Aromaticity

stabilizing effects of aromaticity. Reactivity does creep in, but only in a small way, as an

introduction to the elaborate substitution reactions of Chapter 15. The following problems
allow you to explore resonance and molecular orbital theory in order to find examples of molecules
that possess the stabilizing quality called aromaticity. You will also get plenty of practice in drawing
strange molecules of quite remarkable and varied structures. In addition, you will have a chance to
work a bit on reactions. You will see the classic aromatic substitution process, as well as reactions
that destroy the usually robust aromatic ring and reactions at the position adjacent to an aromatic
ring, the “benzyl” position.

This chapter consists almost entirely of an exploration of the structural implications of the

Problem 14.1 Cyclohexatriene and Ladenburg benzene each shows only a single '3C NMR signal
for its six equivalent carbons. |

All carbons are
equivalent in each
of these molecules

Dewar benzene and bicyclopropenyl each have two different carbons, and benzvalene has three.
1 2
11 < @

Problem 14.2 A Kekulé representation predicts two isomers of any 1,2-disubstituted benzene. In
one, the two substituents, here methyl groups, are on the same double bond; in the other, they are on

different double bonds.
CH 3 G H3
CH 3 CH 3
and

As there is only one real molecule, this poses severe problems for a 1,3,5-cyclohexatriene picture of
benzene.

492
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Problem 13.68 No, the LUMO density is about the same size on the two carbons that share the
positive charge.

Problem 13.69 The product of the 1,4-addition is lower in energy because it has a more
substituted double bond than the 1,2-addition product. The 1,4-addition product is not always the
most stable. When we start with ¢rans-1,3-pentadiene, the 1,4-addition and 1,2-addition products
are both ¢rans-4-bromo-2-pentene.

Problem 13.70 The nucleophile is the HOMO and it is located on the diene. The electrophile is
the LUMO and it is located on the alkene (the dienophile). The diene is the nucleophile because the
7 electrons are more available from the HOMO of the conjugated system, particularly with the
electron-donating group on the diene. The dienophile is the electrophile because the n orbitals that
are empty are lower in energy. The carbonyl on the alkene is an electron-withdrawing group, which
lowers the energy level of the empty orbital. '
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Problem 13.66 (continued)

:0:
| .

:0:
\/%

AN

O [
I

O 11tes
I
~—

carbon 3

carbon 2

Problem 13.67
carbon 4
3 T Her
/

Protonation at: carbon 1

resonance stabilized—more stable

carbon 2 carbon 3 carbon 4

, Protonation at: carbon 1
' H + H
3 1 y
HBr ¥
/ HBr Z />( : (\’/
4 2 ; H CHjg H 1
1 H - ) |
Kﬁ/
H

+ N

This one is the most stable.
Note the tertiary carbocation
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Problem 13.65 It is only necessary to interact the orbitals closest in energy: n + © and t* + 7* in
this case. The same four molecular orbitals result as in the procedure outlined in Figure 13.16, but

they are not formed in the same order. The following figure shows the orbitals along with the nodes
used to order them in energy.

*
T+ T T

SRS TR TILT

T+ ‘ n-n
@ ®s3
Problem 13.66 The six-membered ring is shown in bold.

COOH

oLl ®)

OH
Oxygen must be reacting with compound 1 to give 2.
:Ci): ~ = COOH
:0: NP

O ([{IUE

1 H 2 OH

However, there are two reasons the reaction is not likely to be a simple Diels—Alder-related cyclo-
addition. First, oxygen is a triplet molecule, with two unpaired electrons. It cannot form 2 directly.
Recall our discussion of singlet and triplet carbenes in Chapter 11 (p. 5061f). Second, a concerted
cycloaddition would not give the observed trans stereochemistry of 2. The mechanism probably
involves a stepwise process as shown in the figure. Note that there must be an inversion of spin

somewhere in the mechanism, and that steric factors will lead to trans stereochemistry in the ring
closure step.

(continued)
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Problem 13.64 The data in the problem show that addition of the nucleophile is from the same
side as the chlorine. The two products result from the presence of two rotational isomers of the
starting material. In each case, diethylamine adds from the same side as chlorine.

(CH3 CHy),NH
H H
]
1. add from same (CHz CHy)oN )\ CH
Hiusi,,., /-\1 Cl side as the chlorine \C X C/ 3
", > deprotonate N \ \ Major
D H CHa H D H
l rotate about G-C
single bond
H _H, H Minor
< H 1. add from same D /’"/,,,' )\ H
Hi,,,. CHs side as the chiorine ~c X C/
2. deprotonate B \
D Cl (CH3 CH2)oN CHs
(CHz CHo),NH
If addition had been from the opposite side, different products would have been observed.
H /-« H
cl 1. add from opposite H,// )\
Hitti,,. side as the chlorine D C X C/CH3
3 H THs  2.deprotonate , \
D
(CH3 CH5)oN H
(CH3 CH5)oNH
CHj
: rotate about G-C
(CH3 CH,),NH single bond
H
H H o 1. add from opposite (CHg CHZ)ZN\ )\ H
H N side as the chlorine C xc
/IIII“,," ..\‘\

2. deprotonate

CHy, ——&— H\\ E \
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(d) This final transformation is also an example of the intramolecular Diels—-Alder reaction, with the
furan ring acting as the diene. Once again, it is necessary to draw the molecule in an arrangement that
shows the proximity of the diene and dienophile. The product of the Diels—-Alder reaction is first drawn
without moving any atoms, then relaxed to a more realistic picture. This technique is very useful.

0
] '
0
Hscooc/\/ C\o — "
\ / = < 0
S

COOCH;3 No atoms moved,
new bonds in boldface

Problem 13.62 We need a label, and almost any will do. A methyl group would work. For example,

CHs
+
Nu
- CH;
+ I
CHs

Nu:

=
N e N
( CH, Nu

Nu: -

Now the two products are not the same, and we can tell which reaction is operative.

Problem 13.63 An easy one for a change. Any of a large number of possible labeling experiments
will work. Here is one suggestion.

D
DW/F/I Sn2 % + T

D

y

Nu:

~

D Nu
; D
D S 2|
N _
W S\ D%/\ .
(D Nu

.Nu:
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Problem 13.61 (continued)

(b) This part also involves a reverse Diels—Alder reaction. In this case, the anthracene formed by
the reverse reaction is captured in a “forward” Diels—Alder by maleic anhydride. A good clue here
is the structure of the second product. Ask yourself how it can arise from starting material, and
the reverse Diels—Alder reaction should appear. Alternatively, work backward. Ask what com- _
pounds can react to give the final adduct. The answer is maleic anhydride and anthracene.
Again the need to make anthracene from starting material should suggest a reverse Diels—Alder
reaction.

HsCOOC COOCH;

200-250 °C ‘
reverse - H3COOC\ /COOCH3
Diels—Alder + (”3
» CH,
Anthracene
: o)
0 cZ
C forward C ’\
=0

\ Diels—Alder
| o —

(c) Here we have an intramolecular Diels—Alder reaction. These reactions are notoriously hard to
see, especially at the beginning. The reaction is certainly easier to see if the starting material is
drawn in a “suggestive” way (as it almost never is in problems!). Aside: Notice that the one-step
nature of the Diels—Alder reactions allows us to fix the stereochemistry at four different atoms

(the termini where the new ¢ bonds are made) in this reaction. That’s quite a synthetic advantage.

0]
<"> I
P
0-C~pn @ Ph PhCOO
COOCH5CH3
COOCH,CHg3
= - . j ‘-\ intramolecular
' 7R Diels—Alder >
/
ll /C§o O

COOCH,CH3z
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Reactions such as the Diels—Alder reaction, which proceed with a net decrease in volume (two
molecules are made into one), can be accelerated under high pressure. This Diels—Alder reaction
fails even at pressures up to 40 kbar. However, this synthetic problem was finally solved by William
Dauben and his co-workers at Berkeley. Dauben’s group used a dienophile with fewer steric
problems, along with high pressure. This is not a route you were expected to think up! If you came
up with the reasonable ideas shown earlier, you did just fine.

0]
= 5 + S _20°C_
~ 7—15 kbar
| (0]

reduction removes S
and hydrogenates
the double bond

0
0

CHj
o = CHj

1
CHs Yo >=O

CH3 O
o]

The desired exo compound could be crystallized from the mixture and isolated in 51%-63% yield.

Problem 13.61 (a) Thisis a simple reverse Diels—Alder reaction brilliantly camouflaged by the
molecular architecture. The lesson here is that every time you see a cyclohexene, THINK
REVERSE DIELS-ALDER! All cyclohexenes are conceptually related to a 1,3-diene and a
dienophile. The thermodynamic driving force for this reaction is the strain relief in opening one
three-membered ring. In the answer, the product is first drawn without moving any atoms, then
“relaxed” to the real structure.

> — | > -

(continued)
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Problem 13.59 (continued)

H
CH
HSC)/ ° 4
K H
i O 150°C
T T

0]

B
Z
red

HsC H

Product from endo transition
state is formed

o
endo Transition state

In 3, both methyl groups must be “inside.” We predict that this arrangement is too destabilizing
and that no significant amount of Diels—Alder product would be formed at 150 °C. Though this
diene was not examined by Alder, there is ample evidence from other examples that this notion is

H H
/
CH3 = CH3
HsC A~ &> I CHs
s-trans — 3 s-cis—3
H H

Problem 13.60 If you proposed a Diels—Alder reaction of furan with dimethylmaleic anhydride,
followed by catalytic hydrogenation of the carbon—carbon double bond, you'd be in very good
company. This route was proposed as early as 1928.

o) 0] 0]
HaC o) O
= A H
0 + 0O —— O —> o)
~_ / Pd
HSC [y Y
O CHa Yy CH3 g

correct.

Unfortunately, the required Diels—Alder reaction was not successful. Dimethylmaleic anhydride is
a poor dienophile, presumably because of steric destabilization introduced by the two methyl
groups. In addition, cycloadducts of furan are prone to undergo retro Diels—Alder reactions, and it
may be that product is formed but is not thermodynamically stable relative to starting material.
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Problem 13.59 All Diels—Alder reactions require an s-cis diene. The first thing to do in solving
this problem is to draw the s-cis forms of the diene in each case.

CHs3 CHj3 CH3 CH3
= H Z SH = ™H Z SH
H o 4—_—> Hsc L <__——_,
- X _~CHs
CH; 1 H
CHs H
s-trans s-Cis s-trans s-Cis

In 2, a relatively large methyl group must be “inside,” and this is surely destabilizing. So, at 35 °C
there are no significant amounts of the required s-cis diene for 2. Reaction of maleic anhydride
takes place with the s-cis form of 1 to give product. Even this reaction is more complicated than it
might seem at first. The stereochemical relationships of the substituents on the diene must be
preserved in this one-step reaction, so the methyl groups must be cis in the product. However,
addition can take place through either an endo or exo transition state to give endo or exo product.
As usual (Chapter 18, p. 622), the endo transition state is lower in energy than the exo transition
state, and the endo product is formed as the major product.

CHj3
H H
K _H 35 °C
[ .. o 3wC
HC T
O
o) H CHj
' " Product from endo transition
endo Transition state state is the major product
H
‘ H CHj O '
H3C H ;
O
H
exo Transition state Product from exo transition

state is a minor product

For 2, higher temperature is required to form significant amounts of the s-cis form. When reaction
occurs, once again the stereochemical relationship of the methyl groups in the s-cis conformation of
the diene will be preserved in the adducts. In this case, they must be trans. As the methyl groups
are trans, with one “up” and the other “down,” there is only one product possible. The exo and endo
transition states lead to the same product in this case.

(continued)
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Problem 13.58 Work through what the products must be and you will see how it comes out. In
each case, there are two Diels—Alder products possible: one endo and one exo.

O

However, when the products are hydrogenated, each of the adducts from 1,3-cyclohexadiene gives
the same product. If the drawing does not make this obvious to you, be sure to make models and
convince yourself that the “two” hydrogenated compounds are really the same thing. The hydrogen-
ated adducts from reaction of 1,3-cyclopentadiene are still different.

o) o) H
Pd
/ o Ho/Pd 0 < Pd g H o
— —~ T
H o HH o)
o)

€exo H endo

O
H./Pd 0]
H

exo |y 0

H H

H
f H 0 HuPd \(O

O e
endo O endo O
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For the reaction to be successful, there must be bonding interactions at the points of formation of
both new bonds. Here are the HOMO-LUMO interactions for the reaction of the allyl cation with
1,3-butadiene, showing only the points at which new bonds are made.

Allyl cation reaction

LUMO
1,3-butadiene

HOMO
1,3-butadiene

HOMO

LUMO _
allyl cation

allyl cation

In each case, both new interactions are bonding. The new bonds can be made.

The situation turns out quite otherwise in cycloadditions of the allyl anion. The two HOMO-LUMO
interactions are shown below.

Allyl anion reaction

9 9

HOMO LUMO
1,3-butadiene ‘ 1,3-butadiene No
No

bond I bond
T— possible possible

LUMO @ HOMO @
allyl anion ‘ allyl anion ‘

It is not possible to make two bonds in either HOMO-LUMO interaction. The reaction of the allyl
anion fails.
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Problem 13.56 (continued)

There is a similar problem in part (c). First draw the two products, the endo and exo isomers. The
endo adduct will be favored kinetically, but 13C NMR spectroscopy will not be able to distinguish the
favored endo product from the unfavored exo, as each has eight different carbon atoms.

5

H H
+ —_— 3
H CN 7 8 5
1CN

endo (favored) exo (unfavored)

Problem 13.57 First of all, draw an arrow formalism for the reaction of an allyl species with
1,3-butadiene. Remember: The two participants in the reaction approach each other in parallel
planes. There is no attempt in this schematic to show the orbital phases; this is a mapping exercise

only.
1,3-Butadiene O @
: / New bonds
9
8
In each reaction there are two HOMO-LUMO interactions possible, HOMO (diene)—
LUMO (dienophile) and HOMO (dienophile)-LLUMO (diene). Look at both interactions in each case.

For the participants in the reactions, 1,3-butadiene, the allyl cation, and the allyl anion, the
molecular orbitals are

Allyl

Butadiene Molecular Orbitals Molecular
Orbitals Cation

el
T

Anion

—— LUMO

—— LUMO ﬁ HOMO

pppy, M
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Typical values for cis (Jexo,exo and Jendo,endo ;¢ ~ 0°) and trans (Jexo,endo ; ¢ ~ 120°) vicinal coupling
constants for bicyclo[2.2.2]octenes are shown.

exo
/ exo

endo
Jois =8-11 Hz ~ endo
Jtrans = 25_6 HZ

Although it is not possible to deduce the exo versus endo stereochemistry of cycloadduct C from
the available spectral data, C has endo stereochemistry. The actual stereochemistry has been
determined by using more complex spectral techniques, by chemlcal transformations, and by

independent synthesis of the exo isomer.

endo-C
Problem 13.56 In part (a), the Diels—Alder reaction will lead to cyclohexene, not the vinyl-

cyclobutane (p. 618). 1*C NMR spectroscopy could easily distinguish the two possibilities, as
cyclohexene has only three different carbons and vinylcyclobutane has five.

2
3 v

/ Ho _H 1
+ —_— not 4
3
\ H” H

4

5

In part (b), the cis product will be formed, not the trans, as the Diels—Alder reaction occurs in a
single step. However, 13C NMR spectroscopy will be ineffective in distinguishing the two

possibilities, as they each have four different carbons.

1

CHj CH3

i H H @ 5 2 .
X

N H H -

CHs CHa

(continued)

O
I
&
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Problem 13.55 (continued)

However, a more complicated dehydration of A could afford the conjugated diene, a-terpinene. You
should be able to write a mechanism for this dehydration.

o-Terpinene

Clearly, a-terpinene and maleic anhydride could undergo a Diels—Alder reaction to give a 1:1
cycloadduct, and this could be compound C. Let’s see if the rest of the spectral data are consistent
with this proposal. '

The two carbonyl stretches at 1840 cm™! and 1780 cm™ in the IR spectrum of C are consistent with
the presence of a cyclic anhydride.

Cc

The NMR spectral data are also consonant with the proposed structure for C. The chemical shift
assignments are summarized. Note that the isopropyl methyl groups are diastereotopic, as required
by the intrinsic asymmetry of the proposed structure. Also note that the 6 degrees of unsaturation
for compound C are three rings, 1 C=C and 2 C=0 bonds.

98 1 (CHa)zCH

36 Bridge CHy's
46 C(1) CHg

DOWNN—= 22O
fos)
o

-
=
S
4]
3
o
=
2

Two questions still remain concerning the stereochemistry of cycloadduct C.

(1) Are H(5) and H(6) cis or trans to each other?
(2) Is the cycloadduct endo or exo?

One of these questions can be answered with the available spectral data, whereas the other cannot.
As you might expect from what you already know about the Diels—Alder reaction, the cis stereo-
chemistry present in maleic anhydride is preserved in the cycloadduct; that is, H(5) and H(6) have
a cis relationship. This assignment is supported by the magnitude of their coupling constant

(J = 9 Hz). From the Karplus curve, it is known that vicinal coupling constants are dependent on
the dihedral angle (¢) between the vicinal protons—with large coupling constants for dihedral
angles of 0° and 180° and smaller coupling constants for dihedral angles approaching 90°.
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Transition state

for exo (less stable)\ Transition state for

endo (more stable)

3

by
>
@
&
Diene
-+
Dienophile endo Product

(less stable)

exo Product
{more stable)

Reaction progress

At high temperature, all barriers are passable, and the major product will be the more stable exo
adduct. At low temperature, the reaction is less reversible, and the major product will be deter-
mined by the relative energies of the transition states, which typically favor the endo product in
the Diels—Alder reaction.

Problem 13.55 First, we will determine the molecular formulas of compounds B and C.

Compound B is a dehydration product of a-terpineol (A) (i.e., C;0H180 — Ho0 = C1oH;g). If compound B
reacts with maleic anhydride to give a 1:1 adduct, compound C has a molecular formula of (C;gH1¢ +
CH503) = C14H1503. The molecular weight for this formula is 234 g/mol. Thus, our surmise that
compound C is a 1:1 adduct of B and maleic anhydride is consistent with the mass spectrum of C. This
proposal is also supported by the presence of 18 hydrogens in the H NMR spectrum of C.

Now we need to work out the number of degrees of unsaturation in C.
Q=[2(14)+2-18]/2=6

So far in these problems, 6 degrees of unsaturation has generally suggested the possibility of a
benzene ring, thus accounting for 4 degrees of unsaturation. Could this problem be an exception to
this expectation? There seems no easy way to get an aromatic compound in this reaction.

As was already noted, compound C is a 1:1 adduct of B and maleic anhydride. Futhermore, B is a
dehydration product of a-terpineol (A). It is worth speculating at this point about the structure of
compound B. Simple dehydration of compound A could afford dienes D and E; perhaps one of these
is compound B. This possibility seems unlikely, as neither D nor E is a conjugated diene, and
therefore, neither can react in Diels—Alder fashion with maleic anhydride.

7

(continued)
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Problem 13.58 A polar, stepwise mechanism would surely put the minus charge near the CN
(so it will be stabilized by resonance), leaving the plus charge on carbon, where it, too, is resonance
stabilized. There are two ways to do this:

S — L L
CN - CN(_) - CN(_)

A

+

B / o / ) CN(_) o i CN(—)
L — T —

Path B will be favored because the carbocation has a resonance form in which the positive charge
is borne on a tertiary carbon. Closure would give the product shown.

[ (-) + )

Problem 13.54 This problem is a classic case of thermodynamic versus kinetic control, quite
similar to the situation encountered in Section 13.10 (Fiig. 13.35, p. 609) for the addition of chlorine
to 1,3-butadiene. Consider the general reaction shown here.

Less steric
interaction:
Has no orbital
interaction

l heat / H / EWG
More, steri
\/H EWG ore steric \4 EWG H

interaction:
Has orbital

Diene Dienophile interaction Endo Exo

The exo compound is more stable than the endo compound because the EWG (electron-withdrawing
group) points toward the smaller bridge, not toward the larger bridge. This is a steric issue.
However, the transition state leading to the less stable endo product benefits from (1) molecular
orbital interaction between the EWG and the developing alkene and/or (2) a solvent exclusion as
the dienophile approaches the diene (p. 622).
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(g) In this example, we first have to realize that a “1,3-diene” is present. True, it contains two
nitrogen atoms, but it remains a 1,3-diene nonetheless. Otherwise the first reaction is quite simple.

N
)CSOCHS N// COOCHs
—_—

N\ |
OCH,CHj
COOCH3

OCH,CH3

Now, as in part (d), a small molecule is lost, this time N,. Elimination of another molecule, ethyl
alcohol, also occurs to give the final product.

COOCHj3 COOCH3
Ilmmatlon + HOCH,CHg
ACH.CH OCHQCH3
2~rs COOCHS; COOCH;
(CgHgN204)

Problem 13.52 This reaction involves a Diels—Alder cycloaddition with the nitrile acting as
dienophile. In this case, two initial cycloadducts are possible because both the nitrile and the diene
are unsymmetrical. Loss of carbon monoxide from the primary adducts gives the two observed
pyridines.

1
<Y Ph
o (P
— P — ﬁ
I Ph , EtO0OC
COOEt COOEt
Diels—Alder reactions Reverse Diels—Alder reactions

O
Ph

\

Ph
P

COOEt
o K/cooa
hj%/m /J + CO
S HaC

COOEt
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Problem 13.51 (continued)

You may have noticed that the product of this Diels—Alder reaction still has a double bond with two
attached carbonyl groups. This carbon—carbon double bond is also a quite reactive dienophile. When

this reaction is run in the presence of two equivalents of 1,3-cyclopentadiene, a 2:1 adduct is readily

formed. The second addition occurs from the more available face of the enone.

(d) This reaction illustrates another useful variation of the Diels—Alder reaction in which the
primary adduct loses a small molecule such as carbon monoxide, carbon dioxide, or nitrogen. In this
problem, the loss of carbon monoxide is indicated by the molecular formula. In problems such as
these, watch for losses such as this one. The formula will usually tell you, but if it is not given, you
must be alert for the possibility, as it is often encountered both in the real world and the world of
examination problems.

Ph
Ph |
/—O\C COOCH;
If + CO
Ph
Bh COOCH;
Ph

(e and f) The Diels—Alder reaction has been used to deduce the position of double bonds in steroids.
In example part (e), the diene is locked into an s-cis arrangement, and the Diels—Alder reaction
occurs. In part (f), the diene is s-trans, and the Diels—Alder reaction is not possible. Be sure you

see why.

Hs CsH17 Hy CeH17 H. CaH1y

ool st

No reaction with maleic anhydride
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(d)

—_— + enantiomer
heat

Problem 13.51 This problem was designed to illustrate the scope and variety of compounds
available from the Diels—Alder reaction. '

(a) In this reaction, a 76:24 mixture of endo and exo prdducts is obtained. Be sure you see how
these two products arise from a relatively more stable endo transition state and a relatively less
stable exo transition state. In doubt? See Figure 13.57 (p. 622).

L heat / o L COOCH;
NV COOCH;

COOCH;
+ enantiomer + enantiomer

(76%) (24%)

(b) The only unusual thing about this variation of the Diels—Alder reaction is the use of an alkyne
as a dienophile rather than the more usual alkene. The product is a 1,4-cyclohexadiene rather than
a cyclohexene. Note that only one 7 bond of the alkyne is involved in this Diels—Alder reaction.

COOCH;

N COOCH;

) N —

—
\/COOCH@, COOCH;3

(¢) In this variation, both the diene and the dienophile are cyclic compounds. The first complication
is to decide whether the reaction will pass over an endo or exo transition state. In fact, the major
cycloadduct has the endo stereochemistry, and this reaction is normal in that respect.

(continued)
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Problem 13.48 (continued)

Now a pair of E2 reactions will give mostly 2-butyne. There are other possible products, 1-butyne
and 1,2-butadiene, but they should be less favored.

/X RO _  pnec—c=c—cH,
ROH
Br Br .

Problem 13.49 Here is the target:

(CHg3)3C— C=C—CHoCHoCHsCH3

We are going to use an acetylide to do an Sn2 displacement. Because we can’t do an Sy2
displacement at a tertiary carbon, there is only one way to do this reaction.

1. NaNH5
(CH3)3Cc—C=C—H » (CHg)3C— C==C—— CHoCHoCHoCH3

2. CH3CHoCHoCHoBr

CeH10

Problem 13.50
(a)

H
) /\A\\ heat +
H Enantiomers H
(b)
Ph
Ph
\é ‘\H _
A Ph
i Ph
(0
) A\ | —_— + enantiomer

heat
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So, all we need to do is to convert cis-2-butene into 1,3-butadiene. Here’s how to do it.

1. Bro

\—/ 2. 2 equiv. - AN\ F

tert-BuOK

Problem 13.47 This synthesis problem should be relatively easy. The only real difficulty might be
that it is a cascade problem; you have to be able to make one of the products in order to get the
others. In this case, the critical compound is 3-hexyne. It comes from formation of the acetylide
from 1-butyne followed by an Sn2 reaction on ethyl iodide.

C=cC /

NaNH —r. CH3CH.I
C=C—H 2, =C: T2, /
/ NH3 Sn2 + Nal
Once 3-hexyne is made, the others all follow in straightforward fashion.
Ho/Pd /\/\/
—_—
Hs c=—c¢
C=¢C / Lindlar / AN
/ catalyst H H H
/
3 I \/
1. NaNH, H
NH3
2.H>0O
/\/\C S 1. NaNH2/NH3{\/\C%\C
XcHl 2. CHaCHd ~_—

Problem 13.48 Converting 2-butyne into 1-butyne involves a “zipper” reaction.

1. NaNH,
NH

HeC—C==C—CH; ——— > CH3zCH,—C=C—H
2.H0

As the problem suggests, going the other way poses more problems. Here is one suggestion. First,
add two molecules of HBr in polar, Markovnikov fashion to give 2,2-dibromobutane.

CH3CH,—C=—=C—H _HBr_» /><
Br Br

(continued)
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Problem 13.44 (continueqd)

Addition of chloride at the relatively nearby position sharing the positive charge leads to the
product of 1,2-addition (kinetic control). Addition at the relatively remote position sharing the
positive charge gives the more stable, but kinetically disfavored, product of 1,4-addition
(thermodynamic control).

CHs

Leads to 1,2-addition Leads to 1,4-addition Cl =

\. e \:']:_ HaC
-Cl: oo Product from 1,2-
CHs CHs k addition is kinetic product
H F - H\)\/*‘ - CH

" 3 Cl

HsC ~

In this case, 1,4-addition gives more
stable, thermodynamic product

Problem 13.45 This question asks if the allylic cation shown below is likely to undergo an alkyl
shift to give the tertiary cation.

IS SR T PN

+

heat Br-

x

Br
Allylic cation; both Tertiary cation

resonance forms are
secondary cations

A B

To answer this question, we need to compare A (an allylic cation that is secondary in both resonance
forms) to B (a tertiary cation). Whichever is more stable will be the intermediate involved in Sx1 or
E1 chemistry of this allylic bromide. We can get a good idea about the stability of these cations by
comparing the rate of formation of similar cations listed in Table 13.2. However, the table does not
list an allylic cation that is a combination of two secondary cations. Fortunately, we have the allylic
cation that is tertiary and primary, which would be a close comparison. Formation of the tertiary
~ cation has a relative rate of 3 X 10%, and an allylic cation that is tertiary and primary has a relative
rate of about 5 X 10° (taking the average of the two tertiary/primary entries). It is about 100 times
faster to make the allylic cation. We ¢an conclude that the intermediate A is more stable and that an
alkyl shift is not likely.

Problem 13.46 “All” cyclohexenes come from the Diels—Alder reaction, so we need to do the

o=

following reaction:
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Alternatively, the intermediate could be seen as a resonance-stabilized allylic carbocation. Addition
of the two nucleophiles, bromide and methyl alcohol, leads to the observed four products.

N—»HV/
K\/

. (\)

) OCH
‘Br—Br: K . deproton-
o o P~ ation
—_—
OCH

deproton-

ation
So. i s~ —> —

It is not possible to distinguish between these two possibilities without further experiments. It is
worth noting that the ratios of the two types of 1,2- and 1,4-addition products are appreciably
different; structure 2/structure 3 = 2.2, structure 1/structure 4 = 15. This result must be ascribed to
the greater nucleophilicity of bromide ion relative to that of methyl alcohol.

i%

Problem 13.44 As with 1,3-butadiene, the kinetic (more easily) formed product will be that from
1,2-addition. Under thermodynamic conditions, the more stable 1,4-adduct prevails. The problem is
that there are two possible 1,2-addition products. The issue can be decided by examining the two
possible allyl cations formed by protonation at the different ends of the 1,3-diene.

CHs CHs

(Hréli H CHs H

+
Methyl group does not help stabilize the positive charge

,) CHas CHa CHs -
— H\/l\/ H\/(\/+
= PN e A

Methyl group does help stabilize the positive charge

(continued)




468 Chapter Thirteen
Problem 13.42 (continued)

(c) Reaction of a diene with one equivalent of the electrophilic Cl; (or Bry) gives both 1,2- and
1,4-addition products. Adding more Cly (or Bry) gives the tetrachloride.

1 equiv. % Cl -
Clg ‘ .
/\/\/ —>CC|4 W + )\/\/
Cl Cl

(d) The Diels—Alder reaction requires the diene to be in the s-cis conformation. For (E,E)-2,4-hexa-
diene, this conformation is available in low concentrations. The cycloaddition with the dienophile
(the alkyne in this example) in a concerted process that requires heat. It is a reversible reaction,
but the more stable product is the Diels—Alder adduct. Notice that the diene stereochemistry
(methyl groups pointing in the same direction—both out) is retained in the cyclohexene product
(methyl groups pointing in the same direction—both up or both down).

\ \
COZCH3
s-trans s-cis CO.CH,
H30020

CO,CHjz

Problem 13.43 Compounds 2 and 8 are the 1,2- and 1,4-addition products of 1,3-butadiene and
bromine. Compounds 1 and 4 involve addition of one bromine atom and the methoxy group of
methyl alcohol. In principle, two mechanisms can be written for these additions, depending on how
the intermediate cation is envisioned. If a bromonium ion is involved, direct Sx2 additions of the
bromide ion or methyl alcohol to the bromonium ion give the 1,2-addition products 2 and 1. The
1,4-addition products 3 and 4 could be formed by what is called an Sx2' reaction with bromide ion
or methyl alcohol acting as nucleophile. (See Problems 13.62-13.64.)

B

LN

RS Sn2’

T 7 CHgOH
:Br—Br: e
. . deproton-
= SN2 ation

—_—
) A
+ .-r CH3QH °B'r- 1 -OCH3

deproton-
V/\/) Sn2'  ation X

+Ba Br: 4
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Problem 13.41 In part (a), the 1,4-addition product is more stable than the 1,2-addition product.
In part (¢), the (Z) double bond from 1,2-addition is less stable than the (E) double bond from 1,4-
addition. The reactions of (b) and (d) will have no product selectivity because the 1,2- and 1,4-
addition products have the same level of substitution. In (e), the trisubstituted double bond makes .
1,2-addition dominate. : '

HBr
~

(reflux, long time)
B
HBr Br,

) A - [
(b) O (reflux, long time) - U
HBr | |
7 - T
(d) /\(\ (reﬂux|-,"I30rng time) - (\(\ or X
=~ Br

HBr
@) (reflux, long tlme)t

Problem 13.42

()

(reflux, long time

Y

Br

Br

(a) A diene reacts with the electrophilic H—CI to give a resonance-stabilized allylic cation. With the
cold conditions, the kinetic product will predominate. The kinetic product results from 1,2-addition.

'/‘CI_

| ~ cl

cold

(b) Hydrogenation (with one equivalent of Hs) of a conjugated diene can result in hydrogen adding
across one of the double bonds or adding to the end atoms of the conjugated system.

1 equiv.

A N %—»/\/\/+/\/\/

(continued)
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Problem 13.39 There is an easy “double E2” elimination to give 1,3-cyclohexadiene, which is
certain to be the major product.

Br repeat on
E2 other side

There really is no other reasonable process. In principle, you could elimihate HBr two times to give
either 1,2-cyclohexadiene or cyclohexyne, but both of these products have hideous angle strain
{(note the sp-hybridized carbon that “wants” to be linear).

Br E2
and/or

twice
Br

Problem 13.40 In each case, the conditions of kinetic control will make 1,2-addition the favored
process. In all the following reactions, the initial protonation forms the most stable possible cation.

HBr
(cold, short time)
@ ANF - /\|/
Br
HBr Br

Y

e

(c)

(b) O (cold, short time)

HBr
(cold, short time)
K\/
HBr
) ;\/\ (cold, short time)
/ .

)

HBr
cold, short time
@ ( N
Br
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Problem 13.37 In each of the pairs, it is the second, right-hand compound that is chiral. In the
following figure, to see that the two compounds of the upper pair are identical (superimposable),
and the lower pair is non-superimposable, rotate 90° along a longitudinal axis. By all means make

models! This one is not easy to see.

Superimposable

/CH
/ 3

(a) H3CHI|...C—C___C
»
HsC \CH3
CHs
H C”“l.. —_———— /
(b) 3~ - C—C—C
CHsCH, AN

\CHQCH3

N

HsC
AN
C:C:C"'"“CH3
Ny
e CHs
HsC
\ . .
C:C:C"'"“CHS
/ ~~
e | CH,CHs
Mirror /

Non-superimposable

/ Superimposable \

,//I/,
o [ _pe—e=t

o
\

\\\\\

C—=C=—C

\\\\\
C—C=—C_

Mirror

Non-superimposable

Problem 13.38 Azide is a great nucleophile, so a reasonable plan is to displace a good leaving
group with it. The trick is to be sure that addition to 1,3-butadiene puts that leaving group in the
right position. We need to do a 1,2-addition, not a 1,4-addition, and therefore we must use gentle

conditions that ensure kinetic control.

HBr
(cold, short time)

N

Na*t ~Ng 7
~N — 7T
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Additional Problem Answers

Problem 13.36 In the first ion, there are only three atoms that share the negative charge. The
resonance structures are shown. The carbonyl group is not involved in resonance stabilization of-
the anion.

~—— CHg
CHs

In the eyano-substituted cyclohexadienyl anion, the negative charge is located on an atom that does
allow for delocalization out of the ring onto the more electronegative nitrogen.

7

In the straight-chain ion, there are only three resonance structures if the nitrogen is sp? hybridized.
They are shown here. The lone pair of the nitrogen is not able to delocalize into the p orbital of the
zsystem because it is perpendicular to the dienyl system. .

/\N/\r‘/\ -~ /\T;\/\ -~ /\N/\/\

The last ion is ’qhe cyclopentenyl cation. It has four resonance structures.
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Problem 13.35 Each rearrangement step is tertiary carbocation to tertiary carbocation.

CHjs H

CHa

Lanosterol
HO

T
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Problem 13.31 In the rubber molecule shown on page 625, all the double bonds are (Z). There is
another form with all the double bonds (E), which is called gutta percha. Of course, there could also
be all sorts of polymers with some double bonds (E) and others (Z). These molecules may be
reasonable answers to the problem as set, but they do not occur in nature.

Polyisoprene, one form of natural rubber with all double bonds (2)

Polyisoprene with all double bonds (E), gutta percha

Problem 13.32 Loss of the diphosphate ion, shown here as an Sy1 reaction, leads to a resonance-
stabilized diphosphate anion. The resonance stabilization of the anion makes diphosphate a good
leaving group.

~ ﬁ o) 7
o o 'o——F|>—o—||3—0H
Sni
R—O—ILl—O—ILI—OH —ONr> R+ _OH OH
| | Sx2 o 0
OH OH N |

OH OH

Problem 13.34 There are five isoprene units in laserpitin. The oxygens aren’t part of the carbon
framework. Each circled group has five carbons that are ultimately derived from isoprene.
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R R
R Z Z
H H
bond / H
———
. — (I (P—,
Formation of the rotations
first bond H H @ H
“ )
H H
H . O
l H H
R// R

R H H R
cis trans
Second bond formed from Second bond formed from the
the same side as the first opposite side from the first

Once again, the experimental results show that the Diels—Alder reaction is concerted; the two new
bonds are formed at the same time, and there is no intermediate (Fig. 13.53, p. 620).

Problem 13.30 An initiating radical (In+) is formed in the first step. It adds to a butadiene to
form a resonance-stabilized allylic radical in the second step. This allylic radical then adds to
another butadiene to form a new allylic radical. This process is repeated many times to form the

polymer.

1st ond An allylic radical

step
In—In ——»h at In< -~ _Step In/\/\ - In/\/\
e Initiati : ;
, radlcarlg \/\ )\_/
3rd
New stepl N

bond-,

' Another allylic radical

/\/\/\/\/\/\/\/\

a7
stepl \/\ In/\/\/\/\/\/\.
/\/\/\/\/\/\ " ¢

Repeat many times

Allylic radical
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Problem 13.27 A one-step addition to the trans,trans diene must give a single product, the one
shown in the problem figure in which the R groups are cis to each other.

trans,trans Diene O O
H

Cyclohexené ~ cis Cyclohexene

Dienaophile

This product is exactly what is seen experimentally, so the one-step, concerted mechanism is in
accord with experiment. Let’s now see if the two-step process works out. If one bond is made before
the other, there must be an intermediate diradical in which the second bond can be formed from the
same or opposite side as the first. Two different stereocisomers will result. That there should be two
isomers depending on the direction of the second bond formation is relatively easy to understand;
what’s hard to see is just how the groups on the diene appear in the cyclohexene product.

Follow the diagram, but do look at models as well.

First bond
R formed
H /
Z SH |(|3H2 CHy
R Diradical
R intermediate

trans cis .
Cyclohexene Cyclohexene
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In cyclohexene, one of the developing radicals is a resonance-stabilized allyl radical, and it is
more stable than the simple localized radicals formed in carbon—carbon bond breaking in
cyclohexane, Accordingly, the product diradical, and the transition state leading to it, are more
stable than those in the cyclohexane reaction. The energy required to break the o bond in
cyclohexene is lower, and this is reflected in the bond dissociation energy quoted in the problem

(80 kecal/mol).

) 6
HoC-$-CH, HyC------CHj
\ \
(6+) : Product
Cyclohexene Transition state (a diradical in which
[radicals are developing on two g&%iﬁggd')s resonance
carbons (6 +); one end is
delocalized]

Problem 13.26 Vinylcyclobutane lies higher in energy than cyclohexene, largely because of
the strain energy in the molecule. In the transition state for formation of vinylcyclobutane
(see dashed lines), some of this strain will be present. Accordingly, it, too, lies relatively high in

energy.

A The transition state for
four-membered ring
, , . formation is also strained
Allylic radical |: | and of relatively high
intermediate energy

The strain in the
four-membered ring
makes it higher in
energy than
cyclohexene

Energy

Reaction progress
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Problem 13.22 (continued)

\\\CN
heat
II//C

Diene Dienophile

(d) Only one dienophile can be used to make this bicyclic product. We cannot use the (E) dienophile
because we can’t have a five-membered ring containing a trans double bond. This reaction gives a
single product.

heat

Diene Dlenophlle

Problem 13.23 Nothing to it.

— 7/ \

Problem 13.24 In the transition state for bond breaking, the bond is stretching, and radical
centers are developing on the bonded carbons (8+). This process is illustrated for carbon—carbon
bond breaking in cyclohexane, a reasonable model for ethane.

o o
HaC-$-CH HoC------CHy
HQC —\_/— CH2
_— _—
Transition state Product
Cyclohexane [radicals are developing (a diradical)

on two carbons (6-)]
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CHs CHs CHs
5+ - |
) ) +
HgC——C——1 —— HgC——Crrerreermeammmnees ] —— /c\
HsC™ CHg
CHj4 CHs
More stable transition state Product
contains a tertiary partial (a tertiary carbocation)
positive charge :
CHj4 CHs4 CHs;
| - H c|:5+ 18 . c|>+
H—C+t—] — SRR AR
RN
. H CHs
CHj CHs
Less stable transition state _ Product
contains a secondary partial (a secondary carbocation)

positive charge

Problem 13.22
{a) Because the stereochemistry of the esters on the ring is not specified, we could use either the (E)
or the (Z) starting dienophile. The answer that is shown uses the (Z) dienophile, which gives the cis

product (both enantiomers). If we start with the (E) dienophile, we would obtain the trans product
(both enantiomers).

HaCO,C CO,CHy
HaCO,C CO,CH, HaCOLC,

| \”*</

(b) This reaction will give a mixture of stereoisomers.

Diene _6_\,\_

.——_>
F i heat

O,CHgz

Dienophile gC

o \‘\\

Diene

Dienophile \ CO,CH,CHg
CO.CH,CH3

(c) The best Diels—Alder reaction for making this product uses dicyanoethylene, which is a great
dienophile. The stereochemistry of the product is not specified. The (E) dieneophile is used this
time to show the trans substitution (both enantiomers) in the product. If we used the (Z) dieno-
phile, then we would obtain the cis isomer (which is achiral).

(continued)
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Problem 13.20 (continued)

Both primary

L0
-Gl In this transition state, the positive charge
. is shared between two primary positions;
this is the less stable transition state

There are, of course, many possible molecules that would ionize faster. Perhaps the simplest
modification would be to add two methyl groups as shown. Now the resonance-stabilized cation is

tertiary at both ends.

~ CH
CHg HsC 3
HaC Ca NP~ NN
= — + .
HaC CHa
HyC HaC CHa HaC CHg

Problem 138.21 The problem is to explain why there should be a connection between the
stability of the products (thermodynamics) and the energies of the transition states leading
to the products (kinetics). Why should thermodynamics and kinetics be related? Ionization
is surely an endo-thermic process, and, as noted by the Hammond postulate, the more
endothermic the reaction, the more the transition state will look like the product.
Accordingly, the thermodynamic stability of the allyl cation formed is related to the ease of

formation, a kinetic property.

f Transition state
closely resembles higher
energy product

P Higher energy product

Lower energy product

Energy

* Starting material

Reaction progress

There is another way to put it. The transition states for ionizations to give carbocations will
contain partially developed positive charges. A partially developed tertiary positive charge
will be more stable than a partially developed secondary positive charge, and this difference
will be reflected in the relative energies of the transition states.
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Problem 13.19 There are two 7 electrons in the allyl cation, three 7 electrons in the allyl radical,
and four & electrons in the allyl anion. The resonance picture shows the individual electronic
descriptions contributing to the real, delocalized structures.

Resonance forms Molecular orbitals -

/\ ) Anion /\

Radical LA A D
i N P N ' Vi | 2

/\ Cation /\

+ +

Anion ‘Radical Cation

_

Problem 13.20 The two compounds ionize to the same carbocation intermediate. Although the
two transition states are different, the ion will be partially developed in the transition state, and the
rates of chloride loss will be quite similar.

/ B ]
/
+
¢ +:C
+
G: Y\
/ L. -1
Common
intermediate

Transition states

- Both compounds ionize faster than the others in Table 13.2 because of the tertiary 8* in the
transition state. A tertiary partial positive charge is more stable than a secondary or primary
partial positive charge. For example,,

In this transition state, the positive charge
is shared between a tertiary and primary
position; this is the more stable transition state

(continued)
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Problem 13.15 The same resonance-stabilized carbocation is formed on Syl solvolysis of both
chlorides. The positive charge is shared by two carbons. The nucleophile, water, can add to each of
these carbons to give, after proton loss, two alcohols. As the same carbocation intermediate is
formed from each chloride, the two alcohols must be produced in the same ratio.

+
Cl Sn1 OHj OH
HZO + H30+

Vol

4—

Sn1 H>O

XN “ AN . AN - X
cl Hz0 Ho0 HO

) + H30+
One, resonance- Addition of water at the two positions sharing
stabilized cation the positive charge leads to two oxonium ions

and, after deprotonation, the two alcohols

Problem 13.18 The initial protonation gives the resonance-stabilized cation shown. The kinetic
product will be the one that results from 1,2-addition for the reasons summarized in Figure 13.38,
p. 611. Given the broad hint in the problem, you surely won’t pick the product of 1,4-addition as the
thermodynamic product. In this case, the kinetic and thermodynamic products are the same. The
question is why. Compare the products formed in 1,2- and 1,4-additions. The product of 1,2-addition
contains a trisubstituted double bond, whereas the product of 1,4-addition has only a less stable
disubstituted double bond.

—
/\)\ - -
H—Cl: o
Product of 1,2-addition— Gl Note the
note the trisubstituted disubstituted
double bond F double bond
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Problem 13.183 The transition state for rotation about one of the “double” bonds in a 1,3-butadiene
contains a localized radical and a delocalized allylic radical. It is this delocalization of the allylic
radical in the transition state that makes this rotation more favorable than the related motion in a
simple ethylene. In an alkene, two localized radicals appear in the transition state for rotation about
a carbon—carbon bond.

Delocalized
aIIyIic radical

Sout " e )
/8\@2@’@ C(?)_C(z) Q/\Q |cL:ocallzed radical

O/

1,3-Butadiene Transition states

\ Two Iocaliz-ed radicals |
/L H Z
H:.,,g gH rotation l:”',%

H

Problem 13.14 Based on the information from Problem 13.13, the rotation around the C(2)-—C(3)
bond of the (Z,Z)-2,4-hexadiene conjugated system should be about 52 kcal/mol (217 kJ/mol). We
might expect the energy to be somewhat less than 52 kcal/mol as there is more destabilizing steric
interaction with the C(1) methyl than is present in the 1,3-butadiene, the data for which are given
in Problem 13.18. It is easier to isomerize when the starting (Z) isomer is higher in energy (less

stable).
4 5 —_—
N~/ \ /—/—\_
—_— 6
2 3

(Z,2)-2,4-Hexadiene (E,2)-2,4-Hexadiene

If we want the K value to be 5:95 (which is 0.053), and AG is 52 kecal/mol, we can use the R value of
1.98 X 10~ kcal/mol-kelvin and the formula AG = —-RT'In K.

The math goes like this:

52 keal/mol + 1.98 X 10~ keal/mol-kelvin = —7"In 0.053
26,300 kelvin = -7(-2.94)

8,940 kelvin =T

8,670°C=T

Therefore, a very high temperature would be required to have a ratio of 95:5 for the E:Z isomers.
However, at 150 °C, the equilibrium for the E/Z isomerization is about 10~27:1!
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Problem 13.10 (continued)

(b) An E1 reaction is reversible. With time the most stable diene, which is the conjugated
diene with the most substitution in this example, will be formed. The mechanism for its
formation is shown.

—— + +
H>0O [ ; [ i
Br heat . \ \

Most stable product

+
H +
N (e '
heat oM WO H HO
L‘(Br - + P —— - ) H < \

(c) This reaction is an E2 process that requires a § anti-periplanar hydrogen. There are two such
hydrogens available, but the allylic hydrogen will be more acidic and more accessible (it is a
secondary hydrogen and the other one is tertiary). In addition, the conjugated diene is thermo-
dynamically more stable than the unconjugated diene.

Minor
tertBuOK product:
—_—
tert-BuOH
Br
CHs CHs CHs;

(d) This E1 reaction will favor the conjugated system. The product is called an enone.

catalytic
i H>804
—_ =
heat =
OH O o

Problem 13.12 The equation to use is AG = -2.3RT log K.
So, 2.5 =-1.364 log K [at 25 °C, 2.3RT = 1.364 kcal/mol (Footnote 2, Chapter 7, p. 276)]

log K=1.83

K = 68, and there is only 1.4% of the s-cis compound present at equilibrium.
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Problem 13.9

[~ 1

Voo ¢
'/D\/H /\/

Forms B, C, and D all have one fewer bond than form A. In addition, forms B and C have separated
charges. Only A has a filled octet for each carbon. Form A is by far the major contributing structure.

Problem 13.10

(a) This reaction will be complicated by the reversible nature of alcohol dehydration. The most
stable product is the result of two hydride shifts. It is the most stable because it has the most
substituted conjugated diene.

i, /\\/\/ /\\/\/
H>80, +
/g(\/ W N 7 ) e N

heat
Most stable product

The mechanism for the formation of the most stable product is shown here.

catalytic H
H SO +
S HSOs - )\()\/ = W
H H H

B:

\J H—B W e B:
b (4 H \/ Most stable product

(continued)
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Problem 13.6 (continued)

CH3CH—C==CCH,CHjs |
“:NH, ¢ ‘NH3 o
CH3CH,C=CCH,CH3 =—= =——> CHyCH=—=C=CHCHCHj3
CHaCH==C==CCH,CHj u ik
. 2
e A —
[ ] - -
CHC==CCH,CH:.CHs |-, N CHyC==C==CHCH,CHjs
: ‘NHq
¢ _>‘ CH3CECCH20H20H3 _>‘ ¢
HoC == C==CCH,CH,CHa | CHyC==C—CHCH,CHj |
i GC i h
C —_
:NH [ e
Tl ® HC:CZCHCHchcha
":NH, ¢ NHq
H,C==C==CHCHCH,CH; <> == HC==CCH,CH;CH:CHs
e 1-H —
HC==C— CHCHCH,CHs SV + NH,
| _

D

Now the terminal acetylene can lose its acetylenic hydrogen to generate an acetylide, and the
reaction stops at this critical point. The 1-alkyne is a much stronger acid than any of the other
species in equilibrium. Removal of the acetylenic proton is greatly favored thermodynamically.
When the solution is quenched through addition of water, the acetylide protonates to produce
1-hexyne under conditions (neutral) to which it is stable.

_:NHQ -

HCECCHQCHQCHQCHs"T C=CCHCH.CH>CH3
:NH3

B} Ho0
:C==CCHyCHyCHoCH3 ——e> HC==CCH,CHoCHoCH

Problem 13.8 Each carbon in 1,3-butadiene is sp2 hybridized. Therefore, each C—C bond is made
by mixing an sp? orbital from one carbon with the sp? orbital of the adjacent carbon.

Showing the
/\/ p orbitals for .
74 the m bonds

1,3-Butadiene

sp?/sp? ¢ Bonds
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These flat molecules are all achiral, just like ethylene. Their mirror images are always superimposable
on the originals.

H
i, ", _..“\\\\\\\\ H : H /lll/ll,l.. ..\\\\\\\\\ H

“c——c=—c¢C c—c—c—=c
e, HC® ey,

cis Isomer Simply slide to the left to superimpose
-

wCH3 HsCu,,

C .C c—C CZ _
Ny H e,

FIip_to superimpose?)

C C

trans Isomer

Mirror

Problem 13.5 The 3,3-dibromohexane can come from 3-hexyne. We know that an alkyne reacts
with excess HBr to give the geminal dibromide (p. 520). 3-Hexyne can come from alkylation of
1-butyne with ethyl iodide. The 1-butyne can come from 2-butyne by the process shown in

Figure 13.7.

Br Br comes comes comes
from from /. from
— = —_— = — %

3,3-Dibromohexane 3-Hexyne 1-Butyne 2-Butyne

The forward reactions are shown. Because the 3-hexyne is symmetrical, treatment with excess
HBr gives only one product.

\ excess Br Br
1. KNH, /NH 1. KNH HBr
7 LN L SN G N

2. H.0 THF ether

2 e~

Problem 13.6 This is just a two-stage version of the mechanism outlined in Figures 13.7-13.13.
Strong base removes a proton from the carbon adjacent to the triple bond to give resonance-
stabilized anion A. Reprotonation carn occur in two places, one of which gives an intermediate
allene. The allene is also acidic, and strong base can remove a proton to produce a second
resonance-stabilized anion, B. Reprotonation, followed by a third removal of a proton, gives C,
which protonates to give a second allene. One more cycle of deprotonation to anion D, followed by
reprotonation, generates 1-hexyne.

(continued)
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Problem 13.2 (continued)

(¢) 1,3-Dichloro-1,2-butadiene is chiral. The mirror image is non-superimposable on the original
structure. There is no plane of symmetry.

Cl Cl

HIII:.

—_— —— ) .‘\\\\H
oeC=C=C

C=C=C‘C|

CHs + HsC

(d) 1,1-Dichloro-1,2-pentadiene is achiral. The mirror image is superimposable on the original
structure. There is a plane of symmetry, which is the plane of the paper.

.|\\\\CI

C=C=C‘C|

CI?,-C:C:C I

CHCHg 1 CHaCH,

Problem 13.3 All these molecules are related to allenes.

O=C:O RN:C:O R.C C C CRz S:C=S

Carbon dioxide Isocyanates Cumulenes Carbon disulfide
(butatrienes)
RN—=C=NR  0=—C=—=C=—C=—0 R.C=C=—0
Carbodiimides Carbon suboxide Ketenes

Problem 13.4 Just as in ethylene (but not in allene), the end groups of this molecule are
coplanar. Therefore, there can be cis and trans stereoisomers.

R
In this molecule, the R—C-R //’"'n,,,_ c c C""“““\\\R
groups are coplanar
R / \ R
H /l/,,,’h.. “‘\“\\\\\ H H /l/,,,h" s CHj
) C C . . C C

C C
HSC/ WCH, HSC/

cis Isomer trans Isomer
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overlap of more than two 2p orbitals, “conjugation.” There are both structural and chemical

consequences, and the following problems deal with both areas. Two exceptionally important
reactions emerge: the formation of allyl cations through protonation of 1,3-dienes and the
Diels—Alder reaction. The former opens up synthetic possibilities and leads to a discussion of
thermodynamic and kinetic control of reactions. The latter is arguably the most important
synthetic reaction in the chemist’s arsenal and leads in a single step to all manner of complex
compounds containing six-membered rings. The following problems give lots of practice in both
areas.

This chapter opens a three-chapter sequence in which we will explore the consequences of

Problem 13.2

(a) 1,3-Dibromopropadiene is chiral. The mirror image is non-superimposable on the original
structure. Notice that there is no plane of symmetry in this molecule.

H H

HII:..

—_— — .\\\\H
5 g C=C=C

C=C=_--C"Br

Br Br

(b) 2-Methyl-2,3-pentadiene is achiral. The mirror image is superimposable on the original
structure. The plane of the paper is a plane of symmetry for this molecule.

H o H\
HSC“H-. —_— —— ' —_— _.\\\\CH3
HsoVC_C_ 5 /C— —-C‘CH3
CHz 1 HeC

(continued)
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Problem 12.66 Oxygen is a diradical. It is able to abstract a hydrogen atom from the benzylic
position. No, the benzylic hydrogen is not particularly acidic (pK, of about 41) and oxygen is not a
strong base. In this case, the hybridization of the radical carbon is sp2, and it is not likely to change
because sp? hybridization maximizes overlap with the n electrons of the aromatic ring. The carbon
must be sp? in order to delocalize the radical density into the adjacent n system (see the structures
in the figure). Notice that each resonance structure requires that the benzylic carbon be sp?
hybridized.

Aot
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Problem 12.63
A v agae .
(H3C)3C0—— OC(CH,)3 ——— 2 (CH,),CO- initiation
(CHg)sCO+ + H—Br —— . (CH3)sCOH  + -Br initiation

: Br
+ Br ——— >_/ propagation
. Br H Br o
+ H—Br — » >L_/ + -Br propagation

Problem 12.64
(CH3)5CO- + -Br —_— (CH4);COBr
2 (CHg)5CO- —_— (CH3)sCO—O0OC(CHg)3

Br OC(CHy),
(CHg);CO- + >—J _— >L\
Br
' Br
>—/ + -Br . >L/

2 Br ———» Bp

Problem 12.65 The central carbon is sp? hybridized in the animation. The sp? hybridization
maximizes overlap with the sigma bonds on the adjacent carbons, in other words, hyperconju-
gation. The SOMO track shows the orbital mixing with the sigma bonds on the methyl groups. We
have learned that the radical carbon is probably a rapidly inverting pyramid, somewhere between
sp? and sp3 hybridization.
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Problem 12.62 (continued)

+

[HHH] [HHH]+

Nonbonding

So, the critical question is, which is lower in energy, D or A? Only D and A are occupied by electrons,
so it is only their energies that matter. As the diagram shows, D is lower in energy, and Hg* will be
triangular. Why? Look at all the 1,2-bonding interactions in D. There are three in D, but only two in A.

Energy i |

difference

' A, Two 1,2-bonding
interactions

D, Three 1,2-bonding
interactions
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Problem 12.62 We'll start by borrowing the molecular orbitals (MOs) for HHH from Problem
1.64 (p. 50).

Here are the molecular orbitals for cyclic Hs. We'll build them just as we made the molecular orbitals
on p. 50.

e

Bonding MO of H» 1s dg + 15 dg—1s

®g

)
no
interaction! E

Antibonding MO of Hy 1s

Dp

(continued)
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Problem 12.60 (continued)
Cl Cl
. + +Cl
S cl B MU .
ci)
A
CHCI
(——¢c — .
) Cl
C

C’CI [minor products —
(E)and(Z)isomers ]

Problem 12.61 The initiation steps are easy.
RO—OR ——= 2RO-

Initiation steps

RO Ve to, ——=  RO—Gi: -CCl

Addition of the trichloromethyl radical to the exocyclic double bond accomplishes one goal, the
formation of a CH,CCl; group.

Ay, — £

kf\ "CCls CH,CCls

A second goal, the construction of the three-membered ring, is attained through an intramolecular
addition reaction. The reaction is completed by abstraction of a chlorine atom from CCl, to give 1
and a chain-carrying trichloromethy] radical.

CI3C - Cl ‘ -CCly
C / mtramolecular abstractuon
addmon of chlorine
b K_/ CH,CCl4

CH,CCly CH2CClg
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Loss of a chlorine atom finishes the mechanism.

H
H - +  LCle
/j ~ CCl,
Cl,C—Cl Racemic mixture

of cis and trans isomers

Problem 12.60 This is another free radical chain reaction. An alkoxy radical formed in the first
initiation step abstracts a hydrogen atom from isobutene to generate a resonance-stabilized

methallyl radical.
.o .o A e 3
RQ—QR _— 2 RQ .
L Initiation
steps

RS Y (2 — ROH + >:<_,>_,

The methallyl radical

P

The methallyl radical adds to trichloroethylene to give either radical A or B. Formation of A will be
preferred both because it is more stable than B (resonance stabilization by two chlorines instead of
one) and on the grounds that approach of the methallyl radical to the end of trichloroethylene
bearing only one large chlorine will be preferred as a result of steric congestion.

Cl
addition
— > Ccl Cl

B
(less stable = minor product)
Cl

addition
—_—

ClL

Cl
A

(more stable = major product)

Loss of a chlorine atom from A, the predominant radical intermediate, leads to 1, the major product
of the reaction. The minor products come from chlorine loss from the less favored radical
intermediate B.

(continued)
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Problem 12.58 (continued)

In several of these reactions, the benzyl radical, PhCHz, appears. If it dimerizes, the final product,
PhCH,CH,Ph, is formed.

2 PhCH, ——>  PhCH,CHPh

Problem 12.59 The acyclic product comes from a straightforward radical chain addition reaction.
Note that in the last step, the chain-carrying trichloromethyl radical is regenerated.

v A .
RO—OR —> 2 RO-

L h Initiation steps
RO- + CCly —> ROCI -CCls

aya .
CHs(CHy)s—C=CH (CClz ——» CHg(CH2)4s—C=CH—CCl

@QCIQ, Cl

N >:CHCCI3 +  +CClg
CH3(CH2)4_C=CH_CC|3 CH3(CH2)4

The cyclic product is more difficult. What do we have to do? The two major things that must be
accomplished in this reaction are formation of a five-membered ring and loss of a chlorine atom.
Formation of the cyclic product starts with an intramolecular hydrogen abstraction to give A.
Radical A then undergoes an intramolecular addition to produce B. This reaction completes one
major goal: the formation of the five-membered ring.
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Problem 12.58 Decomposition of the peroxide occurs by breaking the weak oxygen—oxygen bond
to give a pair of carboxy radicals:

O

B g P

(CHz)4 O

One product comes from simple abstraction of hydrogen from toluene (PhCHjy) by this radical.
O O

/\(CH2)4)J\O . Ph—CHj, /\ )]\ + PhéHZ

(CHp), ~ OH

The carboxy radical can also lose carbon dioxide to give radical A, the source of most of the other
products.

O

AN r\/l\‘,,\*o\_ o, +

CH,CHoCH,CH
CH,CH2CH,CHy s

A

Disproportionation of A produces 1-hexene and 1,5-hexadiene, and dimerization of A gives the C,o
product.

(\ i disproportionation
M (arrows)
G
P,
dimerize /\
/\/\/ aimerize_ AN

(CHo)s
A _

¢

)

The radical A can also‘undergo an intramolecular cyclization. In fact, this can occur in two ways to
give either a five- or six-membered ring. Abstraction of hydrogen yields the cycloalkanes.

Ph—CHs

_—

abstraction

|2 |
)/? Ph—CHg + PncH,

abstraction

PhCH,

(continued)
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Problem 12.56 (continued)

COOCH,CH3 COOCH,CHj

Cl
F.CCClL, . F5CCCly
\/% + CUCI2 + CuCl .

(b) Three steps need to occur in the conversion of 2 into 1: (1) cyclopropane formation, (2) loss of
hydrogen chloride, and (3) hydrolysis of the ester to the carboxylic acid.

(c) There are four possible stereoisomers of carboxylic acid 1. There is a pair of enantiomeric cis
isomers and a pair of enantiomeric trans isomers. The cis (1R,3S) isomer is shown below:

CHs CFs

(R) HOOC —
\ I Cl
H - CHa ‘H\

Groups cis

(5)

Problem 12.57 This reaction is a standard radical chain process. In the initiation steps, the weak
oxygen—oxygen bond breaks to give a pair of alkoxy radicals. Abstraction of a chlorine atom from
PCl; gives a dichlorophosphorous radical, *PCls.

are

A .
RO—OR ——> 2 RO-

Rém@—QClz — RO—ClI: + -PCl

Initiation steps

The propagation steps include addition of *PCl, to 1-octene and abstraction of a chlorine atom from
PCl3_ These reactions form a molecule of product and regenerate the chain-carrying radical, *PCls.

~ Note the regiochemistry of the reaction. The *PCl; radical adds so as to generate the more stable
secondary radical.

_PC|2

Y J
~
% —

Coe S

Cl -PCl

PCl,
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Problem 12.55 The initial addition of an iodine atom to cis-2-butene is endothermic and
reversible. Addition leads to a radical in which rotation about a carbon—carbon single bond is fast.
Reversal of the addition leads to both cis- and trans-2-butene.

) | N
H3Cllllu.,,*)m ~out1CH3

'C:C""“““CH3 —_— “‘,.C é

n \H HsC‘““/ ~ \H
w rotate
:J

H
H3C””lu.,, — it H \/-) .
c=c — L mmH
H/ - \\\‘\---C C\‘
CHs3

CH3 HgC\\
H

25

Problem 12.56

(a) Somehow, the radical F3CClyC* must be formed, as the only reasonable mechanism for
formation of 2 involves addition of this radical to the alkene, followed by chlorine abstraction.

COOCH,CH3
F40GCh COOCH,CH3
> F3CCCl» .
(f\/
_— '
cl COOCH,CHj
F3CCCly
2

The problems now are to find a suitable source of F3CClyC* and the chlorine atom. An examination
of Table 7.2 (p. 277) reveals that carbon—chlorine bonds are weaker than carbon—fluorine bonds.
Accordingly, one mechanism that has been proposed is a Cu-catalyzed redox-transfer chain mecha-
nism. This initiation step involves abstraction of a chlorine atom from the polyhalide by CuCl.

culcl + FRCCCl; —— cullCl, + FsCCCl

CuCl, is presumably a more reactive chlorine donor than the polyhalide. Abstraction of chlorine
from Cu''Cl, gives 2 and Cu'Cl. The Cu'Cl is then recycled to begin the process anew.

(continued)
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Problem 12.53 The key to this problem is the recognition that the strained three-membered ring
will react with a chlorine atom much as will a double bond. An addition reaction gives the radical B
that then abstracts a chlorine atom from Cl,. This reaction makes a product molecule and generates
a new chlorine atom to carry the chain.

:O—Gi: - 2 G

(\m I—Q—Cl
) ! ) ch—— 8

Problem 12.54 Chlorospiropentane is formed by a straightforward photochlorination chain

reaction.
. . .o . hv . i . .e
G—C: — > 2 8 CIQI i

: Y .
N + Cli ——— H—Cl: + D<r + :Cl:

The strained three-membered ring can also be opened by a chlorine atom (see Problem 12.53).
Abstraction of a chlorine atom from chlorine leads to one product and a new chlorine atom.

CI :Cl: :Cl:
DB D - D<@

K’(C*) dl : ‘Cl:

The final product is by far the hardest to rationalize. It comes from opening of the second
three-membered ring (a B cleavage), followed by chlorine abstraction.

:Cl: :Cl: :Cl:

B cleavage .
—_— —_— + . C.:.| .
o) :

© e @
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(b) Two allylic bromination products possible.

/ NBS / Br +
—_——
\/\ o \
Major
more stable alkene Br

(c) The allylic hydrogen that would be abstracted is the one that leads to the bromine-stabilized
allylic radical. That species has two resonance structures, and each carbon sharing the radical
would react with bromine to give the dibromides shown. The 1,3-dibromide is stabilized by
resonance and is more stable than the 1,1-dibromide product. The transition state leading to the
1,3-dibromide will be lower and, as a result, the 1,3-dibromide will be the major product.

more stable alkene

via: Br—'\z/ - Br—\__./

(d) There is only one allylic radical intermediate that can be formed in this reaction. Bromination can
occur at either carbon of the allylic radical. The more substituted alkene is the more stable.

W E S

Major Minor
more stable alkene (racemic)

W - W
(e) There are several allylic radicals that could be formed in this reaction. The most stable

intermediate is the allylic radical that is secondary and tertiary. Two products can arise from
that intermediate. The more stable product is the more substituted alkene.

OO O

Minor
: (racemic)
Major
more stable alkene
(racemic)

(jﬁ_,
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Problem 12.50 Decomposition of NBS generates a bromine atom. The bromine atom then
abstracts a hydrogen atom from the methylene group adjacent to both the ring and the carbonyl
group. This radical is resonance stabilized. The positions sharing the free electron are indicated by (-).

Br-/ Y | :Br—H

H :
0 () o (")
d° 7 .
CH—C\. - (+) CH—C\
1 OCH.CH; (+) OCH,CHg

The hydrogen bromide then reacts with NBS to form the low steady-state concentration of bromine
necessary to carry the reaction as shown on p. 577. Bromine reacts with the newly formed radical to
give the brominated product and regenerate a chain-carrying brominé atom.

Br—Br

(\/ :Br:

0

e — O
C CH—C_ + Br-
“OCH,CHs

OCH>CH3;

Problem 12.51

WOCHZCHS @/\”/OCHZCHs

. OCH..CH OCH,CHj4
s AR 2
0]

OCH,CH
x 2H3
0

Problem 12.52

(a) Only one allylic bromination product possible.

/\ &» /\/Br

ho
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R R R R
\ SR |
— N—N—=C — N + 2 C:

Problem 12.48 The major product for the bromination of (R)-3-methylhexane is 3-bromo-3-
methylhexane. This product is chiral. It will be formed as a racemic mixture because the radical
intermediate will lose its stereochemical purity. The radical easily goes from sp® to sp2. Once it
becomes planar it has no preference for returning to the (R) configuration or becoming the (S)
enantiomer. Reaction of the radical with Bry will occur from either face of the tertiary radical to
give the racemic mixture.

AN~ Bry via: .
—_—
CHs HsC  Br CHs
(R)-3-Methylhexane 3-Bromo-3-methylhexane

Problem 12.49 There are only two possibilities for hydrogen atom abstraction from ethyl
chloride. A simple primary radical would be produced from abstraction of a methyl hydrogen,
whereas a resonance-stabilized radical appears when a hydrogen atom is removed from the carbon
already attached to one chlorine.

Abstraction here
HaC—CHaCi: ——  H,C—CH,Cli:
HaC—CHxCl: ——— HSC—(';H—(:;]: HsC—CH=C.)..I=

Abstraction here

The more stable radical will be formed preferentially and will abstract a chlorine atom to yield a
geminal dichloroethane, 1,1-dichloroethane, not the vicinal dichloride, 1,2-dichloroethane.

HC —CH—Cl: ——— HC—C—H  + :Cl -
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Problem 12.45 (continueq)

The mechanism for the reaction is shown here:

D

Initiation
RO LB — > RO—H 4+ +Br
Q ~ /,\ Br Br A
Br —™ - + H—Br

/_I?\ Br

g
b
|

*Br

Br Br

*Br _J

CT
I
|

Problein 12.46 The less stable methyl radical recombines faster than the more substituted, more
stable, and thus longer lived isopropyl radical. The more bulky isopropyl radical has more difficulty
in recombining than does the smaller methyl radical.

Problem 12.47 This problem is similar to Problem 12.46, although the steric argument is a little
more subtle. First, one might argue that formation of the more substituted, more stable radicals
should be faster than formation of the less substituted, less stable radicals. That idea would be
right, as the transition state for radical formation will have partially formed radicals and will
benefit energetically from substitution.

R R
| s 5 5 5+
R—C------ N=N------ C—R
R R I I R
| | - R Transition state R |
R—C—N=N—C—R — - N+ 2 ¢,

| | VAN
R R R R

But this analysis ignores an even more subtle steric argument. There will be an energy incentive
for the larger R groups to go from sp to sp? hybridization as the azo compound is transformed into
nitrogen and a pair of radicals. The R—C—R angle will change from about 109° to about 120°. The
more relatively large methyl groups, the stronger this effect, and the faster the rate of radical
formation.

o R L e ey L e
S S L B S M PP

> Propagation
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(g) The alkyne reacts with HBr forming 2-bromo-1-butene. A second addition occurs via the
bromine-stabilized carbocation. The product is the achiral geminal dibromide.

Br Br lonic additon ~ Br

(h) This reaction is a radical process that gives the vicinal dibromide. The bromine radical formed
from the initiation steps adds to the alkyne to give the most stable vinyl radical intermediate. The
vinyl radical will abstract hydrogen from H—Br. The newly formed alkene (cis and trans) will react
with another bromine radical to give a radical on the carbon bonded to bromine, which allows
resonance stabilization. The last step will be the carbon radical abstracting a hydrogen from
H—DBr. The final product would be a racemic mixture.

e)ﬁl?e’ss Br
s \)\/
\// ROOR Br
ether H—Br
ho

Radical reaction via:

~z = /——>\)\/'Br\)K/

cis and trans formed Bromine-
stabilized radical

Problem 12.45 The two products formed in this reaction will be 4-bromocyclohexene and
3-bromocyclohexene.

HBr Br Br

ROOR +
ether
ho

1,3-Cyclohexadiene 4-Bromocyclohexene 3-Bromocyclohexene
(racemic) (racemic)

(continued)
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Problem 12.44 (continued)

(d) The most stable radical intermediate is the allylic radical that is both secondary and tertiary. So
3-bromo-1-methylcyclohexene and 3-bromo-3-methylcyclohexene would be the major products.

Br
Brs
—_— +
ho
Br
Racemic Racemic
Radical reaction via: B
(e) Cl
CCl, o, Radical reaction;
— “el 4 " poth cis and
ho trans isomers

ey, CCly ""”CCI3 will be formed

Racemic Racenmnic

(f) First we need to decide which radical intermediate is most likely involved. The radical formed at
C(3) of the cyclohexene ring is fully conjugated and is more stable than any other. There are two
bromide products that could be formed from that radical intermediate. The more stable product
retains the conjugation of the double bond with the ester carbonyl group.

‘ COOCH
COOCHSNBS ® OOCH3

More stable Racemic
(racemic)

COOCH;3 COOCH3
Radical reaction via: Q/ ©/
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Problem 12.42

Br Br
Br Br W/\ /’\ Br\/\ m
/\
h
: Br Br Br

NG B N\, +  HEr

. Br
N, B —— /\
+ Bre
/\ Bre _— /\ + HBr
Br Br
/\ Br, —_— /i\ + Bre
Br

Problem 12.43
Br

Only this one is chiral and it will
be formed as a racemic mixture Br

HBr Radical reaction; a racemic
ROOR mixture of both cis and
ether trans isomers will be formed

ho ‘ Br

HB

e Br lonic addition of HBr
ether (Markovnikov addition)

Problem 12.44

(a)

|

(b)

Anti addition of Br, via bromonium
ion; racemic mixture formed

(continued)
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Problem 12.41 (continued)

(c) There are only four different carbons in methylcyclopentane. Chlorination at these different
carbons gives (chloromethyl)cyclopentane, 1-chloro-1-methylcyclopentane, 1-chloro-2-methyl-
cyclopentane, and 1-chloro-3-methylcyclopentane. But the disubstituted ring compounds

(1-chloro-2-methylcyclopentane and 1-chloro-3-methylcyclopentane) can be formed as cis or trans
isomers. The 1,2- and 1,3-disubstituted cyclopentanes will be formed as racemic mixtures.

. 90
AL Al o

Tl Cl
Racemic Racemic Racemic Racemic
(d) There are five monochlorides that can be formed in this reaction. The three that are chiral
would be formed as racemic mixtures.
Cl
)\/\ o > J\/\/ c * /U\
o
2-Methylpentane 1-Chloro-4-methylpentane 2-Chloro-4-methylpentane

(racemic)

)\f\){A +C'\)\/\

3-Chloro-2-methylpentane
(racemic)

2-Chloro-2-methylpentane 1-Chloro-2-methylpentane -
(racemic)
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Problem 12.40

HBI‘ Br\/\/\
—_—

ROOR

ROOR

@
ROOR
Br

B
Ge) XN '
or HBr \)\/\
—_—
/S \ ROOR
A

Problem 12.41

(a) There are three possible monochlorides that can be formed in this reaction.

/\/CI\/+/W

Cl

P zl)z 3-Chlorohexane 2-Chlorohexane
Cl

Hexane ' /\/\)

1-Chlorohexane

(b) Cyclopentane will give only one monochloride in this reaction. All carbons of cyclopentane are
identical.

Cly cl
hvo
Cyclopentane Chlorocyclopentane

(continued)
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Additional Problem Answers

Problem 12.36 The allylic bromination of cyclopentene gives 3-bromocyclopentene. This molecule
is chiral. Carbon 3 is a stereogenic carbon. -

NBS
hv
Br
Cyclopentene 3-Bromocyclopentene

The starting material is achiral, so we know that we will form a racemic mixture of 3-bromocyclo-
pentene. The bromine will add to the flat allylic radical intermediate on either the top face, as
shown, forming the (S) enantiomer, or on the bottom face, forming the (R) enantiomer.

.Br

/ H
M H (S)-3-Bromocyclopentene
T~ H

Br
(R)-3-Bromocyclopentene

Problem 12.37

Br OH
B
—2 . —’KOH /\ ¥ /K
hv H.0
Major

Problem 12.38

) Br
N 5;2 )\/ T{Ocl-; \/\
2
Major

Problem 12.39

Br
\\\\Br
Br, KOH
—_— —_—
hv H,O

Major trans-1,2- -Dibromocyclohexane
(racemic mixture)
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Br Br
NN NTBS' \/K i K/\
1-Butene 3-Bromo-1-butene  (E)-1-Bromo-2-butene
vigh NN e N

(c) Allylic bromination of (E)-3-heptene gives three products. The initial radical can be formed on
C(2) or C(5) of the 3-heptene. Both of these initial radicals are resonance stabilized and that means
in principle that there can be four products. The reason that there are only three is that the
resonance structure for the radical on C(5) is symmetrical. Capture at either end of the allylic radical
gives (E)-5-bromo-3-heptene.

Br Br
/M + W\
(E)-2-Bromo-3-heptene - " (E)-4-Bromo-2-heptene

NBS

NN
ho

(E)-3-Heptene

and

WW

Br \\_/4 Br

(E)-5-Bromo-3-heptene same! (E)-5-Bromo-3-heptene
via: . .
SN = NN
and

NN NN

(d) This reaction is an example of bromination at the benzylic position. It is a very clean reaction.
Only one product is formed. The radical intermediate certainly has resonance stabilization, but the
only reactive sight is the benzylic position because it is the only product that maintains the aromatic
ring. We will discuss the amazing stability of the aromatic ring in Chapter 14.

' NBS
—_—
_ o
.. Br

N O O
e S
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Problem 12.32 The carbonyl oxygen is a base and can be protonated by hydrogen bromide.

/‘ H_Br' +'(5/H

+ :Br
IN—Br: IN—Br: -

Now bromide can form Bry by attacking the protonated NBS at bromine:

Vi
-er_gr /\ B Eém : Br—Br:
ok ok

Succinimide itself is produced by a series of proton transfers. Can you write a mechanism for this
reaction? (See Section 11.8, p. 523.)

.O/H O:

Regales

Problem 12.33

(a) The allylic bromination of cyclopéntene gives only the racemic 3-bromocyclopentene.

S = Q

Cyclopentene 3- Bromocyclopentene

(b) Allylic bromination of 1-butene will give racemic 3-bromo-1-butene and the isomer (E)-1-bromo-
2-butene because the intermediate allylic radical has a resonance structure that can also add
bromine.
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The molecular orbital (MO) analysis gives us the same answer, of course. It is just another (and
probably more accurate) way to analyze the reaction. Allyl is a three p-orbital system. The
molecular orbitals obtained from mixing the three p orbitals can be represented as shown in the
following diagram. See p. 447 in the text for a discussion of the allyl orbitals. There are three ©
electrons in the allyl radical. The orbital that will be used by the allyl radical to make a bond with
bromine is the SOMO (singly occupied molecular orbital). It should be clear that the orbital density
for the SOMO will be localized on carbons number 1 and number 3. This is where the radical will
begin to form a new bond to the Br; in the propagation step.

C#1 C#2 C#3

foy

Energy

L souo
f

Problem 12.31 Aha! This is a great question. If you have been wondering about this issue, then
you are on top of the subject. First, let’s review the HBr/ROOR/hv reaction. The reaction of 2-methyl-

propene, for example, gives 1-bromo-2-methylpropane.

ROOR
ether

2-Methylpropene 1-Bromo-2-methylpropane

We know that the bromine radical adds to the alkene in the first propagation step of this reaction
so that the tertiary radical intermediate is formed. Rather than add to the alkene, why not abstract
an allylic hydrogen to give the very stable allyl radical? The answer is that, in fact, allylic hydrogen

abstraction is almost always favored and it does happen.

i
\n(\ "-‘-Br: . Br or < -\ . \
/ -/ /

This does happen!

+ H—Br

The difference is that in the HBr reaction, the allylic radical can only abstract an H from H—Br,
which just reforms the starting material. Only in Br; can the allylic position react to give the allylic

bromide product.

H Br

\ H-Br \ \ Br-Br
N N W)

/) /-
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Problem 12.29
F + H—-CHs —=— o~ FH + *CH3 — 31.3 kcal/mol
\ Exothermic!
105.0 kecal/mol 136.3 kcal/mol
«CH; + F—F — F—CHs + F . — 77 kcal/mol
\ Very exothermic!
38 kcal/mol 115 kcal/mol
I - + H-CHj3 -~ I-H + *CHs3 + 33.7 kcal/mol
\ Endothermic
105.0 kcal/mol 71.3 kcal/mol
*CHs + I-1 —— I-CHs + I- — 21.5 kcal/mol
\ Exothermic
36.1 kcal/mol 57.6 keal/mol

Problem 12.30 The mechanism for photohalogenation of labeled propene involves an
unsymmetrical allyl radical. Reaction of the allyl radical with Br, gives two products. Both
products are 3-bromopropene, but they differ in the location of the 3C label. One has the 3C on
carbon 3 and the other has it on carbon 1.

™ A

Br—Br T Br. +Br Initiation

/\./ "o — [

A
/\-\/\ r er—> A +  Bre }Propagation
Br
PN K\
Br
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Problem 12.26 When the carbon-hydrogen bond in methane breaks, a methyl radical and a
hydrogen atom are produced. Methyl chloride gives a hydrogen atom and a chloromethyl radical,
which is stabilized by resonance and, therefore, more stable than the unstabilized methyl radical.
Accordingly, the bond is easier to break. Are you getting the idea that one of the generic answers to
questions in organic chemistry is, It’s resonance stabilized and therefore more stable? Well, you’re
right.

AT

HsC H e ‘CHg + ‘H
™ CHa CHa
Cl Cl
:Cl: |
Resonance stabilized — more
stable — easier to form '
Problem 12,27
o A hv . s
: QI QI : C| : Initiation
'(:3:'3 + H30_0H3 —_— H3C_éH2 + H—C:::I :
. . . . Propagation
Hz;C—CH, + =_QI QI: » H;C—CH, + 'Qli
:QI:

There are many possible termination steps.

Problem 12.28 The first step is exothermic by 2.1 keal/mol (103.2 — 101.1 = 2.1). The
hydrogen—chlorine bond is stronger than the carbon-hydrogen bond in ethane.

‘Cli + HgC—CH; ———= HeC—CH, + H—Cl:

S

101.1 kcal/mol 103.2 kcal/mol

The second propagation step is also exothermic, this time by 25.8 kcal/mol (84.8 — 59 = 25.8).

HC—CH, + :Cl—Cl: ——> HC—CHy + °CI:

|
2CE\ 84.8 kcal/mol

59 kcal/mol .
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Problem 12.24 (continued)
B :Br:
. HaC—C——C—CHg
H :B.r: :Br: H
HsC ( CHj3 .
\\_v/ H-Br:  HC—C——C—CHj
o= — ]
H :Br: :I|3r: H :Br:
A vicinal dibromide—
HSC_T—ﬁ_CHS the major product (97%)
H :Br:

More stable radical is
formed much more easily

This resonance stabilization is special, however. In this three-electron system,'two electrons are
well stabilized in a low-energy bonding molecular orbital, but one electron must occupy an
antibonding molecular orbital. This system is stabilized overall, but the situation is not as
straightforward as many two-electron cases.
Three-electron stabilization
Antibonding

Two-electron stabilization
Antibonding

1
1
1
1
1
1
1
1
1
1

1
A 1
A 1
A} ]
1 I Y
v % 4 1 ‘ $ '
Bonding

Bonding
Radical, neutral,
three-electron system

Cationic, two-electron

system
Problem 12.25 Abstraction of the;methyl hydrogen leads to an unstabilized primary radical,

whereas abstraction from the methylene position leads to a resonance-stabilized radical. This

resonance stabilization is a three-electron © system.
N s NN H—OR

Primary radical — unstabilized

H ’
/\O/\ +

-
-
-

+

H—OR

SN

Resonance-stabilized radical

s //\-osq

D]
.CS/\ —_—




Radical Reactions 419

Now, this new radical can add to styrene as the initiator radical did. The same two choices exist:
addition along (a) or (b). Again, and for the same reasons, (b) i is favored because it gives the
resonance-stabilized intermediate.

Q’\ f (') * - .
irst addition
©/\ _— A resonance-stabilized
‘3 () (+) radical with the positions
. IN sharing the single electron
©/\/|N O shown'by (¢)

Repeated additions in the (b) sense lead to the polymer

H.C
more ’(2 \CH>V
n

N additions
Yoo (O . —

IN A summary structure
for polystyrene

Problem 10.13 shows the polymerization of styrene under acid-catalyzed conditions. The pathway is
the same, except the intermediates are cations rather than radicals. Cationic polymerization is
more sensitive to traces of water and other impurities than radical polymerization. Radical
polymerization is typically the process that industry uses to make polystyrene.

Problem 12.24 Addition of a radical to the vinyl halide can lead to either of two new radicals. In

the more stable radical, the free electron is adjacent to a halogen and is resonance stabilized. The
other possible radical is not resonance stabilized and is less stable.

‘Br: . .
( ; :Br: T :I|3r:

( Ha !_efss stactj)le radical ] |

is forme L
C—C much less rapidly HiC——C—C—CH; H;C——C—C—CHj
H :B_r: H :Br:  H-Br: H :Br:

Geminal dibromide—
a very minor product (< 3%)

(continued)
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Problem 12.20 (continued)
(d) Another way to make the ether with no E2 complications:

1. BHyTHF 1. NaH/THF OCHs
2. NaOH/H202 2. CH3|

Problem 12.21 Many exist. The destruction of any chain-carrying radical will terminate the
chain reaction. Here are three examples.

‘CCly + -CCly —> CIsC—CCls
'CC|3 + 'CHQCHQCC‘;; —_— C|3C_CH2CH2CC|3
'CHQCHQCC|3 + 'CHQCHQCCIQ, —_— C|3CCH2CH2—CHQCHQCC|3

Problem 12.22 Addition of a radical to styrene gives an exceptionally well resonance stabilized

and hence relatively stable radical.
. . n
R Z R
~
Z R F R
-
. . J

Problem 12.23 An initiator radical (IN+) can add to styrene to give two possible intermediate

radicals. Resonance stabilization makes the radical formed from addition at the B position much
more stable than that produced from addition at the « position.

IN
‘ (a) Less stable (not
‘IN . resonance stabilized)
(@)
( B position S
\ / ;

b .
) ) o) IN
!

IN
-IN —_— /
o position ;
Z

o —

|

=

IN N

. S

More stable (resonance stabilized)
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Problem 12.20

(a) Use a retrosynthesis to analyze this question. What do you need to make the desired ether? It could
come from tert-butyl alcohol (using NaH and CH3I). Or it could come from 2-methylpropene (using -
catalytic acid and CH3;OH). The alkene can come from the 1-bromo-2-methylpropane starting material.

Ty >

The forward solution is the following;

Br catalytic OCH3
tert-BuOK \ HaoSO4
_— -
THF / CH30H

(b) The 2-methyl-1-propanethiol could come from 1-bromo-2-methylpropane via an Sy2 reaction
with NaSH. We can make the primary bromide from 2-methylpropene, and the alkene can come

from the tert-butyl bromide.

The forward solution is:

tert BuOK

(c) The methoxy ether can be formed by an Sy2 reaction on a primary bromide, or it could come
from an alkoxide reacting with methyl iodide.

NaSH
ROOR

ether

Br _
+ CH3O

OCH3 &

% <:>_/O + CHal

One way to make the ether:
HBr Br NaOCH, OCH,
ROOR THF
ether
hv

+ E2 product
(continued)




o R TR R S e 0 2 [

416 Chapter Twelve
Problem 12,19 (continued)

The benzylic radical has several resonance structures that would help stabilize such an
intermediate.

OH

OH
(CH3)3C C(CHg)3 (CH3)sC C(CH3)3

-~ - —————

«CH> CH,

OH
(CHg)sC C(CHg)s (CHg)sC
-
CH,
«OH
(CH3)3C C(CHS)S
~— -
CHz

However, the phenoxy radical allows for more substituted radicals in the resonance structures. In
addition, the phenoxy radical avoids the steric interaction between the O—H hydrogen and the
bulky tert-butyl groups. It turns out that the phenoxy radical is more stable.

oo O
(CH3)sC C(CHa)3 (CH3)sC C(CHg)3
' - -
CHs ‘ CHg
o o)
(CH3)sC C(CHa)s (CH3)sC C(CHa)3
e
CH3 CH3

OH

C(CH3)3

CH,
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Approach to an “outside” position is not so hindered, and the arrow formalism shows the formation
of the real dimer.

Problem 12,18 The bond formed by abstraction of an H atom is an O—H bbnd, with an
approximate bond energy of 105 kcal/mol (Table 7.2, p. 277). Abstraction of Br would lead to an

O—Br bond, which is much weaker, about 56 kcal/mol. Formation of the O—H bond is exothermic,
whereas formation of the O—Br bond is endothermic.

-Gy

» R—O—H + -Br: Exothermic by

17.5 kecal/mol
87.5 kcal/mol ~105 kcal/mol
_ A RVYe e Endothermic by
R Qq (l;r\ H » R—O—Br: + H-  315kcalimol
87.5 kcal/mol
~56 kcal/mol

Problem 12.19 One possible reaction between BHT and a radical is hydrogen abstraction from

the benzylic position to form a benzylic radical. An alternative hydrogen abstraction pathway

would involve abstraction of the O—H hydrogen, resulting in formation of the phenoxy radical.
OH

(CHa)3C C(CH3)a
_%
°R
CHj
OH (Jo
(CH3)3C C(CH3)a (CH3)aC C(CHz)3
or
«CHy CHs

Benzylic radical Phenoxy radical

(continued)




4114 Chapter Twelve
Problem 12.15 (continued)

Energy —>

: O
— Ay — SSe

alll[,lll

Problem 12.16 Table 12.1 shows the BDE for breaking the C—H bond of propane to give the
secondary radical. That value is 98.6 kcal/mol. The closest entry in Table 12.1 for making the
primary radical of propane is the value of 101.1 keal/mol for the ethyl radical. If breaking the
primary C—H bond requires about 2.5 kcal/mol more energy than breaking the secondary C—H
bond, then we can estimate that the secondary C—H bond is about 2.5 kcal/mol weaker.

H H H H H
\/ &/ /
\/\ > -C/ \CH vs. \/\
3

/\ /\ /\
H H

BDE about 101.1 kcal/mol 98.6 kcal/mol

Problem 12.17 The “obvious,” “just push ’em together” dimer suffers from severe steric problems.

The large groups attached to the central carbons bump into each other.

@P

O~ — O
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Problem 12.14 Azobisisobutyronitrile (AIBN) decomposes to give two resonance-stabilized
radicals, whereas simple azo compounds do not. This stabilization of the products by resonance
makes it easier to break the bonds in the starting materials.

A o
(CHS)SC—KN\‘:’/@—CC(CHS)S 2 > 2(CHj)sC- + Nz AH®= 42.2kcal/mol

(CH3)2(|3 ——N:@—T(CHS)Q (CH3)2(|3') (CH3)2(|3|
C )
i ¢ —f 2 Il C | AH° =31.9 keal/mol
m i b
h AIBN - L s Np o

Problem 12.15 The interconversion between the sp®-hybridized radicals must go though the

sp? hybrid. The energy diagram shown here is correct if sp® is the more stable hybridization for the
radical. For allyl and benzyl radicals that can be involved in resonance, the sp? form is more

stable than the pyramidal sp®hybridized atom, as shown on the next page.

Energy —»

A\
— A —_— A

-lll“lll

(continued)
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Problem 12.12

(a) The most likely C—C bond cleavage would be the one between C(4) and C(5) of 2-pentene.
Cleavage of that bond would give the resonance-stabilized allylic radical and a methyl radical. -

W\—’ HC NN

heat

(b) Cleavage between C(3) and C(4) of 4,4-dimethylcyclohexene would form the allyl radical and a
tertiary carbon radical. These are the most stable radical intermediates that can be formed by
breaking one of the C—C bonds. Cleavage at the other allylic pos1t10n would give an allylic radical
and primary carbon radical.

(¢) Thermolysis of 6-methyl-3-heptene would give the most stable radicals by cleavage of the
C(5)—C(6) bond. That generates an allylic radical and a secondary radical. Cleavage at the other
allylic position would give an allylic radical and the less stable methyl radical.

/\/\/k—>/\/\K

heat

Not

CHy NF

(d) Cleavage of the C(1)—C(2) bond in 1-phenylpropane gives the very stable benzyl radical and the
ethyl radical.

v

Benzyl radical

Product 12,13 The arrow formalism for this reaction is easy, although little else about this
reaction is. The arrows run from the breaking bonds to the new (forming) bonds. We will meet this
molecule and this reaction again in exquisite detail in Section 23.6.

( \Q;D2 A = Nep
r\/CDQ \/CDz

1,1,6,6-Tetradeuterio-1,5-hexadiene 3,3,4,4-Tetradeuterio-1,5-hexadiene
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NN\ —> CHs /\
Bond strengths: favored by 23 kcal/mol
Radical stability: favored by 6.4 kcal/mol
Entropy: : favored at higher temp

It must be the entropy factor that favors the B-cleavage reaction.

Problem 12.8 The metal catalyst provides a surface from which the carbon radicals can abstract
hydrogen atoms. Carbon radicals gain hydrogen atoms to become alkanes.

HSC\CHz/ CH/D\,gHZ/ ot heat |-bC\CHz/ éHz qHz/ e
Wy " HSC'\CHZ/ o CHy chte
S\ pg

Metal surface saturated
with hydrogen

Problem 12.10 There are, of course, numerous possibilities, and the text will go on to discuss a
number of them. The stability of radicals increases with substitution, so one might imagine that
the bond dissociation energy of carbon—carbon bonds would decrease as substitution increases. One
answer to this problem is as simple as “propane!”

BDE (kcal/mol)
H3C—§—CH3 — 2 ‘CH3 90.1

HgC~0~CHpCH ——= CHg *+ -CHxCHj 89.0

Problem 12.11 Lowering of the product energy is accompanied by a lowering of the energy of the
transition state leading to product and, therefore, of the activation energy for the reaction.

ﬂ\ Difference in transition
state energies

ALY
-
»
4
”

Less stable product
Difference in
product energies

mmism \ore stable product

Energy

AGpF
~—— New activation
energy +
Starting AGg
materials

o et e i o e

Y

Reaction progess
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Problem 12.6 (continued)

(b) Disproportionation of this radical will give 1-methylcyclohexene and methylenecyclohexane.
#
(WM y

/'\ R

Ho —_— CH, + H—R

I—Q

1-Methylcyclohexene

CH2 H—R

Methylenecyclohexane

() This radical will give (E) and (Z) 4-methyl-2-pentene and 2-methyl-2-pentene.

H\)\

(E)-4- Methyl -2-pentene (2)-4- Methyl -2-pentene

H H

—_— X + H-R

A L,’
*R
H\ \\/ 2-Methyl-2-pentene
14

(d) This benzyl radical will undergo disproportionation to give styrene.

Phenylethene
(styrene)

Problem 12.7 In a B-cleavage reaction, one molecule cleaves into two, causing an increase in

entropy. Recall that AG° = AH® — TAS°, which means that the entropy factor will become more
important as the temperature increases. We see from Table 7.2 that the BDE associated with formation
of a secondary radical is 98.6 kcal/mol, and the BDE for formation of the methyl radical is 105 kcal/mol,
which means that the products are about 6.4 kcal/mol more stable based on just the stability of the
radical intermediates. We do break a ¢ bond and form a 7 bond in this 8 cleavage. In Table 7.2, we see
that breaking the C—C bond costs 89 kcal/mol and forming the & bond gains 66 kcal/mol, which means
the starting material is 23 kcal/mol more stable based on the bonds broken and formed.
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Problem 12,5 In the transition state for abstraction of hydrogen from butane by a methyl
radical, the carbon-hydrogen bond of butane is partially broken and the methyl-hydrogen bond is
partially made.

Meéhyl :
radicalr—

CHs o Q_*Q

H H

| —_— —_—

/\/CH2 gHz /\/CH2 + CH,

Transition state Aprimary radical

Methyl _
radical 5 ]
CHj CHs;
H f
c|:H T C:)H - _CH v O
|_Transition state | A secondary radical

Each of these two reactions is somewhat exothermic, as the carbon—-hydrogen bond in methane is
stronger than either carbon—hydrogen bond in butane. Accordingly, in each transition state the
hydrogen atom is slightly less than halfway transferred (the transition state is slightly “starting
material-like”). Recall the Hammond postulate. Do you see why in the transition state for breaking
of a secondary carbon-hydrogen bond the hydrogen is slightly less transferred than in the
transition state for breaking a primary carbon-hydrogen bond?

Problem 12.6

(a) Disproportionation of this radical will give 1-hexene and the (E) and (Z) isomers of 2-hexene.

-

H H™ H
: sl *CHs |
HsC—CH,—CH,—CH—CH—CH, ———> H3C_CH2—CH2—CH—CH:CH2 + CHy

H )//H\ H

1=~ | *CHj |
HsC—CH,—CH,—CH—CH—CH, —> H3C—CH;—CH,—CH=CH—CH, + CHa

(E) and (2) isomers formed

(continued)
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Problem 12.2

(a)
CHs CHs
| YRS

HC—C—CH=—=CH—CH,  <«——» HsC—C—CH—CH=CH,

CHs CHs

(b) This radical is called a benzyl radical. It is a particularly stable radical.

C\(. CHs, . CH»
: @)

NS

CH2 E:HZ
)

(c) The carbon radical will be in a p orbital in order to delocalize with one of the lone pairs of the
oxygen. The resonance structure we draw for that mixing has nine electrons around the oxygen. It
is a @ bond with three electrons (two electrons in the = bonding orbital and one electron in the n
antibonding orbital).

N Ao,

HsC—CH,— CH—O—CH; ~<—— HyC—CH,— CH=—0—CHjs
(d) Notice that all five carbons share the radical.
CHs CH3 CHz CHs

CHj
P @
C@ - -) - ¢ <—>C -
¢ .
(]

D (= |

Problem 12.4 The carbon—carbon bond is weaker (90.1 keal/mol) than the carbon-hydrogen bond
(101.1 keal/mol) and therefore is easier to break.




Radical Reactions

reverse the regiochemistry of addition of hydrogen bromide to alkenes, for example, or to

introduce functionality at the position adjacent to a double bond. The following problems allow
you to practice such things. Many more radical reactions are known than are discussed in this chapter,
and these problems allow you to find a few. Radical chemistry, though different from the polar
chemistry we have emphasized so far, nonetheless can be understood through an analysis of structure
and orbitals. Keep in mind that chain processes abound in radical chemistry. In such reactions, a
chain-carrying radical is produced in one of the propagation steps. In a sense, this is analogous to the
regeneration of a catalyst at the end of a polar reaction. There are clues to the presence of a radical
reaction: The presence of peroxides or N-bromosuccinimide (NBS) is one clue, for example.

Radical reactions provide new opportunities and new difficulties. Radical reactions allow you to

Problem 12.1

(a) The nucleophile is the oxygen of the alcohol, specifically one of the lone pairs of electrons. The
electrophile is the acidic hydrogen of HBr, specifically the antibond of the H—Br sigma bond.

CHs CHs H

| ® | .-
A O = W s

CHs H CHs

(b) The nucleophile is the © bond of the alkene. The electrophile is the acidic hydrogen of HBr,
specifically the antibond of the H—Br sigma bond.

HsC HsC H
N . \+ /
Ho  + Bri  ——— /c——cH2 + B
HaC ‘ HsC

(¢) The nucleophile is the iodide ion, specifically one of the lone pairs of electrons of the iodide. The
electrophile is the carbon bonded to the Br, specifically the antibonding orbital of the C—Br bond.

/\/BO —_— /\/\“ e —
+ Bre -~ I° + Bre

407
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Problem 11.73 The LUMO density for the bromonium ion in this reaction is located on the
bromine of the bromonium ion (labeled 1 on structure in the figure), on the left-side carbon of the
three-membered ring (labeled 2), on the right-side carbon of the three-membered ring (labeled 3),
and on the hydrogen that is on the adjacent carbon to the three-membered ring (1abeled 4). The -
reaction of bromide with the LUMO at position 1 is just the reverse reaction of the formation of the
bromonium ion. Reaction at the LUMO on either of the carbons (labeled 2 or 3) gives the enantio-
meric trans dibromides shown. Reaction at the LUMO on the hydrogen labeled 4 gives
3-bromocyclohexene.

+Br 1

L > =

Br
B
<\ Q
Br

The mechanism for the reaction with the hydrogen labeled 4 is shown.

- /\_

Problem 11.74 Yes, the energy diagram for this reaction is consistent with a concerted reaction.
There are no intermediates in the diagram. In Table 7.2 (p. 277), we can see that the alkene w bond
and the O—O bond are worth 117 kecal/mol (66 + 51 keal/mol). The epoxide has two C—O bonds at
92 keal/mol each. Even with the strain of the three-membered ring (27 kcal/mol), the reaction with
hydrogen peroxide should be favored. In practice, hydrogen peroxide works better with electron-poor
alkenes such as the enones we w111 see in Chapter 19.
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If a cyclic bromonium ion had been the intermediate, only the trans dibromide could have formed.
Because both cis and trans diastereomers are formed, the open cation must be involved.

Problem 11.72 The intermediate carbocation is relatively stable. Notice that the energy of the
intermediate is relatively close to that of the starting material.

Resonance structures (A~F) are shown here. Based on the LUMO representation, it appears that
structures C and D contribute most. Perhaps structure F contributes least. It is clear that the
structures B, E, and F contribute less than do A, C, and D. Notice that A, C, and D maintain
three double bonds in one six-membered ring (aromaticity). Structures B, E, and F do not have
any aromatic rings. This lack is a likely reason for the higher weighting factor of A, C, and D.

|H<—> ||H‘_> ||H(_>
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Problem 11.71 In addition reactions of bromine, there is always a competition between forma-
tion of a cyclic bromonium ion and an open carbocation. Anything that will favor one over the
other may tip the balance in favor of that mechanism. In this case, formation of an open ion is
favored by resonance stabilization.

C=C—H

l Br»
Br o Br
+ / 4
C=—=2C - c—C
@7 \H @Z \H

I

Br I Br
4 /
CcC=—C -~ C—
@Z S @Z C\H

Now, addition of the bromide ion can be to either lobe of the empty 2p orbital, thus giving both
stereoisomers.

(b)

Br H
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3-Octyne can be prepared by alkylation of the acetylide of 1-butyne with bromobutane, a molecule
we made in (a).

: _ SN2 .
Br/\/\ + Et—C==C: » Et—C=C—Bu

The acetylide comes from the corresponding acetylene:

NaNHz/NH _ .
Et—C==CH - Et—C==C:! Na

(d) The trans epoxide must come from epoxidation of a trans alkene. In turn, the trans alkene
comes from a stereospecific reduction of an alkyne, in this case, 4-octyne.

H\ /Pr
— /C:C\ — Pr—C=—=C—FPr
Pr H 4-Octyne
Pr = propyl, CHQCHQCHs
or
@)
H Pr
_ Na/NH;  \ / CF3COOOH
Pr C=——=C Pr——— c—=C I
TN o iy
Pr H P; 7

4-Octyne can be made from the acetylide of 1-pentyne and propyl bromide. Both reagents were
made in (b).

Sp2

Pr—C=C: + pg— >~ ——— Pr—C=C—Pr
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Problem 11.70 (continued)

There are other possibilities. For example, we could use the 1-hexyne we made in part (a). The
retrosynthetic analysis looks like this:

0 ' \
H
In other words,

1. Oy
Ha CH,Cl,

\/\/ Lindl N '
C';talsgt = 2. (CH3),S l

H
: © M
\K v o
H

(c) Retrosynthetic analysis suggests that our target epoxide should be available from 3-octyne.

__ __
—— C—= N —_—> Et cC—C Bu
H W i Et Bu 3-Octyne
Et Bu
Bu = butyl, CHoCH,CH>CH3
Et = ethyl, CHoCHj ‘
In conventional terms,
H H\ H CF3;COOQOOH A
3
Et—C==C—Bu 2 - =7 =
Lindlar catalyst AN e &r
Et Bu

Et Bu
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We still need to make bromobutane, however, because this material isn’t an allowed starting
material. We might reduce 1-butyne to 1-butene, hydroborate, and then form the bromide.

TN TN = SN = /

Br

So the synthesis would lock like this:

1. BH,
Hz THF

/ HO o
— Tmder. 2N 20, NN

catalyst NaOH . PBrs
\{EF

HC=C

O
Hg®* .
« : ¥ % Br\/\/
H>O/H3;0

(b) The target molecule, pentanal, should be available from 1-pentyne through a hydroboration-
oxidation sequence with diisoamylborane, HB[CHCH3;CH(CHg)sl5. 1-Pentyne can be made through
a sequence similar to that used for 1-hexyne in (a).

H/’(J)\/\/ — \/\

Here is the synthesis:
1. BH3
H, THF HO
_ —_— $ —_—
= ndlar. 2 ™ 2.H,0, TN
catalyst NaOH PBrs
THF
O 1
)]\/\/ 2 > \/\ JO=C B
H B - \/\
2.H505
NaOH

(continued)
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Problem 11.70 In all synthesis problems, it is imperative that you work backward. This is called
“retrosynthetic analysis” by those who do it for a living, and every successful synthetic chemist
analyzes problems this way. There is even a special, “retrosynthetic” arrow that points to the
immediate precursors to the target. Thus,

Target = Precursor molecules

(retrosynthetic
arrow)

Who are we to disagree? We won'’t. In practice, the rather fancy term “retrosynthetic analysis”
simply means, “search for the immediate precursor for the target molecule.” Do not attempt to see
all the way back to the ultimate starting material. At this point, when we have relatively few
synthetic methods in our arsenal, it may be possible to do synthetic problems “forward.” But this
practice is bad technique, and it is best to do these problems the right way.

(a) In this case, we can see that the target, 2-hexanone, could be made from the mercury-catalyzed
hydration of 1-hexyne. (2-Hexyne would also give some 2-hexanone, but this route would not be
practical. Why?)

S = ="

However, 1-hexyne has two more carbons than our allowable starting materials, so we need a
synthesis of this molecule. The problem has been reduced to finding a synthesis for 1-hexyne.
Here is a suggestion: An Sn2 reaction between an acetylide anion and bromobutane would do
the trick.

_ﬂ i —= = HC=cC: Br\/_\

The acetylide can be formed from the reaction of a large excess of acetylene, an allowed starting
material, and sodium amide (the excess acetylene reduces the formation of the diacetylide).

HC=cC: — HC=CH + NaNHy/NH;z
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A two-step mechanism must involve hydrogen abstraction followed by recombination:

R

o~ R - AR -
— ‘C< =P, | h—=3Gl P2, cC—H

| R (abstraction) ‘ \R (recombine) l |

R

(b) The Doering and Prinzbach experiment shows that the insertion reaction must occur in one step. A
two-step process would generate a resonance-stabilized intermediate allyl radical, and the position of
the label would be scrambled. As this does not happen, the reaction must be one step.

An allyl radical

CH; H  stept CH CH
s S/ x ° . ¢ A
H,C——=C :C » | HbC——=C > H,C—C H—C
NeHy ek N SH
CHs H (abstraction) 3 CHs I
. step 2 . ‘CH3
CHs l (recomt?ination) CHy
CH
* CHQCH3 % // 2
HQC:C\ CH3CH2‘_C
CHs CHs

These are the same alkene, but the labeled
carbon is in a different position

Problem 11.69 Both hydroboration/oxidation and mercury-catalyzed hydration of 2-pentyne
must give a mixture of two ketones, 2-pentanone and 3-pentanone. Neither process is a useful
preparative method. By contrast, either procedure applied to the symmetrical alkyne 3-hexyne
would give the same product, 3-hexanone. Either would be a reasonable preparative method.

Hg(OAc), o o
H20, HzO" I + I
HsC—C=C—CH,CH or; C C
3 2¥Ts HB HiC”~  CHCH,CHs CHsCHy™ “CH,CHs
1. R>
2-Pentyne >
2. HOOH, HO™
Hg(OAc),
He0, HzO" I
CH3CH,—C=C—CH,CH or ~
CHpmC=C—CRCHs R, CHoCHy” T CHoCH,CH
3-Hexyne —>

2. HOOH, HO™

L R S TSP SV
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Problem 11.67 Retention of stereochemistry means that aziridine formation must take place in a
single step.

HaC CH

HC. -~ CHg 8 °

H3COOC\N,: H H _ H H
one-step addition :N
I

COOCH3;
2

A two-step addition would give both 2 and the stereoisomeric 8. As only 2 is formed, the reaction
must occur in a single step. In turn, that implies a singlet, all-paired electron structure for the
nitrene reacting species. .

HsC CHs HsC H
H H H CHs
Yo )
COOCHj3 COOCHg3
2 3
step 2: step 2:
close close
HsC
step 1: addition rotatlon
HyCOOC-_... Q QJ\
N: }40
H
COOCHa COOCH3

Problem 11.68

(a) In a one-step reaction, there can be no intermediate; the product must be formed directly. There
really isn’t much to draw in this case.

|/‘\
__T_..

:C

H e
N \R |
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So the formation of 3 becomes diagnostic for the nature of the mechanism of aziridine formation.
A one-step mechanism cannot form 3; a two-step mechanism must form 3.

Problem 11.66 Azides behave much like diazo compounds. Just as diazo compounds can lose
nitrogen to give a carbene (divalent carbon), so azides can lose nitrogen to give “nitrenes”
(monovalent nitrogen). '

H3;COOC
HsCOOC\,,— + \
C—N==N: — N + C:
VAR /
H o H
Diazo compound A carbene
HsCOOC—_ .- + | '
~s . H;COOC .
NT_,L\I:N. —_— No + 8 \N:
Azide A nitrene

Carbenes add to alkenes to give cyclopropanes. Nitrenes behave in similar fashion, forming the
three-membered rings called aziridines.

R R R R
H3sCOOC > <
N R R
C: — R R
/
H
A carbene H COOCHz
Cyclopropane
R R
R R
chOOC\ .. R: R R R
N: _—
:N
A nitrene |
COOCH3;
Aziridine

2
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Problem 11.64 (continued)

The formation of the single stereoisomer 1 with retention of stereochemistry (the trans alkene
gives a trans five-membered ring) means that the mechanism of formation of 1 must involve no free
carbocation (2, for example) capable of rotation that would scramble the stereochemistry originally
present in the alkene. The more electrophilic nitrogen of the azide is the terminal nitrogen, and-it
probably starts to bond to the C(2) carbon first, which would explain why there is only one regio-
isomer in this reaction. The ring closing process must occur at essentially the same time, since
there is no free carbocation.

Ph . .e +
\I}{—I\IZN: Ph \—N-/ AN

Ph”ll'll,, _ j\\\\“\H E— Phl“lnn..,+

ant

H ICH3 H

1. rotation .
——— cis and trans Isomers

< " 2. close

Problem 11.65 In the concerted mechanism, nitrogen is lost in a single step to give aziridine
2. The trans stereochemistry present in 1 will be preserved in 2.

There are many possible two-step (nonconcerted) mechanisms. All must go through an inter-
mediate in which the stereochemical relationships originally present in the alkene and triazoline 1
can be lost. Both 2 and the stereoisomeric 3 will be formed. Here is one possibility.

N N *3 N
al \N/ X N: Ph \N/ \\\N_' rotate  FN \N/ \N‘.
: ¢ hD o0 * —— o0
) — . -~
open + +
Ph\\\\\- 'l“IH ring Ph“\\\‘ 'l"IH Ph\“\\\ 'UIICHS
H CHs H CHs H H
1 i
lose No lose Ny
and close and close
Ph Ph

I
N:

I
N:
Ph\g NH Ph\¢g’ N//CH;
H ~H H
3

Wy
2

CHs
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Problem 11.68 First, form the primary ozonide and allow it to break down to give the carbonyl
oxide and, in this case, acetone.
O

S A L

R =CHs Acetone Carbonyl oxide

If the carbonyl oxide diffuses away from the acetone, it can collapse to the dioxirane.

O0—oO
&\O N
)L R R
R R

Alternatively, it might be captured by another carbonyl oxide molecule, which eventually leads to

the six- and nine-membered rings.
R ><R >[\

|
R\‘/R N vz\ °°7' >< %\ _0
/\/Lﬁ o o . close

R><R \ \f\/o—\o

add another /
carbonyl oxide 5 R
O R
R

Problem 11.64 The arrow formalism is easy. In principle, but not actually, the compound with
the Ph and CHj cis might have been formed.

Ph\ N
L ] Ph L ]
-~ N—N=N" ~7 Xy .
°* + enantiomer
YO w —
Pha, wH Ph“H’H
,C=—0C H CHs
nd Ve, 1

(continued)
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Problem 11.61 The third step in this reaction sequence uses an acid-catalyzed dehydration to go
from the alcohol to the alkene. This reaction gives the most substituted alkene as the product. It is
the desired alkene. You might have been tempted to use an E2 reaction to make the alkene. But
you would need to convert the OH group into a leaving group first. If you make it a tosylate (OTs),
for example, then the E2 reaction would not give the desired product. The only available anti-
periplanar B hydrogen results in formation of the less substituted alkene.

\\\\OH
CF3COOO0OH “, 1. CHzMgBr/ether -
: /, -
CHJCl, “\\\\O 2. 5% HCI
Cl
catalytic Cl
HoS0, CHCl5

heat o .
4-o <

Problem 11.62 Once formed, the carbonyl oxide can be captured by any carbonyl group present.
If acetone is present as solvent, it will have a great advantage in the capture process over the
carbonyl group produced from the original alkene.

Co

BrH.C, CHs o, o/ \o 0 O\
>——< ﬁ —_— Jk + O
HaC CHo,Br  BrH,C cHy ~ BHC CHs *
HsC CH.Br BrH,C CHs
Carbonyl
} 3 oxide
HsC r/CH_s\ O\ 0—O
Solvent \”/ O HsC CHs
) el K
BrH.C CHs HoC O CH.Br

2
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Given that 3 and 4 are formed by partial hydrogenation of 1, we now know 1. Full hydrogenation of
1 gives 2.

CH2

full partial
hydrogenation hydrogenation

Problem 11.60 For a-terpinene (1), there is only one way to put the pieces formed on ozonolysis
back together. (Remember: With an oxidative workup, carboxylic acids, not aldehydes, are formed.)

OH
These structures allow us
to piece together the structure
of a-terpinene 1

For y-terpinene (2), there are two ways to put the pieces back together. However, o:rﬂy one of the
possible cyclohexadienes would yield 1-isopropyl-4-methylcyclohexane on hydrogenation.

1. 03
OH 2. H202 Pd/C

But only this possibility
hydrogenates to give
1-isopropyl-4-methyl-
cyclohexane

H
‘ 1. 03
2. H202
This structure would
not give 1-isopropyl-4-
methylcyclohexane

on hydrogenation

Either set of structures allows us to piece
together a possible structure for y-terpinene
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Problem 11.58 (continued)

Hlln .\\\H

Ufrom
\/\/\/\/\/WK
Ufrom
NN T —
— Y

Ufrom

Br

Now we know the path forward. We can deprotonate the 7-methyl-1-octyne, alkylate it with
1-bromodecane, hydrogenate with poisoned Pd, and then epoxidize with a peroxy acid.

1. NaNHo/THF . HsC(CHQ)BCHQ—W —
2. CH3(CH2)BCH2Br

Hz
Pd/CaCOs/Pb
ethanol

Hip A\ GH _CF3COO0H —
HaC(CHz)sCHz CHCL H3C(CH2)30H2/W\/\(

Problem 11.59 The ozonolysis data let us piece together the structures of 3 and 4. Ozonolysis
results in the conversion of a carbon—carbon double bond into a pair of carbon—oxygen double
bonds. Accordingly, the structures of the products tell us the structures of 3 and 4.

CH>,
AJ\/ 1.03 (”) (”) Formation of these two
> compounds implies the
2. (CH3)oS C structure of 3
/ \/
CH>» .
CH> '
1. O3 I o Formation of these twho
— @) compounds implies the
H 2. (CHg)2S g structure of 4




More Additions to 7 Bonds 391

6=5.81 ppm 8 =1.27 ppm
H H H
CHj 8 =0.90 ppm

H
/ ’ CH3

5.00 ppm H H H H
5 =2.05 ppm 6 =1.56 ppm

A

Now we can determine the structure of B, because we know that an alkene gives an alcohol when it
reacts with catalytic H,SO,4 and H;0. Compound B must be 5-methyl-2-hexanol. We can see if the
NMR spectral data match this structure. The signal for the OH hydrogen should shift when D,O

is added to the sample. Therefore it is the signal at § 2.29 ppm. The C(2) hydrogen should be
strongly deshielded by the oxygen, and we predict its signal to be at 6 3.8 ppm. It must be the 1H
signal at 8 3.75 ppm. It should be a sextet because it is adjacent to the C(1) methyl and the C(3)
methylene—it “sees” five hydrogens. We would not expect this signal to be a clean sextet, because
the five hydrogens are not equivalent. The C(3) hydrogens are diastereotopic, which should add to
the complexity of this spectrum.

The signal at § 1.49 ppm must be a CH; once removed from the electronegative oxygen, and the
signal at 6 1.18 ppm must be a CHj also slightly deshielded by the oxygen. The coupling for the
signal at & 1.49 ppm must be complex due to the hydrogens being diastereotopic (nonequivalent).
That makes it difficult to predict the rest of the molecule, but we know there is an isopropyl group
because of the 6H doublet at 6 0.89 ppm. That allows us to assign the remaining signals as shown.

6=2.29 ppm 5=1.23 ppm
o M
5 =0.89 ppm
o= \
1.18 ppm
=1.49 ppm 6 =1.46 ppm

Problem 11.58 The epoxide of disparlure must be obtained from epoxidation of the cis-
substituted alkene. We know that we can obtain the cis alkene from the corresponding alkyne.
Alkynes can be alkylated by Sy2 reactions between the acetylide and primary halides. The
structures are shown here:

(continued)
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Problem 11.56 In this intramolecular version of the periodate cleavage reaction, both new
carbonyl groups appear in the same molecule.

(’)H
0 OH o
_ -
OH H
(o HelOs (% 0T 1INy —= 0
chs OH HsIO
+ F3lly
cis Diol H H

Ozonolysis of 1-methylcyclopentene with a reductive workup [(CHjz)oS or Ho/Pd] would lead to the
same product.

In the trans diol, the two hydroxy groups are too far apart to form the cyclic intermediate easily.
Reaction of trans diols with periodate is slow at best.

OH
’ OH
HO,, | WOH
CHy + HO/ T\O ——  No easy reaction
OH HO

trans Diol

Problem 11.57 Compound A (C;H;,) has 1 degree of unsaturation. We know that it will react
with catalytic HoSO,4 and H,O, so it must be an alkene rather than a ring, which would not react
with acid and water. We can see from the NMR spectral data for A that there are three vinyl
hydrogens. The are no other groups in the molecule that can shift hydrogens downfield to the 8§ ~5
ppm region. So we know that compound A is a terminal alkene. There are two hydrogens at 6 2.05
ppm, which is the chemical shift expected for allylic hydrogens. So far we have this structure for A:

6 =5.81 ppm
H
H /
§o
5.00 ppm H H H
6 =2.05 ppm

We know that the signal at 6 2.05 ppm is a quartet. That means it must be adjacent to three
hydrogens. Because the allylic hydrogens will be coupled by the one vinyl hydrogen at 8 5.81 ppm,
there must be a CH; on the other side. That CHj on the other side must be the signal at 6 1.27 ppm
because it is a 2H signal. The signal at § 1.27 ppm is also a quartet, so it must be adjacent to a CH
in addition to the hydrogens at & 2.05 ppm. The CH signal is at 8 1.56 and it is a nonet. It must be
coupled by a total of eight hydrogens. It must be adjacent to the two methyl groups (6 H) that are
at 8 0.90 ppm. Therefore, A must be 5-methyl-1-hexene.
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Problem 11.53 The more substituted an alkene, the better a nucleophile it is. So, it is the
tetrasubstituted double bond that is the more reactive site in this diene.

CHs CHs
R-COOOH .
_ > 0

CH; CHs

But wait! There is another effect we haven’t considered. Is not the tetrasubstituted double bond
more hindered sterically? Yes it is, and the steric difficulties should slow the reaction. So, there are
two factors working in opposite directions. It is the electronic effect that dominates in this case. A
good answer to this question mentions both effects.

Problem 11.54 The alcohol is 2-butanol, and here are the transformations:

a O

1. LiAlH,4
BH 2. H.0
2 H202/HO / (d)
OH

\/\:%81\)\

()

Problem 11.55

(a) Epoxidation is followed by Sn2 opening of the three-membered ring from the rear with
hydroxide acting as nucleophile. Notice that in this reaction, the epoxide is opened from the
sterically less-encumbered side to give a trans diol.

CHs CF3COsH O NaOH H20
CH,Cl, + HO:
H ’/// CH3 CH3

HO:.
" trans DIO|
(+ enantiomer)

(b) Osmium tetroxide (usually in THF) reacts with an alkene via syn addition to make a five-
membered ring intermediate that gives a cis diol after hydrolysis.

0—0 OH
CHs 0s0y4 / SO, NaHSO3 oH

THF -0 H,0 <
H - CHs CH

H H

cis Diol
(+ enantiomer)
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Problem 11.52 (continued)

Chapter Eleven

Opening of these bromonium ions with water leads to compound C, which is a pair of enantiomeric
bromohydrins.

* openingand
( X deprtonation H,C ';1 Br
C/_\C —_— \EC— /
HWy \.//CH3 ~.,///CH
rhd’, \~H HO/, \i_| 3
H,O

The product C is a pair

of enantiomers—the
: Mirror N mixture is racemic

HO
H 2 «CH3 opening and HO\ Cll-_||3
HsC \,C o SaH deprtonation ,
o T A
Br Br

Treatment of C with NaH results in intramolecular Sn2 displacement of bromide to give the
epoxide D as a racemic mixture. The epoxide has two equivalent methyl groups that will be coupled
to the hydrogen on the epoxide ring giving rise to a doublet at 8 1.30 ppm. The hydrogens in com-
pound D on the ring are equivalent. They will not couple with each other. The chemical shift for
these hydrogens will be upfield from the otherwise predicted value (8 ~3.8 ppm) because they are
on a three-membered ring. They give rise to the quartet at 8 2.70 ppm.

H Br H (Br
H;C, = HC;
3\— / NaH 3VaZ H

_>

G Y 3
P LN \

c—c”? NeH_ o § . /\

“\|"C_C"

Y HW I CH,
HsC Br HsC Q\Br / S

HsC H

D (C4HgO), a racemic mixture
of enantiomeric epoxides
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Treatment of A with NaH forms the alkoxides, and intramolecular Sy2 displacement gives the
same meso epoxide, B, in each case.

Br
H ., / H ,,, /Bj
C.

HaCaZ
oA

The keys to seeing this step of the problem are remembering that NaH is a useful base for forming
alkoxides, and the recognition that an HBr is lost in going from C,HgOBr to C,HgO.

The ¢trans-2-butene undergoes exactly the same reaction sequence, but the stereochemical
relationships are different. The bromonium ion can be formed by addition of the bromine from
either the top or bottom of the alkene to give a pair of enantiomeric ions.

+
Br Addition of "Br*"
/ \ from “top"
H\\\yC %ICH?,
H
, nCHz - Bry These intermediates
. “o—¢" — are enantiomers—
H3C/ \H H0 : Mirror _~~  the mixture is racemic
trans-2-Butene H//,, \\\\CH 3
HacNC C*;AH Addition of "Br*"
\ / from "bottom"
Br
+

(continued)
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Problem 11.51 First of all, what are the basic mechanisms of bromohydrin formation and
epoxide formation from the bromohydrin? The first part is a straightforward addition reaction
covered many times already. In the second and more difficult part of the problem, alkoxide
formation is followed by intramolecular displacement of bromide in Sy2 fashion. Thus, this process
involves two inversions of configuration. Two inversions result in net retention of configuration as
cis alkene becomes the cis epoxide. A mechanistic analysis should make this clear.

:Br
) K

('B-r_3!° :Br: \ /CHS

HI”'“'"C—_CAM“\“H D S \\\‘7 \
— ~ - “\\“-ﬂ‘ & verS|on1

He? CHs H|:C/ ( \” m | %

H
cis-2-Butene HOH : /* H
" : HOH
H l T deprotonation
%, N . .
HsCanl, c C.yCHs Sn2 =I,3,r4> H :Br H

. \\\\ L] \\\

\ 7 ~ \ SaCHs \ ~*‘,CH3
inversion 2 .C—

HoX - H\\\“\‘
cis Epoxide |.| C \_/ H C/ \ -
3 3 :0—H

Problem 11.52 Formation of the bromonium ion and opening by water leads to a racemic
mixture of bromohydrins (3-bromo-2-butanol, A).

(a) H:;C(C /

<a)< . )(b) -/ \
AN /H Bra/HxO | / \ opening and

/CZC\ — ' C—C. deprotonation
w 1,
HaC CHg H N “H By H
(@)/\(b) .
cis-2-Butene

H3C OH

Product A, C4HgOBr, is a
racemic mixture of bromides
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Addition of BH3 will be from the side away from the the Zert-butyl group. Accordingly, the final
product will have the cis stereochemistry shown:

C(CHg)3 C(CHg)3 C(CH3)3

The mercurinium ion will form anti to the tert-butyl group. Opening by water at the more hindered
position followed by borohydride reduction will lead to the compound with the OH cis to the
tert-butyl group.

Hg(OAc)» H-O NaBH4
—_— —_— —_—
+
"'""Lng(OAC) - OH .,,,,, OH
g 7——Hg(OAc) “CH;
C(CHa)s C(CHa)3 C(CHa)3 C(CH3)3
Hydrogenation will occur preferentially from the side away from the large tert-butyl group.
H,/Pd/C
\\\\\\\\
- C(CHy), C(CHy),
The major—not exclusive—product will come from addition of water to the intermediate
carbocation from the side away from the large tert-butyl group. There could be a hydride shift—
what product would that give?
H,SO,
S (WO X (WCHs
H,O \ \
CH, OH

C(CH;), C(CH,3), C(CH3)4
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Problem 11.49 In the acid-catalyzed reaction, the first step is the protonation of the epoxide
oxygen to give a resonance-stabilized cation. The two bonds from carbon to oxygen are different as
the tertiary carbon will have a greater share of the positive charge than will the primary carbon.

Jok :OH :GH :OH

+
H3C“‘VC_CV'IH Hsc‘““/‘.C_CVI/H Hsc\\\\‘“/'“C_C"’UI/H HSCV‘WC—CV”H
H

H3C H L H3C H HsC H H3C

The alcohol will add predominately to break the longer and weaker, more substituted carbon—oxygen
bond. Deprotonation of the intermediate oxonium ion leads to the product and regenerates the
catalyst, the protonated alcohol.

+

:OH HsC, :OH HsC, :OH
C Hscs\""a. / HaCaZ, /
wiC—C., =~ —= c—¢cC. — c—cC..
N = ST e T
G ., H [t H :0 H
HQR (’H oo\R oo\R +
HOR HOR

The base-catalyzed reaction is a straightforward Sy2 displacement of a leéving group by a
negatively charged nucleophile. The epoxide opens from the less hindered side. Proton transfer
completes the reaction and regenerates a molecule of alkoxide.

-~

RO——H -
.0 i <.\(')'.‘ ‘OR
/ \4> Sn2 ' \c . /HH HO: Ky
C—C, — wi O — P
HsCVp N“H HSC“‘/ \ H C\\\\“""C Q
H30/ .%R\H i HsGC :OR ?430/ \OR

Problem 11.50 The cyclic osmium intermediate will be preferentially formed anti to the zeri-butyl
group, so opening will give the product shown:

0OsOy4 Na2803
THF e} H20
N \OSOQ JMOH
3 OH

C(CHg)3 C(CHs)3 C(CH3)3
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Similarly, in the addition to trans-2-butene, an open carbocation must lead to two products, a
result not observed experimentally:

Br /_T?’r' (a) Br Br Br
(' ' HeCm, e/ @ N -/
H5Cs, aH - BT —_— .C- Q
3y, W Br C C"': e 'y,
/C——C\ — 3 H" \"H HyC" \ "H
H CHs \\JQ b, H CH3
(b) (b) o rotate
HsC, /Br H, Br
H %, . H-C “,
" ~c—<¢. TS e —C
€so compound / V,,/// / V/,H
H
Br CH3 Br CH3

Diastereomers

A bromonium ion shows how the experimentally observed single product, a meso compound, is
formed.

H 30/, /Br
50% Hmlo__

Br CHjs

-
Br (d) N
HaCu,, ( /H C 4> Br B’

W t1sy Meso compound \
/ \C H 3 H 3C w \ ( \Ié H C\\\\\\‘/ \”’ /I//C H
3
\

50%
paih ()  Bf H
\ /CHs

HsC“\VC

H Br
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Problem 11.47 Each of the potential products shown in Problem 11.46 would be formed as a
single enantiomer. The stereogenic carbon in the starting material is the (R) configuration, and it
does not change throughout the reaction. Forming a racemic mixture would mean that the isomer
with methyl in the (S) configuration would also have to be present. -

Problem 11.48 In the addition of Brs to cis-2-butene, an open carbocation must give two
diastereomeric products.

/—\

(v Br Br /\@ Br Br

H /I[,“ \\H H/,II,, C (a) \C /

HS C/ - \CH //// H““‘/“’ ..\'l///H
HsC CHj

(b) rotate
H/ Br Hsc//, Br
HoCalr / Hawlen /
“y "ty
Br/ \CHI-; Br/ \CH3

Diastereomers

As this result is not observed, this mechanism must be wrong. Formation of a bromonium ion that
opens up in an Sy2-like fashion solves the problem. The bromonium ion must open by addition of
bromide from the rear, and this reaction leads to racemic dibromide when cis-2-butene is the
starting material.

H Br

2,
“,

50% HsC
path (c) 8 \

— / \'W/
"H

* Br
(©) ~Br= (d) CHs
H //,,,, ( / wwH ( A> / Mirror /

50% o=t
TN
—_—

HSC Br

Racemic mixture
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(g) Start with (d): PBr;

(h) 1. CF3COOOH 2. "OH/H0

(i) Bry/CH3OH

(j) Start with (b): 1.03 2. HOOH

Problem 11.45 Once again, there are many possible correct answers. Here are some. Mrs. Tao’s
eels, though incredibly delicious, are ineffective.

(a) 1.BH; 2. HOOH/HO-

(b) H3O*/H20

(c) HBr

(d) Compound (a) and PBr3

(e) 1.0s0, 2.NayS03/H,0

(f) 1. Hy/CaCO4/Pb/Pd 2. CHgN,, light or heat

(g) 1.NHs/Na 2. CF3COOOH

(h) HsO*/H20

(1) 1. Hy/CaCOg/Pb/Pd 2.0s3 3.Hy/Pd

(j) 1.NHs/Na 2.03 3.Zn

Problem 11.46 Formation of a bromonium ion could, in principle, occur in two ways: syn to the

methyl group or anti to the methyl group. Opening, again in principle, could occur through an Sy2
reaction in two ways for each bromonium ion. Here are the four possibilities:

CH30,,,,I . Br Br,
o, \\\\"
B ; y  CHZO

CH,4

Steric factors will favor the anti bromonium ion. Opening by methanol, followed by deprotonation,
will occur at the less sterically hindered position with inversion to give the product shown.

CH30H CH30

Br, - .
—_— § —_—
g +Br K : 4,
H CH, CH,
CHj
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Problem 11.42

HO 1.0
H3O* H;0* IR
— 1 — o
1 —>H o 2. HOOH
2
(a) (d) HO  (g)
1. 82H6 K/OH
1 —> 1 —_— = )
2. HOOH/HO ©) CF3COOOH o (1)
1. Hg (OAc),
H20
2. NaBH,
H,O/HO ~ Pac ()

heat, SN1
OH —Br Br > /\X
0

E1 product
(from part c) + &1 procu

Problem 11.43

(a) HBr/ether

(b) Bro/CH;CH,OH

(¢) catalytic H,SO,/CH3CH,OH

(d) 1.BHy/THF 2.NaOH/H,0, 3.NaH 4.CH3;CHyBr

Problem 11.44 There are many correct answers to these questions. The following suggestions
are not exhaustive. Think about other possibilities.

(a) Ho/Pd/C

(b) catalytic H,SO,, heat

(c) Start with (b): 1. BH; 2. HOOH/HO™
(d) 1.BH; 2. HOOH/HO™

(e) H30+/H20

) 1.05 2.H,O0/HOOH

R o s R B L TRV LIV
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H2CH3
H

d
( ) 5 Br g Br SC
ra 5 B
—\=/— N\ CH CH \““} <
both racemic

Problem 11.41
Br
EeXCess
Cl
EeXCess
Cly Cl
—_— =
Cl
Cl
O
Hg2+
H>O/H3;0*

BH
1. 2
2. HyO,/NaOH l <:>—>:O
H

(b)

()

(d)

? T ??

H, o
(e) — Lindlar catalyst
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Problem 11.38 (continued)
CH,CH
(C) _\_/— Br2 _BI’ :S |_2| 3
— CCl \\\“>‘ < racemic
4
CH;CH, b By
H
Br =
() _ Br, ) ‘\; CHoCH,
W meso
ccl,  CHCH € o
Br s Br
© Br : B
: r
/\/\ L : o, /\/\/
cel,

Optically active Optically active

Problem 11.39 The products in Problem 11.38(a), (b), and (¢) are chiral and are formed as racemic
mixtures in each case. The single product in 11.38 d is a meso compound, therefore it is achiral. The
starting material in 11.38 e is an optically active molecule with (R) configuration. Because the reaction
generates a new stereogenic center, there will be two diastereomers formed, (2R,3R)-1,2-dibromo-
3-methylpentane and (2S,3R)-1,2-dibromo-3-methylpentane. Each will be formed as a single enantiomer.

Problem 11.40 In each case, an intermediate bromonium ion is opened either by bromide ion or
water to give the products shown. As all starting materials are achiral, there can be no net optical
activity in the products. Since water is the solvent, we predict the major product in each case will be

the halohydrin.

Br Br
Br, ,
(a) —_ both racemic
H,O y )
“By “OH
Br. Br. l:l ﬂ
(b) N, ——= O\ SaCH,  BU = on
H 20 CH 3\\“ CH 3 \\\H
meso racemic
5 Br Br
I
H,O
Br OH  poth racemic
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CH»,
(g) A CH2N2
hv ~CHs
H
O
) 1.0
A -Us H
2.(CH3),S HsC
O
CHs
(i) A 1. 0sOq4 H
2. NaHSO3 OH
H>O OH
CHs

HN=NH H
—_> '~
H
H
Problem 11.37 Deuterium can be delivered from either side of the planar double bond. The two

enantiomers of the methylcyclohexane product result.

5 7
/ CHs
D D H Pd/C
QCHS Pd/C D D = ‘D~
— “CHs | HsC b o
H H
D/

H
/Mirror

Problem 11.38 In each case, an intermediate bromonium ion is opened by bromide addition at the
more substituted carbon. In (b), (¢), and (d) ring-opening will occur at both possible positions.

Br
Br,
(a) /\/\ —_— Br racemic
CCl,
Hj

~
~
~

Br Br
/\) __2_> S H .
CH4CH"4 racemic
K dRP) 4 Br
(continued)

(b)
ccl,




376 Chapter Eleven

Problem 11.35 The use of poisoned palladium to catalyze hydrogenation of an alkyne results in
syn addition to give the cis alkene. The cis alkene does not react further. Therefore, we predict that
the poisoned palladium will not hydrogenate the trans alkene either. -

Ha
F Z Pd/CaCOyPb ~ -

ethanol

Problem 11.36 These are all one- or two-step syntheses. There is nothing tricky here, only
remembering the reactions. If you forget, fall back on a mechanistic analysis, and this should lead
you to the product in most cases. Remember, we start with achiral materials, and in all cases
racemic mixtures must result. In the answers, only one enantiomer is shown.

CHs
A - Or
(@)
A Pd/C ’ “CHs

H
CHs
(b) Bry Br
A —_—
CCl, “Br
H
CHs
(C) A Br2 Br
———————P—
CH30H OCHS
1. Hg(OAc)»
HQO
(d) A
2. NaBH4 O<
A
2. H202/HO

(), CFsCOOOH (j
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Additional Problem Answers

Problem 11.32 We should be able to make the vinyl bromide 2-bromo-1-butene from the
corresponding 1-butyne using one equivalent of HBr. The 1-butyne can be obtained from Sy2
reaction between acetylide anion and ethyl bromide. The ethyl bromide can be obtained from
ethylene, and that in turn can come from acetylene.

from

Br %:} %

\/& ﬁ%} \/ % ﬁ ) from from

The reactions are shown in the following scheme:

Ha HBr
H———H > H,C=—=CH, ———— > /\Br
poisoned Pd/C ether
ethanol

Br
. HBr
H———H > > \/ —>ether \/‘K
. /\Br

Problem 11.33 Displacement of a good leaving group such as bromide or iodide by azide ion
would work. The halide can be made from 1-butene through the addition of HBr or HI to 1-butene.

HBr NaN3z
—_— —_—
ether THF
N3

Br

Problem 11.34 Opening of cyclohe;(ene epoxide must give the trans compound because the Sy2
reaction always goes with inversion.

0
CF3COO0H _CHiONa
CHCl, T CHOH
”OCH

+ enantiomer
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Problem 11.30 (continued)

]

Energy
T
N
i
0
=)
N

Chapter Eleven

Activation barrier, AG¥

AG°
/

RoHC—CHR:»

Y

Reaction progress

Problem 11.31 This problem is just an exercise in remembering reagents.

H
Na/NH5 H3C\
HC—C=C—CH; ——— » /c==c
H CH3
Ho HsC CHg
HsC——C==C——CHs >~ ) S——
c—¢
Pd/CaCO4/Pb / AN
H H
Ho
HyC——C=—=C——CHs ——— > HC__ _CH,
PA/C CHz  >ch,
Hg2+ H3C O
HsC——C==C—CH, -~ Netp—?
HaO0*/Ho0
0'MH; o,
L 1. Hp/Pd/CaCOa/Pb ~ HaC. Vs
HeC——C==C——CHs . Ne—ci
2. OSO4 / \
HO OH

3. Na2803/H20
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(c) An alcohol does not participate (is not changed) in the hydrogenation reaction.

OH
———»
/\)\ PA/C /\)\

ethanol

(d) We can confirm that hydrogenation is a syn addition using 1,2-dimethylcyclopentene. The
product is achiral. Adding hydrogen to the top face of the alkene will give the same product, which
is cis—1,2-dimethy1cyclopentane.

CHj
2 o
—_— X
Pd/C CH
ethanol

(e) The hydrogenation of this methylene-substituted cyclohexane will occur from the less hindered
side of the alkene. In this case, that side is the top of the molecule. The methyl groups that are
axial on either side of the alkene will block that side of the alkene. Adding hydrogen to the top face
will push the new methyl group into the equatorial position.

——>
Pd/C |
ethanol

(f) Both alkenes will be hydrogenated in (£)-2-methyl-1,4-hexadiene. It would be difficult to control
monohydrogenation of this reagent. It is usually steric factors that regulate hydrogenation, and
both alkenes in this molecule are both disubstituted.

excess
—>
M Pd/C \/\)\

ethanol

Problem 11.30 The reaction does not occur spontaneously because there is an activation energy
barrier (Chapter 7, p. 281). It is not enough that the starting material, here alkene plus hydrogen,
be higher in energy than the product, here alkane. There must be energy enough to surmount the
barrier. The role of the catalyst is to provide a lower energy mechanistic pathway leading to
product; a trail on a lower slope of the activation mountain (Fig. 10.39, p. 461).

(continued)
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Problem 11.28 (continued)

This approach to the metal is much more
difficult as the methyl groups block

adsorption
HLC
Adsorbed

/ hydrogen

CHj

o -ll,, / //
"H

Metal surfai / V

Problem 11.29

(a)
)\/\ “pac */\
ethanol

(b) The hydrogenation of an alkene is much easier than the hydrogenation of an aromatic ring. The
7 bonds of the aromatic ring will hydrogenate with the Pd catalyst only if we apply higher
temperatures and pressure. Even with excess H,, this reaction will give 2-phenylbutane as the

Pd/C
ethanol

product.
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Ketone /\ *OH; Enol

H CH3CH CH3CHa H
orioH ! e, N
N\ C—C—H C=C¢C
/C—C_H v - / \
/ | protonat|on :0: CH deprotonation HO CHg
CHz  onoxygen | 3 on carbon
H +
H QHZ + H30:

Problem 11.27 Why do we press this point so relentlessly? You should get into the habit of
asking this question about any new reaction. The analysis is always the same: Compare the bond
energies of the bonds broken and made in the reaction. The bonds broken are the « bond of
ethylene and the o bond of hydrogen. Two new carbon-hydrogen ¢ bonds are made. The reaction is
exothermic by about 30 kcal/mol, and AH is negative for this reaction.

Ne=o”

l
|

Tomm()—

/ \ —~——
—
N J U J
Y Y
Bonds broken Bonds made
7 bond = 66 kcal/mol ¢ bond = 104 kcal/mol Two C—H ¢ bonds = about 200 kcal/mol

200 — 170 = 30 kcal/mol exothermic, AH = — 30 kcal/mol

Problem 11.28

CHj CHs3
HiC

It is relatively easy for B-pinene to /

be adsorbed on the metal surface
if the bridge bearing the two methyl
groups is "up," away from the surface

Adsorbed . H
hydrogen ——— .-" .

g CHj

N
H

CH»

Metal surface

/

I

\ X
.
e il

(continued)
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Problem 11.25 Follow through the two mechanisms, look for the point at which the pathways
diverge, and try to see why the pathway to the ketone is favored. In this case, it is the initial
protonation of the alkyne that determines the final product. Protonation gives the more substi-
tuted, more stable vinyl cation (or a cyclic intermediate in which the more substituted position -
bears most of the positive charge). Addition of water to give the enol is followed by conversion of
the enol into the final product, the ketone (see Fig. 11.66 for mechanistic details of the formation

of the ketone from the enol).

4+
H30:
-—
R—C=C—H
—
+
Hso:
on +
HO-\ /H H3O:
/CZC\ ..
H,0:
R H 2
R :OH +
\C_C/ H30:
- —
/ AN .
H H H,0O:
L

2 HO: H
H H20: J/
R—E_ C/ —_— — Cc—C
TN\ addtion— AN 9’
More stable H  deprotonation
(the product of
initial protonation)
R ’ .
AN + . R :OH
C=—C—H Ho0: N/
/ — — Cc—¢C
H addition— H/ \H
Less stable deprotonation
(not formed)
o H
'O\ , The ketone is formed
\C—C—H by hydrolysis of the
e | product enol
R H
R O:
| / The aldehyde would
c have been formed if

the "wrong" enol had
H been produced

Problem 11.26 The best way to learn mechanisms is to write them backward. This problem
presents an opportunity to do that for the mechanism of ketone formation from enols by asking you
to do the reverse reaction. Remember, if you have written the mechanism in one direction, you have
automatically written it in the other. All you need to do is to read the first one backward. So you
could take the mechanism of Figure 11.66 as your answer.
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Problem 11.22 Protonation gives an intermediate, probably a cyclic cation of some kind, which

can be captured by water to give the enol after deprotonation. Continued reaction of the enol will
eventually produce the ketone.

LX) + !
- +
(, H L(OHg _ H H
protonation P addition
4—' \ (——
/ \ / H__-O‘)
HZOo ’\
/ H 0
deprotonation
(See Fig. 11.66) " H
- ot
/\”/\/ E— Hﬁ + H30
Ketone Enol

Problem 11.24 In the cyclic intermediate for this reaction, both carbons will share the positive
charge by approximately the same amount because the two carbons are equally substituted.

Accordingly, addition of the nucleophile will occur at both carbons to give, ultimately, two enols in
roughly equal amounts.

.. HsC H
H:0: o\, /
m A — <= =
H—OH, I add at (a) HO: \CH CH
. d \C 2 3
H3C—C—=C—CH,CH3 / AN
HsC CH2CHs H CH2CH3
I N
@ (b HA0: -
-«— —=— H3C *OH

add at (b)

Conversion of the enols into ketones will give tfwo ketones (for a mechanism, see Fig. 11.66). This
reaction is not a useful synthetic process.

HO: CH,CHj, + . :0
AN / HO:  HeO: A
c—=C —_— e C—CH,CH,CH34
HsC H H3C
H . + . O:
OH H30: H50: /
C—(C —_— — CH3;CH,—C

e CHoCHs | CHoCHz
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Problem 11.20 The first step of the reaction will form the unstable vinyl carbocation. This ion
might be a cyclic species, as shown in Figure 11.60. The second addition of HC] will proceed via the
more stable carbocation because it is stabilized by resonance.

Cl

e,

/ o~ - cl
. 7
/\\\/\W /\/H_»/Y\H;CL /\ﬁ 9»/\6(3
H
H H H HH

Problem 11.21 The 3,3-dibromohexane can come from the reaction of excess HBr with either
3-hexyne or from 2-hexyne. But you will notice that the 2-hexyne will also produce 2,2-dibromohexane,
whereas the 3-hexyne—because of its symmetry—will only give the desired 3,3-dibromohexane.
Therefore, we want to think about making 3-hexyne in order to solve this problem. Fortunately, the
3-hexyne comes easily from Sy2 reaction of the acetylide with ethyl bromide on both ends of the
acetylene.

Br

from from - k
oA TN A
Br Br

from Br

s

The forward reactions are shown.

H  excess
H—=—H 1. NaNH» \/ 1. NaNH, \/\ H—Br
2. CH3CH,Br  2.CH3CHBr ether

Br Br
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Problem 11.18 The stereochemical relationship of the methyl groups does not change. The cis
alkene gives a cis-substituted five-membered ring. There can be no steps in the reaction that allow
rotation. If there were, a different diol would also be isolated. The initial reaction of OsO4 with
cis-2-butene must be one-step (concerted):

H O O
\ /H W% HO OH
c=—¢C 1. OSO4 _ /OS\ 2. HZO \ /
/ \ concerted ~ Q O Na>SO5 ~o—¢C,
HsC CHs  (one step) \C— C/ H\\\‘ l "/,,H
stepwise H\\\\l \III//H HaC CHs
HaC CHs The observed product
// . O\\ //O HO OH
/ \ rotation Os ' \ /
= O O 4___"" _ O/ AN O : .

c—cC.,
Hlllu;é_ "C.,,// HSCI[IHH&E‘C/.I *» HSC\\‘\\I \"’//H
HaC H y*” [\ H CHg

CHsz CH; Not observed

Problem 11.19 Racemic 2,3-butanediol must be the mixture of (R, R)- and (S, S)-2,3-butanediol,
because the (R, S)- and (S, R)-2,3-butanediol are equivalent and not chiral. The (R, R) and (S, S)
enantiomers come from a syn-dihydroxylation of (E)-2-butene.

OH

OH B
(R,R)-2,3-Butanediol r
from from from

OH — /\/ — — /\/
e d
OH
(S,5)-2,3-Butanediol

Therefore, the question we need to answer is, How can we make (E)-2-butene? We know that an E2
reaction will work well, which requires 2-bromobutane. We can make the 2-bromobutane from
1-butene.

The reactions starting with 1-butene are
Br _ OH
—|~o K*

HBr 1. 0sO4/THF
AN e TTHF T XY 5 NapSOgHO

major product OH

+ enantiomer




