettel, N. J. Adv. Phys. Org. Chem. 2003, 38, 87.

2% For a study related of the cytochrome P-450 oxidative dealkylation of amines, see Dinnocenzo,
J. P.; Karki, S. B; Jones, J. P. J. Am. Chem. Soc. 1993, 115, 7111.

21 Hoffmann, U.; Gao, Y.; Pandey, B.; Klinge, S.; Warzecha, K.-D.; Kriiger, C.; Roth, H. D;;
Demuth, M. |. Am. Chem. Soc. 1993, 115, 10358.

#2 Thermally activated Na-ZSM-5 zeolite was found to have a redox potential of 1.654 0.1V

versus SCE in a study of the conversion of «,w-diphenylpolyenes to their radical cations.
Ramamurthy, V.; Caspar, J. V.; Corbin, D. R. J. Am. Chem. Soc. 1991, 113, 594.
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FIGURE 5.54

Calculated geometry of metha-
nol radical cation. (Adapted
from reference 295.)

5 REACTIVE INTERMEDIATES

4. Photoinduced electron transfer (PET) resulting from bimolecular
reaction of a photoexcited molecule with a ground state molecule®”

5. Electron impact ionization (commonly used for the production of
radical cations in mass spectrometry).

Among the major analytical tools for detecting and studying radical cations
are mass spectrometry, EPR, and NMR.

Organic radical cations can be classified according to the type of orbital
from which an electron is removed from a neutral parent compound. Com-
pounds with nonbonded electrons, such as amines, ethers, and ketones, can
be oxidized to produce n-radical cations. For example, the one-electron
oxidation of methanol (equation 5.53) is conveniently viewed as the removal
of an electron from the methanol HOMO, which we expect to be anonbonding
orbital associated with oxygen.***

[ —_e” .+
H:C—Q-H-5H,C— O -H (5.53)

The formulation of the radical cation of methanol shown in equation 5.53
might suggest a species in which both the positive charge and the unpaired
electron density are localized on oxygen. As indicated by Figure 5.40, how-
ever, the LUMO of an ethyl cation is delocalized onto other atoms as well.
Consistent with that model, the calculated geometry of the methanol radical
cation (Figure 5.54) indicates that one C—H bond is aligned with the p orbital
on oxygen, this C—H distance is lengthened, and the O-C distance is
shortened in comparison with neutral methanol.*>** The implication of
this geometry is that hyperconjugative delocalization results in shifting of
electron density from C—H bonding to C—O bonding.

One-electron oxidation of alkenes, alkynes, and arenes produces
n-radical cations by removal of an electron from a n molecular orbital
{equation 5.54).

+

: R - R, R
=t | e (5.54)

Rl R3 Rl 3

23 Generation of radical cations by photoinduced electron transfer reactions of neutral molecules
generates radical anion/radical cation pairs, which can undergo back electron transfer to
regenerate neutral molecules. Polar solvents such as CH3CN can make diffusive separation of
the radical ions more probable, but the use of polar solvents increases the opportunity for reaction
of solvent with the radical ions. The use of cationic acceptors for PET from photoexcited organic
compounds forms a neutral radical/radical cation pair. With no Coulombic barrier to separation,
yields of separated radical cations are increased. For a discussion, see Todd, W. P.; Dinnocenzo, J.
P.; Farid, S.; Goodman, J. L.; Gould, L. R. J. Am. Chem. Soc. 1991, 113, 3601.

294 Budzikiewicz, H.; Djerassi, C.; Williams, D. H. Mass Spectrometry of Organic Compounds;
Holden-Day: San Francisco, 1967; p. 94.

2% Ma, N. L.; Smith, B. J.; Pople, J. A.; Radom, L. J. Am. Chem. Soc. 1991, 113, 7903.

29 The calculated geometry depends to some extent on the level of theory employed. For other
theoretical studies, see Gauld, J. W.; Glukhovtsev, M. N.; Radom, L. Chem. Phys. Lett. 1996, 262,
187; Belopushkin, S. L; Belevskii, V. N.; Chuvylkin, N. D. High Energy Chem. 1998, 32, 92.
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Hﬁgl : \H H Geometry of radical cation of
OIA =25°
¢ ethene.

From an analysis of the photoelectron spectrum of ethene, the ethene
radical cation was found to have a torsion angle of 25°. The C—C bond
length is 1.405 A, and the C—H bond length is 1.091 A. The H-C—H bond
angle is 117°51'.*” The geometry of the ethene radical cation (Figure 5.55)
has been explained on the basis of a compromise between some remaining 7
bonding in the SOMO (optimized at a torsional angle of 0°) and hyper-
conjugative interaction of the p orbital on each carbon with the C—H
bonding orbitals on the adjacent methylene group (optimized at a torsional
angle of 90°).*%®

For larger alkenes, hyperconjugation with an alkyl group a to an
olefinic carbon atom eliminates the need for rotation, so the radical cations
of almost all alkenes other than ethene are planar.”®® Eriksson and co-
workers found that the radical cation formed by radiolysis of 1-pentene in a
fluorochlorocarbon matrix at 77K exhibits an EPR spectrum suggesting
some delocalization of the SOMO over C3. In the case of the isomeric 2-
pentenes, the results suggested that the SOMO is localized on the carbon
atoms of the former double bond, C2 and C3. The difference in bonding was
attributed to a lower ionization energy for the longer alkyl group attached
to the double bond in 1-pentene in comparison with the higher ionization
energy of the shorter alkyl group attached to the double bond in the 2-
pentenes.30°

-+

R] R4 e R] R4
R,>—< Ry R, <Ry (5.55)
R; Rg R; Rg

One-electron oxidation of alkanes leads to o-radical cations (equa-
tion 5.55).3%! Such ionization removes an electron from an orbital associated
with o bonding among carbon atoms. The radical cation of butane, for
example, shows elongation of the C2—C3 bond to a distance of about 2.0 A
and a much lower difference in energies of the anti and gauche conformers
than is the case with the parent hydrocarbon.*" Ionization of methane

27 Képpel, H.; Domcke, W.; Cederbaum, L. S.; von Niessen, W. J. Chem. Phys. 1978, 69, 4252.
28 Mulliken, R. S.; Roothan, C. C. J. Chem. Rev. 1947, 41, 219.

2% (a) Bellville, D.J.; Bauld, N. L. ]. Am. Chem. Soc. 1982, 104, 294; (b) Clark, T.; Nelsen, S. F. J. Am.
Chem. Soc. 1988, 110, 868.

3% Eriksson, L. A.; Sjoqvist, L.; Lunell, S.; Shiotani, M.; Usui, M.; Lund, A. . Am. Chem. Soc. 1993,
115, 3244.

301 For a theoretical study of the radical cations of alkanes and references to experimental data for
these species, see Eriksson, L. A.; Lunell, S; Boyd, R. J. J. Am. Chem. Soc. 1993, 115, 6896.
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FIGURE 5.56

Geometry of methane radical
cation. (Adapted from refer-
ence 301.)
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produces a distorted structure (Figure 5.56) having two longer C—-H
bond distances, with an H-C—H angle of about 60° for these atoms, and
two sélgzorter C—H' bond distances associated with an H' —~C—H’ angle near
125°.

Alkyl groups may also delocalize the unpaired electron and charge
density in radical cations formed from strained alkanes. For example, radical
cations of bicyclo[1.1.0]butane (75) and 1,3-dimethylbicyclo[1.1.0]butane (76)
were detected in chlorofluorocarbon matrix following y-irradiation of the
parent hydrocarbon. The data suggested that much of the unpaired electron
density in 75+ is associated with the two bridgehead carbon atoms, but that
in 76** about 15% of the unpaired electron density is associated with the

methyl substituents at these positions.>*
HaC. CH,
Bicyclo[1.1.0]butane 1,3-Dimethylbicyclo[1.1.0]butane
75 76

In each of the radical cation structures discussed so far, the unpaired
electron and the positive charge have been closely associated. However, there
are also radical cations in which the radical center and the cation center are
separate from each other. For example, electron ionization of 1,4-dioxane (77)
in a mass spectrometer produces the radical cation 77°*, which forms the
radical cation 78 by elimination of formaldehyde (79).>** Species such as 78
were termed distonic by Radom to emphasize the distance between the charge
and radical sites. Distonic radical cations can be significantly lower in energy
than radical cations in which the charge and unpaired electron density are

coincident.?*
.+
e O\ / O\
CIH2 CIH2 70eV,  CH, CH, HE O
electron | | N ../ N+ + O=CH
CH, CH, ionization ~CH, CH, CH, CH, : (556)
N A N
(0] (0]
77 77 78 79

302 The distortion from the tetrahedral geometry of methane is a Jahn-Teller effect: Jahn, H. A.;
Teller, E. Phys. Rev. 1936, 49, 874; Proc. R. Soc. London Ser. A 1937, 161, 220. Experimental evidence
for a Cy, structure for the methane radical cation (studied in a neon matrix at 4 K) was reported by
Knight, L. B, Jr.; Steadman, J.; Feller, D.; Davidson, E. R. J. Am. Chem. Soc. 1984, 106, 3700. The EPR
spectrum of CH, * at 4 K suggests four magnetically equivalent protons, but the EPR spectrum of
CH,D,* indicates the Cy, geometry shown. The apparent equivalence of the four protons in
CH,* * is attributed to dynamic Jahn-Teller distortion making all protons equivalent on the NMR
time scale. For a discussion and theoretical study, see Paddon-Row, M. N.; Fox, D.].; Pople, J. A,;
Houk, K. N.; Pratt, D. W. J. Am. Chem. Soc. 1985, 107, 7696.

393 Arnold, A.; Burger, U.; Gerson, F.; Kloster-Jensen, E.; Schmidlin, S. P. J. Am. Chem. Soc. 1993,
115, 4271.

304 A radical cation can be considered to be a cationized diradical in the sense that it is the
hypothetical product of one-electron oxidation of a diradical. Conversely, neutralization of 78
produces the 1,4-biradical *CH,CH,OCH*, which offers a convenient method for studying its
reactions in the gas phase: Polce, M. ].; Wesdemiotis, C. J. Am. Chem. Soc., 1993, 115, 10849.

305 yates, B. F.; Bouma, W. J.; Radom, L. J. Am. Chem. Soc., 1984, 106, 5805.
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Radical cations exhibit a wide variety of reactions,® including uni-
molecular reactions such as rearrangement,306 fragmentation,307 and intra-
molecular bond formation, as well as bimolecular reactions with ionic,
radical, or ground state species.’® Notable processes include reaction with
nucleophiles to produce radicals, reaction with radicals to produce cations,
reaction with electron donors to produce biradicals, and reactions with
ground state molecules to give addition products.’® Often the products of
reactions of radical cations with neutral species are different from those
observed by reaction of the corresponding carbocation with the same
reactant.*'”

Radical cations of weak acids may react either by heterolytic cleavage
(loss of a proton to produce a radical) or homolytic cleavage (loss of a
hydrogen atom to form a carbocation).>'! In a polar solvent, heterolytic
cleavage is usually favored because of the favorable solvation energy of the
proton, and radical cations ordinarily are much more acidic than the corre-
sponding neutral compounds. For example, the pKya value of toluene in
DMSQO is 43, while the pKya.+ value for the radical cation of toluene is —20.
Therefore, the radical cation is 10°® more acidic than the neutral compound.?'

In the gas phase, heterolytic cleavage is favored because the positive
charge can be stabilized by charge delocalization in the larger ion. Zhang and
Bordwell determined that N-H and O-H bond dissociation energies
(BDEHA- ") of radical cations are only slightly lower than those of their
parent nitrogen or oxygen acid compounds. However, BDEHA* " values are
typically 30-50 kcal/mol lower than the BDE of the corresponding neutral
compound.>'?

Reaction of a radical cation with a nucleophile can occur either by electron
transfer to give a diradical or by attachment to give a radical. For example, the
reaction of azide ion (N3 ™) with the radical cation of 4-methoxystyrene and its
B-methyl and B,8-dimethyl derivatives was found to occur by electron
transfer in acetonitrile (CH3CN) solution but by nucleophilic attachment in
2,2 2-trifluoroethanol (TFE) solution. The change in mechanism was attrib-
uted to a change in the oxidation potential of azide ion with solvent (the value
being 0.5V more positive in TFE than in CH3CN), suggesting that redox
properties of nucleophiles and radical cations under reaction conditions can
determine the reaction pathways of radical ions.*'?

306 The radical cation of benzvalene was found to isomerize to the radical cation of benzene at a
temperature of 135K: Arnold, A.; Gerson, F.; Burger, U. . Am. Chem. Soc. 1991, 113, 4359.

397 For a discussion of bond cleavage reactions of radical cations, see (a) Popielarz, R.; Arnold, D.
R. J. Am. Chem. Soc. 1990, 112, 3068; (b) Camaioni, D. M. J. Am. Chem. Soc. 1990, 112, 9475; (c)
Baciocchi, E.; Bietti, M.; Lanzalunga, O. J. Phys. Org. Chem. 2006, 19, 467.

308 Tedder, J. M. in Viehe, H. G.; Janousek, Z.; Merényi, R., Eds. Substituent Effects in Radical
Chemistry; D. Reidel Publishing: Dordrecht, 1986; pp. 223-244.

309 For a theoretical study of the reaction of o-radical cations with nucleophiles, see Shaik, S.;
Reddy, A. C.; loffe, A.; Dinnocenzo, J. P.; Danovich, D.; Cho, J. K. J. Am. Chem. Soc. 1995, 117, 3205.
310 Gassman, P. G.; Singleton, D. A. J. Am. Chem. Soc. 1984, 106, 7993.

311 Alkane radical cations in liquid hydrocarbon solution undergo ion-molecule reactions, such
as proton transfer or hydrogen atom transfer, on a submillisecond time scale. Werst, D. W.;
Bakker, M. G.; Trifunac, A. D. J. Am. Chem. Soc. 1990, 112, 40.

312 (a) Bordwell, F.G.; Cheng, ].-P. J. Am. Chem. Soc. 1989, 111,1792.; (b) Zhang, X.-M.; Bordwell, F.
G. J. Am. Chem. Soc. 1994, 116, 4251.

313 Workentin, M. S.; Schepp, N. P; Johnston, L. ].; Wayner, D. D. M. J. Am. Chem. Soc. 1994, 116,
1141.
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sp3-Hybridized model for
methyl anion.

5 REACTIVE INTERMEDIATES

Radical anions, which have both an unpaired electron and a negative
charge, comprise another class of reactive intermediates. Radical anions can
be made by one-electron reduction with metals such as potassium or by
ionizing radiation.*'**'> Many radical anions are difficult to study because
their large, negative electron affinities (on the order of —2.3eV) make them
very unstable, and they are prone to fragmentation to an anion and a radical.
Such processes are especially probable if a portion of the molecule can be
detached as a relatively stable anion, such as a halide ion.>'® However, the
ESR spectrum of the trans-3-hexene radical anion in trans-3-hexene/n-hex-
ane-di4 mixed crystals has been studied at 42K. The results suggested
pyramidalization of the olefinic carbon atoms, with half of the unpaired
electron density delocalized onto the carbon atoms a to the olefinic
carbon atoms.”” In the gas phase, characteristic reactions of radical anions
include electron transfer, proton transfer, hydrogen atom transfer, and sub-
stitution reactions.*'®

5.5 CARBANIONS

Structure and Geometry of Carbanions

Carbanions are anions that contain an even number of electrons and that have
an unshared pair of electrons on a triligant carbon atom.****'°*! For the
simplest carbanion, H3C:™, we expect four pairs of electrons to be arranged
around the carbon atom, with the nonbonded pair of electrons in an orbita that
is approximately an sp® hybrid (Figure 5.57).>*>** This should produce a
trigonal pyramid structure having a geometry similar to that of ammonia, and
there is experimental evidence indicating that the methyl anion in the gas
phase is pyramidal.*** NMR studies of alkyl Grignard reagents in solution
also show evidence of a tetrahedral carbanion that can undergo inversion of

34 Bauld, N. L. Radicals, Ion Radicals, and Triplets: The Spin-Bearing Intermediates of Organic
Chemistry, Wiley-VCH: New York, 1997.

315 Eor an example, see Stevenson, G. R.; Burton, R. D.; Reiter, R. C. . Am. Chem. Soc. 1992, 114,
4514.

316 Fora discussionand leading references, see Maslak, P.; Narvaez, J. N.; Kula, ].; Malinski, D.S. ].
Org. Chem. 1990, 55, 4550.

%17 Muto, H.; Nunome, K.; Matsuura, K. J. Am. Chem. Soc. 1991, 113, 1840.

318 Born, M.; Ingemann, S.; Nibbering, N. M. M. Mass Spectrom. Rev. 1997, 16, 181.

319 The term carbanion was proposed by Wallis, E. S.; Adams, F. H. J. Am. Chem. Soc. 1933, 55, 3838.
320 pale, P.; Vogel, P. in Katritzky, A. R,; Taylor, R. J. K., Eds. Comprehensive Organic Functional
Group Transformations II; Elsevier: Oxford, 2005; p. 889.

21 Buncel, E.; Dust, J. M. Carbanion Chemistry: Structures and Mechanisms, Oxford University Press:
New York, 2003.

322 The application of molecular orbital theory to carbanions was discussed by Nobes, R. H.;
Poppinger, D.; Li, W.-K,; Radom, L. in Buncel, E.; Durst, T., Eds. Comprehensive Carbanion
Chemistry. Part C. Ground and Excited State Reactivity; Elsevier: Amsterdam, 1987; pp. 1-92.

323 Often carbanions are shown without explicit depiction of the nonbonded pair of electrons.
Thus, the methyl anion is also indicated by HyC™.

324 Fllison, G. B.; Engelking, P. C.; Lineberger, W. C. ]. Am. Chem. Soc. 1978, 100, 2556.
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the lone pair in a manner similar to ammonia.***?* We would expect
bridgehead carbanions to form without difficulty, and that is found to be
the case.’”’

By similar arguments, vinyl carbanions are expected to exhibit sp
hybridization, and acetylenic carbanions should show sp hybridization.
Based on the idea that the greater the s character in an orbital, the more
easily it can accommodate a negative charge, we expect carbanions in which
the negative charge is associated with a pair of nonbonded electrons in an sp
hybrid orbital to be more easily formed than those in which the electrons are in
sp® hybrid or sp® hybrid orbitals.>*® Similarly, electron withdrawal by induc-
tion should stabilize a carbanion.

Although triligant carbanions are expected to be approximately pyrami-
dal, carbanions with adjacent # systems may become planar due to the effects
of resonance. Streitwieser proposed a way to distinguish between the two
types of carbanions by noting the effect of an a-fluoro substituent. The
fluorine has the effect of stabilizing a pyramidal carbanion, such as the
a,a-difluorobenzyl anion 80, but it destabilizes a planar carbanion such as
9-fluorofluorenyl anion, 81.7*%23°

A Qe

Qe

In many cases, organic reactions involve organometallic compounds with
carbanionic character, not free carbanions. In organometallic compounds, the
carbon atom associated with the metal has much less than a full negative
charge, and the interaction of the carbon atom with the metal atom has some
covalent character. *C and "Li NMR studies of n-butyllithium and t-butyl-
lithium in hydrocarbon solvent suggest a polar covalent C—Libond with only
a small negative charge on the carbon atom, and some calculations suggest
that carbon-alkali metal bonds may be comparable in covalency to carbon—
halogen bonds.**!73?

325 Whitesides, G. M.; Witanowski, M.; Roberts, J. D. J. Am. Chem. Soc. 1965, 87, 2854.

326 In general, we expect inversion to be facilitated when conditions allow a relatively free
carbanion and to be inhibited when conditions cause the counterion to be held close to the
carbanion.

327 Compare Applequist, D. E.; Roberts, ]. D. Chem. Rev. 1954, 54, 1065.

328 Experimental results are consistent with this view. For details, see Cram, D. J. Fundamentals of
Carbanion Chemistry; Academic Press: New York, 1965; p. 49 ff.

32 Streitwieser, A., Jr.; Mares, F. . Am. Chem. Soc. 1968, 90, 2444.

330 The effect was attributed to a decrease in carbanion stabilization arising from the greater
electronegativity of the sp2 hybrid orbital used for C-F bonding by Hine, J.; Mahone, L. G.; Liotta,
C.L.J. Am. Chem. Soc. 1967, 89, 5911 and to an electron-donating resonance effect by Streitwieser
and Mares (reference 329).

331 McKeever, L. D.; Waack, R. J. Chem. Soc. D Chem. Commun. 1969, 750.

2 The investigation of carbanions by nuclear magnetic resonance was reviewed by O'Brien, D.
H.inBuncel, E.; Durst, T., Eds., Comprehensive Carbanion Chemistry. Part A. Structure and Reactivity;
Elsevier: Amsterdam, 1980; pp. 271-322.

333 Bickelhaupt, F. M.; Sola, M.; Guerra, C. F. |. Chem. Theory Comput. 2006, 2, 965.
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In the valence bond model, organometallic compounds with carbanion
character may be considered as resonance hybrids of two contributing
structures, one purely covalent and one purely ionic (equation 5.57).

8- o+ ~ ~N T +
> —_ = __~C— <—>/ : (5.57)
/C M /C M /C M

The degree of ionic character depends on the nature of the metal, the medium,
and the substituents on the carbanionic carbon atom. The percent ionic
character (i.e., the percent contribution of the ionic resonance structure to
the hybrid) increases with increasing difference in electronegativity of
the carbon and metal atoms. Pauling suggested an empirical relationship
for estimating the fraction of ionic character in the carbon-metal bond
(equation 5.58)

Fraction ionic character = 1 —¢ 0% ~1s)’ (5.58)

where xa — xp is the electronegativity difference between the two atoms
involved.*® An alternative relationship (equation 5.59) was suggested by
Hannay and Smyth (equation 5.59).%%

Fraction ionic character = 0.16(),—Yg) + 0.035(x, —Xzs)’ (5.59)

The two equations predict comparable fractional ionic character for most
atom pairs, although the latter equation correlates better with the experi-
mental result that the H—F bond is 43% ionic and may also serve better for
atoms with larger differences in electronegativity.**®

One conceptual difficulty with the covalent representation of an organo-
metallic compound such as methyllithium is that the metal atom does not
appear to have a filled outer shell. However, a formula such as CH;Li should
not be regarded as a true molecular formula because many organometallic
compounds often are oligomeric, not monomeric, species. For example,
methyllithium is reported to be a tetrahedral tetramer both in the solid state
and the gas phase, although oligomers of different size can exist in solution.
Figure 5.58 shows the calculated structure for the tetramer.’” The four
lithium atoms are arranged at the vertices of a tetrahedron, while each carbon
of the methyl groups is coordinated to one face of the tetrahedron.
n-Butyllithium is reported to be hexameric in hydrocarbon solution
and to exist as an equilibrium mixture of tetramers and dimers in THF

334 Pauling, L. The Nature of the Chemical Bond, 3rd ed.; Cornell University Press: Ithaca, NY, 1960;
p. 98.

335 Hannay, N. B.; Smyth, C. P. J. Am. Chem. Soc. 1946, 68, 171.

336 For a tabulation of the partial ionic character of carbon-metal bonds, see Haiduc, I.; Zucker-
man, J. . Basic Organometallic Chemistry; Walter de Gruyter: Berlin, 1985; p. 9 ff.

337 Kwon, O.; Sevin, F.; McKee, M. L. J. Phys. Chem. A 2001, 105, 913; Kaufmann, E.; Raghavachari,
K.; Reed, A. E.; Schleyer, P. v. R. Organometallics 1988, 7, 1597. See also Bickelhaupt, F. M.;
Hommes, N. J. R. v. E.; Guerra, C. F.; Baerends, E. ]. Organometallics 1996, 15, 2923.
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solution.***%*y-Propyllithium is a mixture of hexamers, octamers, and non-

amers in cyclopentane solution, and there is rapid carbon-lithium bond
exchange within the aggregates.>*® Temperature can affect the degree of
aggregation and the extent of solvation of organometallic compounds.?!

Carbanionic species in solution are strongly influenced by the counterion
and by any added species such as bases that can coordinate a metallic
counterion. For example, Kronzer and Sandel reported NMR studies of 1-
and 2-naphthylmethyllithium, -sodium, and -potassium in tetrahydrofuran
(THF) and in hexamethylphosphoramide (HMPA) solution.>** In THF the
spectra showed a strong dependence on the metal, suggesting that there was
close association of the carbanionic carbon with the metal. The spectra of the
lithium and sodium species were identical in HMPA solution, however,
suggesting that the carbanions were significantly separated from the cation,
either as free ions or as ion pairs separated by solvent molecules.

Studies by Jackman and co-workers provided additional insight into the
structure of the triphenylmethanide ion (82) in ethereal solvents.>*® They
determined that dissociation of contact ion pairs into solvent-separated ion
pairs is exothermic due to the additional stabilization that results from better
solvation of the two ions. The entropy term for the separation is negative,
however, because solvent becomes more ordered around the separate ions.
Therefore, the free energy change for ion separation is more negative at lower
temperature. A greater delocalization of the negative charge favors ion
separation. A smaller cation size also favors separation, although this appears
to be the net result of destabilization arising from ion pair separation

338 For leading references, see Nichols, M. A.; Williard, P. G. J. Am. Chem. Soc. 1993, 115, 1568.
¥ In addition to NMR, carbanions may also be investigated by UV-vis spectrophotometry
(Buncel, E.; Menon, B. in Buncel, E.; Durst, T., Eds. Comprehensive Carbanion Chemistry. Part A.
Structure and Reactivity; Elsevier: Amsterdam, 1980; pp. 97-124) and by infrared and Raman
spectroscopy (Corset, J. in Buncel, E.; Durst, T., Eds. Comprehensive Carbanion Chemistry. Part A.
Structure and Reactivity; Elsevier: Amsterdam, 1980; pp. 125-195).

340 Fraenkel, G.; Henrichs, M.; Hewitt, J. M.; Su, B. M.; Geckle, M. J. J. Am. Chem. Soc. 1980, 102,
3345.

341 Pratt, L. M.; Truhlar, D. G.; Cramer, C. J.; Kass, S. R; Thompson, J. D.; Xidos, ]. D. J. Org. Chem.
2007, 72, 2962.

342 Kronzer, F. J.; Sandel, V. R. . Am. Chem. Soc. 1972, 94, 5750.
343 Grutzner, J. B.; Lawlor, ]. M.; Jackman, L. M. J. Am. Chem. Soc. 1972, 94, 2306.
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FIGURE 5.58

Calculated structure of the methyl-
lithium tetramer. (Reproduced

from reference 337.)
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FIGURE 5.59

Retention of configuration by a
chiral cyclopropyl carbanion.
(Adapted from reference 347.)

5 REACTIVE INTERMEDIATES

combined with greater stabilization of the individual ions by polar solvent.
For this reason a more polar solvent with greater ability to coordinate with the
ions also favors separation. The effects of solvent on organometallic species
can be quite dramatic. For example, a theoretical study revealed that the
stereochemistry of an intramolecular carbolithiation could be reversed by
coordination of a single molecule of THF to the lithium.***

One way to study the structures of carbanions is to determine whether
chiral carbanions undergo racemization. The retention of configuration at a
chiral carbanionic center depends on solvent and temperature.>*>?*¢ Solvents
such as ether decrease the covalent character of the carbon-metal interaction,
thus facilitating epimerization at the chiral center.>*” Racemization at a chiral
center can be slowed if the rate of carbanion inversion can be decreased.
Although Cydol:)ro yl radicals racemize, cyclopropyl carbanions retain their
configuration.***** For example, lithiation of the optically active bromocy-
clopropane derivative 83 produced a carbanion (84) that reacted with CO, to
produce the cyclopropanecarboxylic acid 85. The overall reaction took place
with 100% retention of configuration, indicating that the three-membered
ring inhibits the inversion of 84 (Figure 5.59),347-350

In contrast, substituents that accept electron density by resonance can
stabilize carbanionic centers, thus lessening the interaction with metal ions and
facilitating racemization. The 1-lithio derivative of (—)-(R)-1-cyano-2,2-diphe-
nylcyclopropane canbe alkylated with methyliodide to yield racemic-1-methyl-
1-cyano-2,2-diphenylcyclopropane, indicating racemization at the carbanionic
center.®' This result could be ascribed either to a planar carbanion with
appreciable C=C=N" character or to a rapidly inverting tetrahedral carbanion.
The X-ray crystal structure of 1-cyano-2,2-dimethylcyclopropyllithium

Ph CH3 BuLi Ph CH; o, Ph >A/CH3
% i 2, ” %
PH Br PH Li PH COH
83 84 85

3% Liu, H,; Deng, K.; Cohen, T ; Jordan, K. D. Org. Lett. 2007, 9, 1911.

35 Letsinger, R. L. J. Am. Chem. Soc. 1950, 72, 4842.

346 Curtin, D. Y.; Koehl, W. I, Jr. J. Am. Chem. Soc. 1962, 84, 1967.

347 Walborsky, H. M.; Impastato, F. J.; Young, A. E. . Am. Chem. Soc. 1964, 86, 3283.

348 Applequist, D. E; Peterson, A. H. J. Am. Chem. Soc. 1960, 82, 2372.

3 This statement is a generalization. Whether one observes racemization with either radicals or
carbanions depends on the reaction conditions and the rates of inversion and of bimolecular
reaction.

350 Applequist, D. E,; Peterson, A. H. J. Am. Chem. Soc. 1961, 83, 862.

351 Walborsky, H. M.; Hornyak, F. M. ]. Am. Chem. Soc. 1955, 77, 6026.
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indicated a tetrahedral carbanion carbon atom, supporting the latter
explanation.***>

Asin other areas of organic chemistry, computational investigations have
provided important insights into the nature of carbanions, and the results
complement the experimental studies. For example, ab initio calculations
suggest that the inversion barrier of a methyl anion is ca. 2.2 kcal/mol and
that the inversion barrier of the ethyl anion is 3.3 kcal/mol. These values
contrast with the <0.2 kcal/mol inversion barrier of the resonance-stabilized
cyanomethyl anion on the one hand and the ca. 15kcal/mol barrier for
inversion of the cyclopropyl anion via a highly strained transition structure
on the other hand. By comparison, the inversion barrier of ammonia is about
5.5kcal/mol.*!

Generation of Carbanions

A common procedure for the synthesis of organometallic compounds is the
reduction of a carbon-halogen bond with a metal (M), as illustrated in
equation 5.60.%%3%* (This simple equation ignores the role of solvent mole-
cules and aggregated species.)

RiC— X+2M=R;C:" +M™* +MX (5.60)

Reagents such as n-butyllithium, methyllithium, and phenyllithium manu-
factured by this process are commercially available.>* Carbanions can also be
formed by an acid-base reaction involving heterolytic dissociation of a
carbon-hydrogen bond by a strong base. An example is the deprotonation
of limonene (86) by n-butyllithium complexed with tetramethylethylenedia-
mine (TMEDA), as shown in equation 5.61. Note that there is more than one
kind of allylic proton in 86, but the deprotonation preferentially produces the
least-substituted carbanion.*®

(5.61)

86

%52 Boche, G.; Harms, K.; Marsch, M. J. Am. Chem. Soc. 1988, 110, 6925.

353 Gee also the theoretical calculations reported by Kaneti, ].; Schleyer, P.v.R.; Clark, T.; Kos, A.J.;
Spitznagel, G. W.; Andrade, J. G.; Moffat, J. B. J. Am. Chem. Soc. 1986, 108, 1481.

35 Bates, R. B.; Ogle, C. A. Carbanion Chemistry; Springer-Verlag: Berlin, 1983; Stowell, J. C.
Carbanions in Organic Synthesis; John Wiley & Sons: New York, 1979; Ayres, D. C. Carbanions
in Synthesis; Oldbourne Book Co.: London, 1966.

355 Durst, T. in Buncel, E.; Durst, T., Eds. Comprehensive Carbanion Chemistry. Part B. Selectivity
in Carbon—Carbon Bond Forming Reaction; Elsevier: Amsterdam, 1984; pp. 239-291.

3% Crawford, R. ].; Erman, W. F.; Broaddus, C. D. J. Am. Chem. Soc. 1972, 94, 4298,
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Because carbon-hydrogen bonds exhibit very low acidity (see Chapter7),
very strong bases are required for such reactions. However, C—H bonds
adjacent to substituents such as carbonyl or cyano groups are more acidic.
Nitrogen bases have been used effectively in these reactions to minimize the
nucleophilic addition that can compete with proton removal when an orga-
nometallic compound such as n-butyllithium is used as the base. For example,
methyl ketones react with lithium diisopropylamide (LDA) to form the
enolate ion (equation 5.64),%7>

] o (o] o
PIS __ Lbasr | PR — (5.62)
R CH; pentane-hexane—ether R CH,™ R CH,

In some cases metals will react directly with alkenes (equation 5.63).°

In addition, alkenes can undergo carbometalation, as illustrated in

equation 5.64.3613¢2
M+
XN TTaF BoN S - (5.63)

(M =Li, Na, K, Rb, Cs)

®/Ph i — __Ph . L (5.64)

Addition of nucleophiles to aromatic compounds having many nitro or cyano
groups leads to the formation of resonance-stabilized carbanions known as
Jackson—Meisenheimer complexes. For example, addition of sulfite ion to
1,3,5-trinitrobenzene leads to 87.%%*

%7 House, H. O.; Phillips, W. V.; Sayer, T. S. B.; Yau, C.-C. J. Org. Chem. 1978, 43, 700.

38 An NMR spectrum of the lithium enolate of t-butyl acetate indicated that the carbon—carbon
double bonded species was dominant. Rathke, M. W.; Sullivan, D. F. J. Am. Chem. Soc. 1973, 95,
3050.

35% Even more sterically hindered amides have been used: Olofson, R. A.; Dougherty, C.M.]. Am.
Chem. Soc. 1973, 95, 582.

30 Yasuda, H.; Ohnuma, Y.; Yamauchi, M.; Tani, H.; Nakamura, A. Buil Chem. Soc. Jpn. 1979, 52,
2036.

36! Braenkel, G.; Estes, D.; Geckle, M. J. . Organometal. Chem. 1980, 185, 147.

362 Yamataka, H.; Yamada, K.; Tomioka, K. in Rappoport, Z.; Marek, 1., Eds. The Chemistry of
Organolithium Compounds; Part 2, John Wiley & Sons: Chichester, UK, 2004; p. 901.
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Stability of Carbanions

We frequently measure anion stability in terms of the acidity of the corre-
sponding protonated species. Thus, the acidity of carbon acids, in which the
acidic proton is removed from a carbon atom, provides one measure of
carbanion stability. There has been a significant change in the interpretation of
carbanion stability over time. In 1979 a leading researcher summarized what
was at that time the prevailing model of carbanion stabilities by saying that
alkyl substitution at the carbanionic site results in an intensification of
carbanionic character because of the electron-donating character of the alkyl
groups. As we will see in more detail in Chapter 7, this view is no longer
supported by theoretical or experimental evidence. Figure 5.60 shows the
HOMO of ethyl anion as calculated with extended Hiickel theory. It shows
evidence of mixing a carbanion orbital having much p character with the
orbitals of the methyl substituent, resulting in delocalization of negative
charge away from the anionic center.?®® This result is inconsistent with an
explanation for decreasing acidity with increasing alkyl substitution that is
based on electron-donating alkyl groups.

Major new insights into the electronic effects of substituents have resulted
from measurements conducted in the gas phase, where the effects of solvent
are eliminated.?** DePuy and co-workers determined the order of acidity to
be ethane < propane (2° hydrogen atoms) < methane < isobutane (3° hydro-
gen atom) in the gas phase.*® This rather surprising result that methane is
more acidic than ethane has some support in theoretical calculations.>®
Therefore, the effect of alkyl substitution on a carbanion in solution may be
better described as a solvation effect. As le Noble put it:

363 Theoretical calculations are in accord with stabilization of both cationic and anionic centers by
methyl groups, with the affected C—H bond lengthened by the interaction. See the discussion by
Forsyth, D. A.; Yang, J.-R. . Am. Chem. Soc. 1986, 108, 2157 and references therein.

3% Three main types of experimental techniques have been used: high pressure mass spectro-
metry (HPMS), flowing afterglow (FA or FA-SIFT) studies, and pulsed ion cyclotron resonance
(ICR) spectrometry. See Chapter 7 for further discussion and leading references.

365 DePuy, C. H.; Bierbaum, V. M.; Damrauer, R. J. Am. Chem. Soc. 1984, 106, 4051; DePuy, C. H.;
Gronert, S.; Barlow, S. E.; Bierbaum, V. M.; Damrauer, R. ]. Am. Chem. Soc. 1989, 111, 1968.

366 Kollmar, H. J. Am. Chem. Soc. 1978, 100, 2660.

FIGURE 5.60

HOMO of ethyl anion.
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It becomes clear that much of the ““truth’ about carbanions to be found in
current textbooks, however logical and convenient from a pedagogical point
of view, is incorrect.>®”

Reactions of Carbanions

Because of the localization of electron density and negative charge, carban-
ions are both bases and nucleophiles. As a base, a carbanion can abstract a
proton from any substance with a pK, smaller than that of the protonated
carbanion, and the use of isotopically labeled proton donors affords a useful
synthesis of labeled compounds. For example, abstraction of a proton
from the methyl group of exo-3-acetyl-endo-tricyclo[3.2.1.0%*Joctane (88)
gave an enolate ion that could abstract a deuterium ion from the solvent
to produce a monodeuterated compound. Repeated exchange of the
methyl protons led to a nearly quantitative yield of trideuterio product 89
(equation 5.65).%%

NaOCH;

_—
crop 5.65
u CHj; D,0 D, ( )
H
0 (6]
88 89

As a nucleophile, a carbanion can react readily with a carbon atom
bearing a good leaving group, which is a useful method for forming new
carbon-carbon bonds. The aldol reaction and the Claisen condensation are
familiar examples of carbanions (as enolates) undergoing nucleophilic addi-
tion to carbon—oxygen double bonds. Carbanions may also act as nucleophiles
in SN2 reactions. The reaction of phenylacetic acid (90) with sodium in liquid
ammonia leads to a carbanion (91) that reacts with benzyl chloride to produce
2,3-diphenylpropionic acid (92, equation 5.66).>*

2NaNH,
C6H5-CH2 - COzH

920

NG C6H5—C|H —CO,Na

Na
91
C¢HCH,C1  H' (5.66)
moE C6H5-(|?H —CO,H
CH,C¢Hj;

92

Carbanions are much less prone to unimolecular rearrangements
than are carbocations or radicals, particularly with regard to 1,2-alkyl shifts

37 le Noble, W. J. in Jones, M., Jr.; Moss, R. A., Eds. Reactive Intermediates, Vol. 1; John Wiley &
Sons: New York, 1978; pp. 27-67.

38 Creary, X. J. Org. Chem. 1976, 41, 3740.
39 Hauser, C. R.; Dunnavant, W. R. Org. Synth. Collect. Vol. V 1973, 526.
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or 1,2-hydrogen shifts. However, some rearrangements of 1,2-migrations of
aryl, vinyl, or acetylenic groups have been reported.’”® In addition, the
phenylcyclopropyl anion was found to open to the 2-phenylallyl anion in
the gas phase with an E, of 26 kcal/mol.>”* Carbanions stabilized by electron-
withdrawing groups, such as carbonyls, are capable of other reactions. One
example is epimerization of 93 to the more stable isomer 94 (equation 5.67),
which was used in the synthesis of (+)-trans-chrysanthemic acid.*”? Here the
configurational stability of the carbanion is lost because the intermediate is an
enolate, so reprotonation of the intermediate can produce the more stable
trans isomer of the cyclopropane.

0
+-BuOK NS +-BuOK .\H
—_— —_——
t+-BuOH t+-BuOH
(H;CORHC 'y (H,copHC H (H,COLHC |
93 94
(5.67)

The 5-hexenyl carbanions, where M is sodium, potassium, rubidium, and
cesium, undergo rearrangement from a primary carbanion to the isomeric
allylic carbanions in THF at —50°C (equation 5.68). However, 5-hexenyl-

lithium rearranges to a cyclic structure (equation 5.69).>”
THF
NN — ™
= M ol AN (5.68)
M =Na, K, Rb, Cs Ih M*
THF
NNy ——
= Li " spec E>_\ (5.69)
1h Li

Another example is the rearrangement of the carbanion formed by
deprotonation of the spirodiene 95 by n-BuLi in THF. The product is the
2-phenylethyllithium species 96 (equation 5.70).>*

n-BuLi
@Q THF, hexane @CHZ
25°C \GHZ Lit (5.70)
95 96

Carbanions can take part in elimination reactions, as will be discussed in
Chapter 10. The elimination of carbanions derived from THF is shown

370 Borosky, G. L. J. Org. Chem. 1998, 63, 3337 and references therein.
371 Chou, P. K.; Dahlke, G.D.; Kass, S. R. J. Am. Chem. Soc. 1993, 115, 315.
%2 Welch, S. C.; Valdes, T. A. J. Org. Chem. 1977, 42, 2108.

373 Punzalan, E. R; Bailey, W. F. Abstracts of the 207th National Meeting of the American Chemical
Society; San Diego, CA, March 13-17, 1994; Abstract ORGN 384.

34 Graley, S. W.; Cramer, G. M.; Kingsley, W. G. . Am. Chem. Soc. 1973, 95, 5052.
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5 REACTIVE INTERMEDIATES

in equation 5.71.%7

) ~ O
e N D
(6] O H

H

Carbanions are also susceptible to oxidation.?”® For example, ketone enolates
can undergo oxidative coupling in the presence of CuCl,.>”’

0 0
LDA CuCl, D < >/ i]
[> ( THF D Z- DME (5.72)

CH;  _78°C CH, O O

Oxidation of carbanions by molecular oxygen is another important reaction.
Equation 5.73 shows the oxidation of the anion of triphenylmethane by
molecular oxygen in a solution composed of 80% DMF and 20% t-butyl
alcohol. Addition of water to the reaction mixture allowed isolation of
triphenylmethyl hydroperoxide in high yields (e.g., 87%).%”®

Ph;C:™ + O, — Ph3COO™ (5.73)

5.6 CHOOSING MODELS OF REACTIVE INTERMEDIATES

In this chapter we have developed models of reactive intermediates that
are more complex than the models that organic chemists usually use. Just as
our representation of cyclohexane in a chair conformation ignores rapid
conformational changes, a picture of an isopropyl or a sec-butyl carbocation
as a static carbenium ion is not consistent with the rapid internal bonding
changes that can occur, even at low temperature. Moreover, there is experi-
mental evidence that the 2-norbornyl cation is a nonclassical, hypercoordi-
nate carbocation and that other ions exhibit varying degrees of bridging
or nonclassical behavior. The simple picture of a carbanion ignores
the critical role of metal ions and solvent molecules, and the model of a
monomeric species ignores what may be very important effects of
oligomerization.

In later chapters we will consider in more detail the energies and
structures of reactants, transition states, intermediates, and products. It will
be important to remember that the environment and lifetime of a reactive
intermediate in a spectroscopic study, such as a carbocation in a frozen matrix
or superacid solution at low temperature, are quite different from those of the

375 Bates, R. B; Kroposki, L. M.; Potter, D. E. J. Org. Chem. 1972, 37, 560.

376 The electrochemistry of carbanions was discussed by Fox, M. A. in Buncel, E.; Durst, T., Eds.
Comprehensive Carbanion Chemistry. Part C. Ground and Excited State Reactivity; Elsevier: Amster-
dam, 1987; pp. 93-174.

%7 Tto, Y.; Konoike, T.; Harada, T.; Saegusa, T. J. Am. Chem. Soc. 1977, 99, 1487.
378 Russell, G. A.; Bemis, A. G. |. Am. Chem. Soc. 1966, 88, 5491.



PROBLEMS

species presumed to be involved in chemical reactions under much milder
conditions or at room temperature. In all cases, it will be important to
recognize that the structures and energy diagrams that we draw are at best
simplified models of complex species in which certain components of a larger
picture are emphasized and others are ignored.

Problems

5.1.

5.2.

5.3.

5.4.

5.5.

5.6.

5.7.

Diradicals 97 and 98 show rather different properties. Structure 97
shows predominantly singlet character at low temperature, although triplet
character becomes evident at higher temperature. On the other hand, 98
displays predominantly triplet character under all conditions. Rationalize these

results.

O
OO OO
© O

97 98

—O

The EPR spectrum of the benzyl radical in solution shows a values for the «,
ortho, meta, and para protons of 16.4 G, 5.17 G, 1.77 G, and 6.19 G, respectively.
Interpret these results in terms of the relative unpaired electron density ateach of
these four positions. How do the results compare with the predictions of HMO
theory or simple resonance theory from Chapter 4?

In the '*C NMR spectrum of the isopropyl cation, the coupling constant between
C2 and the hydrogen bonded to it is 169 Hz. Based on the relationship between
3C NMR coupling constants and hybridization (see Chapter 1), what is the
apparent hybridization of C2 in this ion?

When formic acid is dissolved in superacid media, the 'H NMR spectrum
indicates the presence of two isomeric species in a ratio of 2:1. Suggest a
structure for these two species.

Although the ESCA spectrum of the ¢-butyl carbocation shows C 1s levels for
both the carbenium carbon atom and the three methyl carbon atoms, the ESCA
spectrum of the trityl cation (Ph;C *) suggests that all of the carbon 1s electrons
have the same binding energy. Explain this result.

Rationalize the observation that the 'H NMR spectrum of the 2,6-dimethyl-2-
heptyl cation at —100°C shows only one peak for the four methyl groups at the
ends of the chain.

When the t-butyl carbocation labeled with '>C at the 3° position was heated in the
superacid HSO5F : SbFs: SO,CIF at 70°C for 20 hours, complete scrambling of the
label was observed. The activation energy for the process appeared to be 30 kcal/
mol or more. Based on rearrangement processes of carbocations, suggest a
mechanism by which the scrambling could occur. Is the E, consistent with this
mechanism?
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5.8. The 1-lithio derivative of (—)-(R)-2-cyano-1,1-diphenylcyclopropane was
alkylated with methyl iodide to yield racemic-1-cyano-1-methyl-2,2-diphenyl-
cyclopropane.’”® However, the 1-lithio derivative of the isomeric (+)-(5)-2,2-
diphenylcyclopropyl isocyanide reacted with methyl iodide to yield ( +)-(5)-1-
methyl-2,2-diphenylcyclopropyl isocyanide. Explain the racemization in the
former compound and the retention of configuration in the latter.

5.9. Inastudy of 2,2-diphenylpropyllithium, a product isolated after addition of CO,
and water was 0-(1-phenyl-1-methylethyl)benzoic acid. Propose a mechanism to
account for its formation.

5.10. The BDE for a C1—H bond in (E)-2-butene is 371 k] /mol, while that for a C3—H
bond in 1-butene is 360 k] /mol. What is AH® for isomerization of (E)-2-butene to
1-butene?

5.11. Propose a mechanism for the acid-catalyzed rearrangement in equation 5.74. Be
sure to account for the observed stereochemistry of the product.

(5.74)

5.12. Propose a mechanism for the reaction in equation 5.75. (Bz,O, is dibenzoyl
peroxide.)

cal,
cel, (5.75)

Cl

5.13. In contrast to the reactivity of most simple carbenes, dimethoxycarbene does
not readily undergo addition to alkenes unless the alkene is substituted
with electron-withdrawing substituents. Propose an explanation for this
behavior.

5.14. Propose a detailed mechanism for the reaction of a radical with a-phenyl-N-t-
butylnitrone (99), and explain how such a reaction could be useful in studying
the structures and properties of free radicals.

O - H e .

/, R .. /Q.
— N\ R. N\

+Bu ——> t-Bu

(5.76)

99

5.15. When cyclobutanone is subjected to the conditions for the Bamford-Stevens
reaction, the major products are cyclobutene and methylenecyclopropane.
Propose a mechanism to account for their formation.

379 Walborsky, H. M.; Hornyak, F. M. . Am. Chem. Soc. 1955, 77, 6026.
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H
\
Va Q
H \C
N H_ _A__D Ho_ AL _D \C/D
L= L — L =)
C e _—
ZN C
B 57 Y p N p & D
X C/// FIGURE 5.61
N —_— .
D ' Proposed mechanism for
100 101 100’ rearrangement of 100.

5.16. Propose a mechanism to account for the formation of products formed by
decomposition of diazocyclodecane in the following reaction:

o

18% 62%

O CD

14% 6%

(5.77)

5.17. Deuterium-labeled cis-1,5-hexadiyn-3-ene (100, Figure 5.61) was found to un-
dergo thermal rearrangement to 100’, suggesting that the reaction involves
cyclization to an intermediate or transition state having C, or higher symmetry.
Based on this result and other data, the investigators proposed that 1,4-dehy-
drobenzene (benzene-1,4-diyl), 101, is an intermediate in the reaction.

a. Propose other possible C¢Hj, structures that have C; or higher symmetry and
that might also be considered as possible intermediates in this reaction. In
particular, consider candidate structures having (i) both carbocation and
carbanion centers, (ii) two carbene centers, (iii) a highly strained bicyclic
triene structure, and (iv) two allenic units.

b. When the reaction was carried out in hydrocarbon solvent, benzene was
formed as a by-product of the reaction. When the reaction was carried out in
methanol, benzene and some benzyl alcohol were observed, but anisole was
not detected. Reaction in toluene produced diphenylmethane, and reaction in
CCl, produced 1,4-dichlorobenzene. (In each case, deuterium-labeled prod-
uct was observed from the deuterium-labeled reactant.) How do these results
reinforce the conclusion that the reactive intermediate is 101 and not one of
the alternative structures?

5.18. What are the Baldwin designations for the radical closures shown below?

g -d
= O

/\/\/NH —_— NH



324

5.19.

5.20.

5.21.

5.22.

5.23.

5 REACTIVE INTERMEDIATES

TABLE 5.5 Hyperfine Coupling Constants for
Cycloalkyl Radicals

Radical a0 (G)
Cyclopropyl 6.5
Cyclobutyl 21.2
Cyclopentyl 21.5
Cyclohexyl 21.3
Cycloheptyl 21.8

Isotropic a-proton hyperfine coupling constants (a,) for cycloalkyl radicals are
shown in Table 5.5. Why is the 4, value for cyclopropyl different from the a,
values of the other four radicals?

Predict the effects of ring size on the energy difference between singlet and
triplet states of carbenes 102, 103, and 104.

102 103 104

One of the carbenes below has a singlet ground state, and the other has a triplet
ground state. Which is which?

CF; H;CO CF,
H;CO /. k

Propose a mechanism for the reaction shown in equation 5.78.

(0]
Bu,SnH
— (5.78)
AIBN
t+-BuO,C 1 t+-BuO,C

One of the arguments for the stabilization of radicals by hyperconjugation is that
the C—H homolytic bond dissociation energies for alkanes vary as shown in
Table 5.6. However, the C—F homolytic dissociation energies do not follow the
same trend. Are these results consistent with the hyperconjugation model for
radical stability?

TABLE 5.6 Homolytic Dissociation Energies
of Alkyl Halides and Fluorides

(kcal/mol)
Alkyl R-H R-F
Methyl 102.4 108.2
Ethyl 99.0 111.3
Isopropyl 96.7 114.0

t-Butyl 95.3 116.1
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5.24, Show the structures of eleven reactants that could produce the methylcyclo- 300ppm
pentyl carbocation when added to a superacidic, nonnucleophilic medium. + 65.7 ppm
5.25. When a solution of tris(1-adamantyl)methyl cation is held at —70°C, it decom- @ 86.8 ppm

poses to 1-adamantyl carbocation. What other reactive intermediate might be
formed as a by-product of this process? FIGURE 5.62

5.26. Why does the 2-adamantyl carbocation not rearrange to the ca. 18 kcal /mol more 3¢ chemical shifts reported
stable 1-adamantyl carbocation? for the 1-adamantyl cation.

5.27. Explain the **C chemical shifts for the 1-adamantyl cation shown in Figure 5.62.
Specifically, why should C, be deshielded more than Cz?

5.28. A closer examination of the data in Table 5.4 indicates that not only does
carbocation stability vary according to the familiar pattern 3° > 2° > 1°, but the
stability for each type of carbocation varies according to the number of atoms in
the ion. What is the mathematical relationship between the molecular mass of an
ion and its thermodynamic stability in the gas phase, and how can you
rationalize this pattern?

5.29. Theoretical calculations indicate that the barriers for 1,2-hydride shifts in
carbocations are ordered as follows: cyclopropyl > cyclobutyl > cyclopentyl >
sec-butyl. Propose an explanation for this trend.

5.30. Consider the mechanism shown in equation 5.79 for the reaction of 1,2-disub-
stituted cyclobutenes with halocarbenes: CHX (X=Cl or I) to produce vinyl
cyclopropanes.

O X H
D(:crxx—» I__CéCHX —>VZ:< +VZ:< (5.79)
+ H X

a. Propose an analogous mechanism for the reaction of dihalocarbenes with 1,2-
diaryl cyclopropanes to produce butadienes (equation 5.80).

/\ Cl
&

b. Predict the major product expected when one aryl group in the reactant is
phenyl and the other aryl group is p-methoxyphenyl.

O O ey (5.81)

5.31. Propose a mechanism for the base-promoted racemization of camphenilone

(105).
o (5.82)

(6]
105 ent-105

H}CO
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5.32.

5.33.

5.34.

5.35.

5 REACTIVE INTERMEDIATES

Propose a mechanism to account for the formation of the two products in the
reaction of 4-methylmorpholine (106) shown in equation 5.83. Explain the
product distribution and also why substitution « to the oxygen atom is not
also observed.

Et3B air
[ ] ArCHO [ /\N
36 hours 5 83

Ar= 4-methoxyphenyl
106 57% 11%

Summarize the results reported since the publication of this text of investiga-
tions of the methonium ion.

Summarize developments since the publication of this text in the debate about
the role of hyperconjugation in stabilizing radicals.

McBride has written about the hexaphenylethane story that “this glaring, if
relatively harmless, error dramatizes the importance of reviewing the basis in
fact on which the classic generalizations of chemistry, however reasonable, are
founded.”** Do you agree with this view? Could there be other errors that are not
so harmless but that persist only because no one has repeated crucial early
experiments with more modern techniques?



CHAPTER 6

Methods of Studying
Organic Reactions

6.1 MOLECULAR CHANGE AND REACTION MECHANISMS

A reaction mechanism is a step-by-step description of a chemical transfor-
mation at the molecular level that gives information about the location of all
nuclei and electrons, including those of solvent and other species present,
as well as the total energy of the system. Gould called a mechanism a motion
picture of the chemical transformation—one that we can stop and analyze
frame by frame." Such a motion picture should be viewed as a simulation,
however. We cannot see the molecular events; we can only depict what we
infer them to be.

The methods that we use to study mechanisms are never conclusive but
are only indicative. That is, a mechanism can be disproved, but it can never
be proved.> A mechanism may become established, which means that it is the
only proposed mechanism that is able to predict the results of experiments
designed to test possible mechanisms. Scientists are always open to the
possibility that new data will conflict with current thinking, so they treat
mechanisms as more or less thoroughly tested models and not as timeless
realities.

6.2 METHODS TO DETERMINE REACTION MECHANISMS

Identification of Reaction Products

The most fundamental step in any investigation of a chemical reaction is
the determination of the products of the reaction.® This might appear to be

! Gould, E. S. Mechanism and Structure in Organic Chemistry; Holt, Rinehart and Winston:
New York, 1959,

” The idea that scientific evidence can never prove a hypothesis but can only refute it is closely
associated with the work of Karl Popper. See, for example, Popper, K. R. Objective Knowledge;
Clarendon Press: Oxford, 1972.

® This statement assumes that the reactants are well characterized. Obviously, a mechanistic
study is also futile if the identity and purity of the reactants are not known.

Perspectives on Structure and Mechanism in Organic Chemistry, Second Edition By Felix A. Carroll
Copyright © 2010 John Wiley & Sons, Inc.
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FIGURE 6.1

(a) Elementary reaction and
(b) reaction with an inter-
mediate (1).

6 METHODS OF STUDYING ORGANIC REACTIONS

a trivial statement, but it is not. Consider the study of the reaction of benzyl
chloride (1) with hydroxide to give benzyl alcohol (2). One way to study the
mechanism of the reaction is to determine what effect substituents on the
benzene ring have on the rate constant for the reaction. Therefore, one might
first determine the kinetics of the reaction of benzyl chloride with hydroxide
ion and then determine the kinetics of the reactions of hydroxide with a series
of substituted benzyl chlorides, including p-nitrobenzyl chloride (3). The
product of the reaction of 3 is 4,4'-dinitrostilbene (4), however, not p-nitro-
benzyl alcohol.* Obviously, kinetic studies or other mechanistic investigation
of all of the reactions cannot be interpreted in terms of one uniform mecha-
nistic pattern if different reactants give different products.’

Cl —OH OH
aq. Dioxane, air (6.1)

1 2
NO,
e
(6.2)
O W
O,N agq. Dioxane, air

3 O,N

4

Determination of Intermediates

The reactants and products fix only the end points of a reaction mechanism.
To be complete, it is then necessary to fill in details of all that is between them.
One important concept in mechanistic studies is the determination of the
number of steps in the reaction. A reaction that involves only one step
(reactants to transition structure to products) is called an elementary reac-
tion. If there is more than one elementary step, then at least one intermediate
must be involved in the reaction. As noted in Chapter 5, we may consider two
hypothetical reaction coordinate diagrams (Figure 6.1) for a reaction in which

(a) (b)

reactant product reactant product

Reaction — Reaction —=

4 For leading references, see Tewfik, R.; Fouad, F. M.; Farrell, P. G. J. Chem. Soc. Perkin Trans. 2
1974, 31.
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at least one bond is broken and at least one bond is formed. Figure 6.1(a)
represents a one-step reaction that is a concerted process, in which bonds are
formed and broken simultaneously, while the presence of an intermediate as
in Figure 6.1(b) requires the mechanism to be stepwise.” In order for a reaction
to have an intermediate, there must be a minimum on the Gibbs diagram that
is at least as deep as the free energy available to the system at the reaction
temperature.®” The deeper the dip in the free energy surface, the more stable
is the intermediate and the more likely we will be able to detect it or perhaps
even to isolate it.

The existence of intermediates can be demonstrated by several tech-
niques. If a substance isolated from a reaction mixture is subjected to the
reaction conditions and is found to proceed to the same products as the
reactants, there is strong evidence that the isolated compound is indeed an
intermediate (and not just a by-product) in the reaction. For example,
Winstein and Lucas studied the conversion of 2,3-diacetoxybutane (5) to
2,3-dibromobutane (6) by fuming aqueous HBr (equation 6.3) and proposed
3-acetoxy-2-butanol (7), 2-acetoxy-3-bromobutane (8), and 3-bromo-2-buta-
nol (9) as intermediates in the reaction (Figure 6.2). Each of these compounds
could be isolated from the reaction mixture before the reaction had gone
to completion, and subjecting each proposed intermediate to the reaction
conditions produced 2,3-dibromobutane. The possibility that 2,3-butanediol
(10) might also be an intermediate, even though it was not isolated from
reaction mixtures, was eliminated by showing that it did not produce
2,3-dibromobutane under the reaction conditions.®

329

CH; CH,
H OAc s H BR
AcO——H  ho H——Br (6.3)
CH; CH,
5 6
CH, CH, CH, CH,
HiOAc HiOAc H——OH H——OH FIGURE 6.2
HO——H H Br H Br H——OH Likely intermediates (7, 8, and 9)
CH; CH, CH, CH, and an unlikely intermediate (10)
in the reaction shown in equa-
7 8 9 10 tion 6.3.

5 If several bonds are broken and several bonds are formed, bond breaking and bond formation
mightbe synchronous for some processes but not for others. Lowe, ]. P. J. Chem. Educ. 1974, 51, 785.
See also the discussion by Bernasconi, C. F. Acc. Chem. Res. 1992, 25, 9.

¢ As noted in Chapter 5, the intermediate must be able to survive for at least one molecular
vibration before the reaction proceeds (i.e., the energy well must be at least as deep as the Oth
vibrational level), otherwise it is simply a transition structure and not an actual intermediate.

7 We usually assume that the intermediate is a minimum on an enthalpy surface, but that need not
be the case. Tetramethylene has been reported to be an intermediate without an enthalpy
minimum because it occurs in an “entropy dominated free energy minimum.” Doubleday,
C.,Jr.;Camp.R.N,;King, H.F.; Mclver,]. W.;Mullally, D.; Page, M. J. Am. Chem. Soc. 1984, 106, 447;
Doubleday, C., Jr. J. Am. Chem. Soc. 1993, 115, 11968.

8 Winstein, S.; Lucas, H. J. J. Am. Chem. Soc. 1939, 61, 1581. The stereochemistry of these
interconversions will be considered in Chapter 8.
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More recently, Kochi and co-workers isolated reactive intermediates in
the Friedel—Crafts acylation of aromatics by acid chlorides.” It had long been
thought that the mechanism of the reaction involves complexation of an acid
chloride by a Lewis acid catalyst, conversion of the Lewis acid —base complex
to an acylium ion, reaction of the acylium with the aromatic to produce
a Wheland intermediate, and loss of a proton to rearomatize the ring. By
carrying out the reactions at low temperature in CH,Cl, solution, the in-
vestigators were able to crystallize and obtain an X-ray structure of the Lewis
acid—base complex (11, equation 6.4) and the acylium ion (12, equation 6.5).
They were unable to crystallize the Wheland intermediate, 13, but they did
obtain evidence for such a species in solution by using UV —vis spectroscopy
(equation 6.6). While these results strongly support the traditional mecha-
nism for the electrophilic aromatic substitution reaction, the authors were
careful to note that the species which can be crystallized from solution are not
necessarily the principal intermediates in the reaction.

0 )OJ\
+ SbC|5 -
Ar)kCI A Cl-SbCls (6.4)
1
T, — W%° =
+ - - SbCl
Ar” > CI-SbCls Ar o (6.5)
12
0
+//O Ar O

Ar/C - + - H — A
SbClg

Wheland intermediate detected by UV—vis
spectroscopy but not crystallized

(6.6)

Finding that a substance proposed as an intermediate does produce the
expected products when it is subjected to the conditions of a reaction under
investigation suggests, but does not confirm, that the substance actually is
an intermediate. It may be possible that the product can be formed by two
different pathways, one proceeding through the intermediate in question
and the other one a totally different pathway that does not involve that
intermediate. In such a case, the role of a substance as an intermediate can be
supported further if it can be shown that the proposed intermediate produces
product at the rate expected under the reaction conditions.'

? Davlieva, M. G.; Lindeman, S. V.; Neretin, 1. S.; Kochi, J. K. J. Org. Chem. 2005, 70, 4013.

10 Conversely, a substance can be eliminated as an intermediate if it can be shown that the
concentration of the substance in the reaction mixture must be less than would be required to
produce the product at the observed rate. One way to do this utilizes the technique of isotopic
dilution. For a discussion, see Swain, C. G.; Powell, A. L.; Sheppard, W. A; Morgan, C. R. . Am.
Chem. Soc. 1979, 101, 3576. A general discussion of the use of isotopes to study organic reaction
mechanisms was given by Collins, C. J. Adv. Phys. Org. Chem. 1964, 2, 1.
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If an intermediate is not sufficiently stable to be isolated, it might
nevertheless be formed in sufficient concentration to be detected spectro-
scopically. Techniques used for this purpose include UV —vis spectroscopy in
stopped-flow kinetics experiments for relatively stable intermediates or IR
spectroscopy in matrix isolation spectroscopy for more reactive species.''"1?
For photochemical reactions, we can detect transient spectra of intermediates
in the millisecond to microsecond (“conventional” flash spectroscopy) or
nanosecond to picosecond or femtosecond (laser flash spectroscopy) time
scale.’* !> In all cases we must be certain that the spectra observed are indeed
indicative of the presence of the proposed intermediate and only the pro-
posed intermediate. Theoretical calculations have been useful in determining
the spectroscopic properties of a proposed intermediate, whether it is likely to
be sufficiently stable for detection, and the type of experiment most likely to
detect it."® In addition, kinetic studies may suggest optimum conditions for
spectroscopic detection of an intermediate.

An intermediate that cannot be observed spectroscopically might be
trapped by added reagents. In Chapter 5 we discussed the use of spin trap
reagents to capture transient radicals for analysis by EPR spectrometry.
Another example can be seen in the studies that led to the bromonium ion
mechanism for the addition of bromine to trans-2-butene (14) to produce
meso-2,3-dibromobutane (15, equation 6.7). Adding a nucleophile such as
methanol to the reaction mixture led to a product incorporating the nucleo-
phile (16) as shown in equation 6.8, which suggested that a cation may be an
intermediate in the reaction.'® Additional evidence is necessary to determine
the structure of the intermediate (i.e., bromonium ion or bromine-substituted
carbocation), but that is a matter of detail once the existence of an intermediate
of some kind is established.

Br, Br HCH
T\ oo, H,C ) CCH, (6.7)
H Br

14 15
H H
Br, Br Br,
T HCH + CH
cal, 3 3
CH,OH HacH Br HSCH OCH, (6-8)
14 15 16

1 Compare Gebicki, J.; Krantz, A. J. Chem. Soc. Perkin Trans. 2 1984, 1623; Kesselmayer, M. A_;
Sheridan, R. S. . Am. Chem. Soc. 1986, 108, 99.

12 Bor a review of techniques to measure extremely fast reactions, see Zuman, P.; Patel, R. C.
Techniques in Organic Reaction Kinetics; John Wiley & Sons: New York, 1984; pp. 247-327; Kriiger,
H. Chem. Soc. Rev. 1982, 11, 227. Bell summarized the use of a variety of experimental methods for
studying fast reactions with time scales ranging from 1072 to 10~ '® s: Bell, R. P. The Proton in
Chemistry, 2nd ed.; Cornell University Press: Ithaca, NY, 1973; p. 111 ff.

13 Simon, J. D.; Peters, K. S. Acc. Chem. Res. 1984, 17, 277.

14 Noller, B.; Maksimenka, R.; Fischer, I; Armone, M.; Engels, B.; Alcaraz, C.; Poisson, L,;
Mestdagh, J.-M. J. Phys. Chem. A. 2007, 111, 1771.

15 A nanosecond (ns) is 10™%s. A picosecond (ps) is 1071?s. A femtosecond (fs) is 107 "°s.

16 For an example, see Hu, C.-H.; Schaefer, H. F. IIL. J. Phys. Chem. 1993, 97, 10681.

17 Bernasconi, C. F.; Fassberg, J.; Killion, R. B., Jr.; Rappoport, Z. |. Am. Chem. Soc. 1990, 112, 3169.
'8 For an analysis of products formed by trapping the intermediate with nucleophiles, see
Nagorski, R. W.; Brown, R. S. . Am. Chem. Soc. 1992, 114, 7773.
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FIGURE 6.3

Failure to observe 19 in the rear-
rangement of an allylic hydroper-
oxide. (R' is —(CH5),CH3; R? is
—CH=CH(CH,);CO,CH3.Reproduced
from reference 20.)

FIGURE 6.4

Demonstration that 19 can be
trapped by oxygen. (Reproduced
from reference 20.)
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OOH 00+ 0-0
Rl/\/kRZ = Rl/\)\RZ == RIK)-R2
17 18 / 19
00H 00- / >l<02
le\/\Rz —_—— RIJ\/\Rz

20

0-0 0-0
R1V—R2 - R‘J\)—w
OOH 00-
21

Trapping reactions can also be used to demonstrate that a compound is
not likely to be an intermediate in a reaction. This approach requires showing
that a proposed intermediate cannot be trapped in a reaction but that it would
be trapped if it actually were present. Porter and Zuraw used this approach in
studying the rearrangement of allylic hydroperoxides such as 17 (Figure 6.3).
The mechanism that had been proposed involved intramolecular reaction
of a peroxy radical (18) with the double bond to produce intermediate 19
en route to the product, 20. In earlier studies of the allylic hydroperoxide
rearrangement, the proposed intermediate 19 had not been trapped with
oxygen as compound 21, even when the reaction was conducted under
5001b/in.? of oxygen.'® Porter and Zuraw synthesized 19 by an unambiguous
pathway beginning with 22 (Figure 6.4) and established that it could be
trapped with oxygen at atmospheric pressure to yield 21, 23, and 24. These
results indicated that 19 could notbe a ““competent intermediate” in the allylic
hydroperoxide reaction and that another mechanism must be followed. 0a

Sometimes the nature of an intermediate can be inferred from experi-
ments in which changing reaction conditions provides a new reaction path-
way for the intermediate. For example, a carbanion had been proposed as

0-0 o 0-0
R’—Q—-RZ 2 R'—U—-Rz
. NaBH, y
lligBr
22 19
OOH 0-0 0-0
| 2 1
RN R2+RJ\%R+R R?
OOH
21 23 24

19 Brill, W. F. J. Chem. Soc. Perkin Trans. 2 1984, 621.

20 (a) Porter, N.; Zuraw, P. J. Chem. Soc. Chem. Commun. 1985, 1472; (b) Lin, D. T.; Powers, V. M.;
Reynolds, L. J.; Whitman, C. P.; Kozarich, ]. W.; Kenyon, G. L. J. Am. Chem. Soc. 1988, 110, 323.
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CO,” CO,” CO,~
-OH . «H
©/L‘H mandelate ©)“\OH +H ©/kOH
racemase
g
(R)-25 (5)-25
CO, OH
«-OH <
/@)\H mandelate oo,
racemase A
BrCHy -H* Br—CH;
26 l
0 OH
/©)k €0 =— 7 ~COy
CHjy
27

an intermediate in the interconversion of the enantiomers of the mandelate
ion (25) by the enzyme mandelate racemase, as shown in Figure 6.5. The
most likely reaction for the carbanion intermediate derived from mandelate
ion itself is reprotonation. Lin and co-workers found that treatment of
p-(bromomethyl)mandelate (26) with mandelate racemase led to p-methyl-
benzoylformate (27), as shown in Figure 6.6. That result suggested that a
carbanion eliminated bromide ion to form 27, supporting the intermediacy of
a carbanion intermediate in the racemization of 25 also.”®

Crossover Experiments

A method of studying reaction mechanisms that is particularly relevant for
many molecular rearrangements is the technique of crossover experiments.
Consider the Claisen reaction (equation 6.9) in which an allyl group appears to
migrate from one place in a molecule to another. We may propose two different
types of mechanisms for the reaction. In the first, Figure 6.7(a), the rearrange-
ment takes place so that there is bonding between the migrating group and the
rest of the molecule at all times. In the second, Figure 6.7(b), the migrating
group separates from the rest of the molecule to form two fragments, which
then recombine. The notations # and * in that figure indicate that the fragments
may both be radicals or that one may be an anion and the other a cation.

O OH
©’ TN s @1/\ 6.9)
\

To apply the crossover technique to the Claisen rearrangement, we carry
out the reaction with a mixture of two reactants, one of which bears a label on
both of the possible fragments, while the other is not labeled on either
fragment (Figure 6.8). For example, we first demonstrate that phenyl allyl
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FIGURE 6.5

Racemization of mandelate via a
carbanion intermediate.

FIGURE 6.6

Elimination of bromide from a
carbanion intermediate.
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(a) A reaction pathway without dissociation

O =1 — O

intermediate with all atoms
bonded, i.e., one molecule

(b) A reaction pathway involving dissociation to ions or radicals

O~ 0 OH
. SN ©/ I —_—
X

FIGURE 6.7

Nondissociative (a) and dissociative

(b) processes for the Claisen re- * =4 —or
arrangement. =— +or

ether (28) yields only o-allylphenol (29) and that the labeled analog 30
produces only 31. If we observe the new products 32 and 33, then we conclude
that there was recombination of fragments produced during the reaction.?'
If, however, we find that a mixture of 28 and 30 produces only the products
expected from each of the reactants alone (29 and 31), then the result of the
crossover experiment is negative, suggesting that each reacting molecule does
not separate into fragments during the reaction.

We must be careful in the interpretation of crossover experiments. If
we find evidence of mixed products, we can conclude that the reaction
mechanism involves fragmentation of the reactants and recombination of

(a) Reactions of labeled reactants carried out on individual samples of each

(O e O
(i) —_—
AN

28 29
O\A OH
. A
W /©/ T m
30 31

(b) Possible outcomes of crossover experiments

(i) no crossover
28+30 —» 29+ 31
FIGURE 6.8 (ii) crossover observed

(a) Reactions of labeled reactants OH OH
carried out on individual samples 28430 —» 29431+ m * /©/\/\
of each; (b) possible outcomes of =
crossover experiments. 32 33

2! Crossover studies of thermal Claisen rearrangement have not supported dissociative pathways
for the reaction. For a discussion and references, see Tarbell, D. S. Org. React. 1944, 2, 1.
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FIGURE 6.9

*
72
*
0 OH OH
@ *
A
E—
* = ¢ ONLY Not Observed
34 35 36

the fragments.”” If we do not see crossover products, however, we are more
limited in our conclusions. It may be, for example, that dissociation occurs
but recombination to give product is faster than diffusion of the fragments
from the solvent cage. Thus, observation of the outcome predicted on the
basis of a proposed mechanism can be taken as support for that mechanism,
but failure to observe such an outcome does not necessarily rule out that
mechanism.

Isotopic Labeling

Crossover experiments often use methyl or other alkyl groups as labels.
There is always the possibility, however, that a label may alter the course of a
reaction. Therefore, the minimum label that will allow us to distinguish the
reaction pathway is best, and an isotopic replacement is the smallest pertur-
bation to the molecular structure we can envision.”® In the case of the Claisen
reaction, labeling the allyl functionality of 34 with an isotope of carbon as
shown in Figure 6.9 led to 35, but 36 was not detected.”* This result was
further evidence that the mechanism does not involve molecular fragmenta-
tion, since a dissociative process would be expected to give both
products.”>?®

In contrast to the thermal Claisen rearrangement, studies of isotopic
labeling in the photochemical Claisen rearrangement support a dissociative
mechanism. Figure 6.10 shows the results obtained from irradiation of
3-14C-allyl 2,6-dimethylphenyl ether (37) to produce 2,6-dimethylphenol
(38) and 4-allyl-2,6-dimethylphenol (39). In 39, the '*C label was distributed
nearly equally between the o and y positions, suggesting that it was formed
by the recombination of 2,6-dimethylphenoxy and allyl intermediates and
that rotation of the allyl fragment allows the label to become effectively
scrambled between the two end carbon atoms of the allyl group by the time

2 We cannot conclude from this information alone that all product is formed by a dissociative
pathway, only that the crossover products are formed through dissociation.

3 Isotopic substitution can have structural consequences, however: Pasquini, M.; Schiccheri, N.;
Piani, G.; Pietraperzia, G.; Becucci, M.; Biczysko, M.; Pavone, M.; Barone, V. J. Phys. Chem. A 2007,
111, 12363.

2 Ryan, J. P.; O’Connor, P. R. ]. Am. Chem. Soc. 1952, 74, 5866; Schmid, H.; Schmid, K. Helv. Chim.
Acta 1952, 35, 1879; 1953, 36, 489.

% The mechanism of the thermal Claisen rearrangement is discussed in Chapter 11. Photo-
dissociative reactions are discussed in Chapter 12.

 With isotopic labels, it is essential to verify that the label does not exchange with isotopes of the

same atom in the solvent or other species present in the reaction mixture. For example, see
Hengge, A. C. J. Am. Chem. Soc. 1992, 114, 2747.

Isotopic label study of the Claisen
rearrangement.
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FIGURE 6.10

Scrambling of isotopic label in pho-
tochemical Claisen reaction.
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0] OH OH
H3C©/CH3 H3C\©/CH3 HsC CHj3
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—_— +
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37 38 39

of recombination. With other information, these results suggest that the
photochemical reaction does involve the intermediacy of free radicals.””

In the previous example, fragmentation to allyl and phenoxy groups
appeared to be the most likely dissociative mechanism for the Claisen
rearrangement. In other cases, there may be more than one feasible pathway
for product formation. Often the nature of intermediates in these reactions can
be inferred from the labeling experiments.® For example, two mechanisms
were considered for the thermolysis of cyclopropane to propene. One was a
reversible homolytic cleavage of a carbon—carbon bond to produce a tri-
methylene diradical (40), which could then undergo a [1,2]-hydrogen shift
(equation 6.10) in the rate-limiting step (RLS). The second involved formation
of singlet 1-propylidene (41) in the rate-limiting step for the reaction, followed
by rearrangement to propene (equation 6.11).

(40]

(6.10)

A\ RS P
[41]

(6.11)

To distinguish between these two mechanisms, Baldwin and co-workers
carried out the pyrolysis of 1-'3C-2,2,3,3-d;-cyclopropane (42). As shown in
equation 6.12, cleavage of a '*CH,—CD; bond in 42 by the diradical pathway
would lead to propene in which the *C label at C1 of the product bears two
hydrogen ('H) atoms (43). If the carbene mechanism (equation 6.13) operates,
the '*C label at C1 of the product (44) would be bonded to one H and one D.
The '*C NMR spectrum of the product mixture showed the presence of both
43 and 44. The results were interpreted to mean that the pyrolysis of 42
occurred by both mechanisms, although relatively more of the product was
formed by the diradical pathway.”

¥ Schmid, K.; Schmid, H. Helo. Chim. Acta 1953, 36, 687.
8 Baldwin, J. E. J. Label. Compd. Radiopharm. 2007, 50, 947.
? Baldwin, J. E.; Day, L. S.; Singer, S. R. J. Am. Chem. Soc. 2005, 127, 9370.
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D,C—CH; D.C" " CH, D:C” CH, (6.12)
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¢ RS Dy, D

D,C—dH,  HD,C™ “CH HD,C~ SEHD (6.13)
42 44

Stereochemical Studies

Stereochemical studies often yield useful information about mechanisms, as
illustrated by the classical investigations of the Syl and Sn2 reactions.
Consider the SN2 reaction shown in Figure 6.11, in which a chiral substrate
(45) reacts to give a chiral product (46) with inversion of configuration at the
chiral center. The simplest mechanism that can explain both observations is
the Walden inversion. In the Sy1 reaction (Figure 6.12), the substitution occurs
so that an optically pure reactant (47) gives a racemic product (48). The chiral
reactant must lose its asymmetry due to the formation of an achiral interme-
diate at some point along the reaction coordinate. A mechanism involving the
formation of a planar carbocation fits comfortably with the experimental
observations.®’

Solvent Effects

Determining the effect of solvent on the rate or course of a reaction can often
provide insight into the reaction mechanism. One solvent property that may
be important in extremely fast reactions is viscosity. If a reaction is encounter-
controlled (also termed diffusion-controlled), the rate constant for the reac-
tion is limited by the ability of the reacting species to reach other. For example,
in aqueous solution, the second-order rate constant for the encounter of two
species is ca. 10'° L mol ' s7*.*! In such cases, changing from a lower viscosity

CHj KI CHj
Hay gy —— [—isH
CH;CH; acetone CH,CH;
(5)-45 (R)-46 tic studies: Sy2 reaction.

3 Another use of stereochemistry is a technique known as the endocyclic restriction test. In this
procedure a cyclic molecule is constructed so that two substituents might react with each other in
a mechanism analogous to a bimolecular reaction. However, because the transition structure for
the reaction must be cyclic, only one of two possible mechanisms is sterically feasible. Determin-
ing whether the intramolecular reaction can occur for transition structures with various ring sizes
provides some insight into the probable geometry of the reactants in the bimolecular reaction. For
an example, see Li, ].; Beak, P. J. Am. Chem. Soc. 1992, 114, 9206. See also Beak, P. Acc. Chem. Res.
1992, 25, 215; Pure Appl. Chem. 1993, 65, 611.

3L JUPAC Compendium of Chemical Terminology, electronic version, http://goldbook.
iupac.org/.

FIGURE 6.11
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Stereochemical labels in mechanis-
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FIGURE 6.12

Stereochemical labels in mechanis-
tic studies: Sy1 reaction.
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solvent to a higher viscosity solvent with similar polarity (e.g., from hexane to
tetradecane) can decrease the rate of the reaction.

If we find that the rate constant of a reaction increases with increasing
solvent polarity, as is the case with Sy1 reactions, then we may conclude that the
transition structure is more polar than the reactants. Conversely, if we find that
increasing solvent polarity decreases the rate constant of the reaction, we might
deduce that there is less polarity in the transition structure than in the reactants.
Solvent polarity is more difficult to quantify than we might expect because
there is not a single way to measure it. Polarity is sometimes characterized by
molecular dipole moment (u), but that is a property of an individual molecule.
Polarity is also characterized by the dielectric constant (€), also known as the
relative static permittivity of a substance, a property that can be measured by
observing the effect of a substance on the electric field between two parallel,
oppositely charged plates. Neither measure of polarity models the role of
solvent molecules in a chemical reaction particularly well. A property of an
individual molecule does not necessarily model the properties of a bulk
solvent, and the orientation of solvent molecules around a charged or polar
solute may be very different from the alignment of solvent molecules between
charged metal plates.’** Furthermore, the properties of polar solvents can be
altered by the addition of ionic species, and the resulting salt effects can
increase the rates of organic reactions that occur faster in more polar solvents.>*

Many attempts have been made to develop empirical measures of solvent
polarity that reflect the interaction of polar molecules with solutes and that
correlate well with chemical reactivity, and Katritzky and co-workers dis-
cussed 184 such parameters.?’5 For example, Kamlet, Taft, and co-workers
proposed a general dipolarity /polarizability index, 7*, to measure the ability
of a solvent to stabilize an ionic or polar species by means of its dielectric

32 For definitions and compilations of solvent parameters, see Riddick, J. A.; Bunger, W. B.;
Sakano, T. K. Organic Solvents: Physical Properties and Methods of Purification, 4th ed. (Technigues of
Chemistry, Vol. II); Wiley-Interscience: New York, 1986.

% See also Kosower, E. M. An Introduction to Physical Organic Chemistry; John Wiley & Sons:
New York, 1968; pp. 259—382.

3% Addition of ions identical to those that are produced by the reaction (such as halide ions
produced in elimination or substitution reactions) can decrease the rate of a reaction through a
common ion effect, but some salts can increase reaction rates (see Chapter 8). For