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1.2

13

1.4

Chapter 1
A SIMPLE MODEL FOR CHEMICAL BONDS

Lewis structures depict the electrons in the outer shell (valence shell) as
dots around the symbol of the element. The number of valence shell
electrons of an atom is the same as its group number in the periodic table.

a) tBr b -Ca- 9 -G

Calcium chloride and sodium sulfide are ionic compounds because they
are formed between a metal and a nonmetal. Electrons are transferred
from the metal atoms to the nonmetal atoms to form charged atoms (ions)
that satisfy the octet rule. These ions with opposite charges form ionic
compounds.

. 2+
a) *Car + 2:Clr ——> Ca + 2:CI

9.
- + -
b) 2Na* + . g —> 2Na + S

Consult Table 1.1 in the text to answer this problem. Carbon has four
valence shell electrons and forms four bonds to satisfy the octet rule.
Chlorine and bromine each have seven valence shell electrons and form
one bond. Hydrogen also forms one bond.

a) :(‘j.l: (3:91: b) H:Br:
:913 -

Sulfur is beneath oxygen in the periodic table, so it prefers to form two
bonds.

H:S:H



1.5

1.6

The octet rule is the most important factor in determining the stability of a
species.

a) octet rule satisfied, stable b) ten electrons around N, unstable
Follow these steps for writing a Lewis structure for a molecule.

(1) Start with the neutral atoms in the molecule and bond the
nonhydrogen atoms together. (If the molecule is charged, add [if negative]
or subtract [if positive] one additional electron for each unit of charge.)

Consider (a), for example. In C,H,, each carbon has four valence
electrons and each hydrogen has one. The compound is not charged so
we do not change the number of electrons.

3 C: + 8 H: (20 valence electrons total)

Bond the carbons together. . CC C .
(2) Add the hydrogens.

In this example there are 8 hydrogens to add. This matches the 8
additional bonds to the carbons needed to satisfy their valences.

H:C:C:CiH
HH H

(3) If there are not enough electrons to satisfy the octet rule at all of the
atoms, form additional bonds between atoms as necessary.

In this example, no additional bonds are needed.
(4) Check to see that the octet rule is satisfied at all atoms.

Each C has 8 electrons and each H has 2 electrons in this structure.



a) H:C:C:C:H b) H:Cc:::C:H ©) H:c:H d) H:N:Q:H

HHH
[} [} .|+ o -
1.7 H:Q:H + H‘Ql‘ Em— H:Q:H + :Cl:
H
4.g Fomml _| valence electrors| | number of _ 1 | number of
Charge | inthe atom unshared dectrors| 2 | shared electrors

The number of valence electrons is the same as the group number of the
atom. Unshared electrons are those electrons not involved in bonding.
Shared electrons are those electrons involved in bonding. The total

charge (TC) of the molecule is the sum of all the formal charges of atoms
in that molecule.

For example, in (a):

FC of carbon = 4-0-(8/2) = 0; FC of oxygen = 6-2-(6/2) = +1.

0 +1 0 -1 -1
H
N LK N N
a) H—(l:—(|)——H b) H—(|:—Q= ) F—]?——F
H H H 0—> :F:
TC =+1 TC=-1 TC=- 0
o . e
H X 00 i
d)  C=N=N: e) H—Q—N_ D H-N—C—C—(:
H Q: ==~ A r' A
T T +1 H|H T T
0 +1 -1 0 0 0 -
TC =0 TC=0 TC=0



1.9

1.10

1.11

The octet rule is the most important criterion for estimating the stability of
a compound represented by a particular Lewis structure. However, both of
these structures, H-CI-O and H-O-Cl, have the octet rule satisfied at Cl
and O. Formal charges can be used to further refine the estimate of
stability. Other things being equal, the structure with fewer formal charges
is more stable. In H-CI-O, the formal charge on chlorine is +1, on oxygen
is -1, and on hydrogen is 0, whereas the formal charges on each of the
atoms in H-O-Cl is zero. Therefore H-O-Cl is more stable due to less
formal charges.

The actual structure is a resonance hybrid of the following two structures.
Both carbon-oxygen bonds are identical, intermediate between a double
bond and a single bond, and each oxygen bears a formal charge of -1/2.

i
H—CIJ—C/:._ _
o H

(33 III O B

<~ g
N

A bond dipole is due to unequal electronegativities (see Table 1.2 ) of the
two atoms involved in the bond. A bond is polarized so that the negative
end of the dipole is on the more electronegative element. An arrow
pointing from the positive end of the dipole to the negative end is used to
show the direction of polarization.

> -« -} +—> +— <t
Q) C-N b)) O-N ¢ 0—Cl dc—c © B-0 f CM

1.12

The electronegativities of C and H are very similar, so the C-C bond of (g)
and the C-H bond of (h) are considered to be nonpolar.

Use VSEPR theory to predict the geometries. Remember that multiple
bonds count as one pair of electrons for the purpose of VSEPR theory.

a) linear b) trigonal planar  c) tetrahedral

Three-dimensional models of these molecules are available at
http://now.brookscole.com/hornback?2.



143

1.14

1.15

1.16

1.17

a) tetrahedral at C, bent at O (tetrahedral)
b) trigonal planar at C, bent at N (trigonal planar)
c) trigonal planar at C, bent at O (trigonal planar)

First determine the geometry of the molecule by VSEPR theory. Then find
the individual bond dipoles of the molecule. The overall dipole moment is
the vector sum of the individual bond dipoles. All of the examples in this
problem have only one polar bond, so the dipole moment lies along the
direction of that bond.

i§ H— Lt
a) _C b g-CF ¢) H—C—C=N
H "H i }ll

lonic bonds are formed when metals combine with non-metals. Covalent
bonds are formed between two non-metals.

4+ e = “ e e + — + e —

K :CI b) :CEN:CE c) Na :Ci:N: d)K :0:H
Joit

(ionic) (covalent) (both) (both)

Like N, phosphorus has 5 electrons in its -
and valence shell and prefers to form three H:P:H
bonds. PH, is pyramidal. iy

H
H H H
9 H:C:NtH b) H:C:C:Cl:  © N:uiN:
H H HH
H H H H
d) H:C::§: e) H:CuC:iF: f) H:C:S:H

H



1.18

1.19

1.20

1.21

-1 +1 0 0 +1 -1 -1 +1 0

) H-N-N=N: b) H—N=N=N: ¢ H—CG—N=N:

0 H
Il{:ﬁ:'l 0 I|111
9 H-C—C—0: ¢ H—O=C—H 1 H-B.H
| 0 | l
H H H

These are resonance structures because the positions of all atoms are
identical. Only the position of a lone pair and a bonding pair of electrons
are changed.

:0: :6:

| | +
H—C—N—H > H——C:II\I—H
|
H H

Because the resonance structure on the left has no formal charges, it is
more stable than the one on the right.

Although the atoms in this structure have formal charges, the octet rule is
satisfied at all the atoms. Therefore, carbon monoxide is stable.

-1 +1
:C=0:

Use VSEPR theory to determine the geometry of the molecule. Assign
bond dipoles to any polar bonds. Predict the overall dipole moment by
estimating the result of vector addition of the bond dipoles.



net dipole H 0% et dipol
e | 1

N..

Y b C. (ll H
a) H{/’X\*C/H ) F‘//\’ \\F ) H- CwH
H \H );F I
net dipole
1.22 u
-
) H—C=0—C—H by H-C=C=C—H

| 4y
trigonal I trigonal

trligonal trigonal tetrahedral ~ Planar 1NCAr pjapap
anar
plana planar

1.23 A doubly bonded oxygen needs 4 more electrons to satisfy the octet rule.
A sulfur with one covalent bond needs six more electrons to satisfy the
octet rule. This gives the S a formal charge of -1. The resonance structure
has the double bond to the S and the negative formal charge on the O.
The situation is very similar to acetate anion (see problem 1.10).

| ,/O‘ | /O
H—C—C <« H—C—C
\S - | Q\S:

1.24

o A% H
H\C/ ~c” bent geometry at oxygen

q \H H/ \H (tetrahedral electron pairs)



1.25

1.26

1.27

1.28

1.29

1.30

— w N~ _N_. -
:()/ \() <> O/ \O:
a) H H
0] .0 | -1
H H—(I:—H O H H—-(lZ—H o
Yy /
H-N——C——C <«<—> H-N—C—C_
+1] 0] O +1 | o
H H § : H H

b) The overall charge of alanine is zero.
c) The oxygens are identical because of resonance.

The bonds will be polarized towards the nitrogen atom. The N atom in the
ammonia molecule has a zero formal charge. In the ammonium cation the
nitrogen atom carries a formal charge of plus one. This makes the N of
the ammonium cation more electronegative and its hydrogens have a
larger partial positive charge than the respective atoms in ammonia.

lonic compounds normally have very high melting points. Because CaCl,
is ionic, one would expect it to have a much higher melting point than
68°C. Therefore, it would be wise not to trust your lab partner and look it
up yourself.

: O The formal charge on the aluminum atom is _
- . 3-0-(8/2) =-1; thaton each Cl atomis 7 - 6 - (2/2) =
:ClI—AI-CI: 0. The shape of this anion, with 4 electron pairs
" Clil' - (bonds) around Al is tetrahedral.

In the cyanate anion the negative charge is distributed between the
nitrogen and the oxygen atoms by resonance. The shape of this anion is
linear.

: O.:C:N: > -.O—CEN:



1.31

1.32

1.33

1.34

1.35

H

o /

w Il - | -
a) HN—C—NH, b) HN—C—OH
urea an isomer of urea

Period 2 elements can accommodate only 8 valence electrons; hence the
octet rule. Atoms in periods beyond 2 can hold more than 8 electrons in
their valence shell. Phosphorus is a period 3 element can accommodate
more than 8 electrons in its valence shell, which allows it to form more
than 3 bonds. Nitrogen (a period 2 element) has a capacity for only 8
electrons in its outer shell, limiting it to 3 bonds and an unshared pair of
electrons, or 4 bonds and a positive charge.

(|:l Cl
Cl—P—Cl c—pPL
| | ~Cl
Cl Cl
The absence of the two unpaired electrons in the +2
unstable species NH, results in a formal charge H—N—H
of +2 on the nitrogen. II{
H Jl
o Ny > 107N,
-1 0 0 -1

Ozone is bent at the central O. The actual structure of ozone is a hybrid of
the two resonance structures shown, so the bonds are identical.

. -1

:(I): :0: -1 O

I |
0 C "-1 <> . . > .
:(__)40\(.)_: -1 :Q/ \Q:-l -1 :(")/C%Q:

The carbonate anion has trigonal planar geometry at its carbon. All the
oxygens are identical because there are three resonance structures.



1.36

1.37

1.38

1.39

a) The charge on this species is +1.

b) Because there are only three pairs H
of electrons around the central carbon |
atom, the geometry is trigonal planar. C
c) Because there are only 6 electrons around the
carbon, the octet rule is not satisfied and the cation is
not stable. It is expected to be even less stable that the carbon species
from practice problem 1.4, which has 7 electrons in its valence shell.

d) The C needs another bond. An unshared pair of electrons from
hydroxide ion is used to form a bond to the carbon, resulting in the
formation of a stable species with the octet rule satisfied at all atoms and
no formal charges.

Lo Iﬁ
H—<':+, + 0-H ——> H—C—0—H
 H H

The dipole moment is equal to the charge separation times the distance of
the charge separation. The charge separation is larger for FCI than for ICI
because the electronegativity difference is larger for F and Cl than for CI
and |, but the FCI bond is shorter than the ICI bond because bonds
become longer as one goes down a column of the periodic table.

PCI; has a trigonal bipyramid geometry. Although each (IDI\C‘I
P-Cl bond is polar, there is no net dipole because the CI—P..\
individual bond dipoles cancel. | Cl

Cl
The actual structure of benzene is a hybrid of two
resonance structures. Each of the C-C bonds in benzene is between a
double bond and a single bond and is identical.

; I
H\C//C\C/H H\C/C§ /H
| I > | |
H/CQCE/C\H H/C\ (l:éc\H
H H

10



1.40 a) CBr, has polar bonds but its geometry is tetrahedral so the bond

1.4

dipoles cancel. Therefore, the molecule has no dipole moment and is
nonpolar.

b) NH, has polar bonds and a pyramidal geometry, so it has a dipole
moment. It is a polar molecule.

¢) The C-O bonds of CH,0OCH, are polar and the

geometry is bent at the O so it has a dipole H
moment. It is a polar molecule. N
d) The C-Cl bonds of CH,Cl, are polar and its g O N( . -
geometry is tetrahedral. The bond dipoles do not H O:
cancel so it has a dipole moment and is a polar

molecule.

e) The C-O bonds of CO, are polar but it has a linear geometry, so the
bond dipoles cancel. It has no dipole moment and is a nonpolar molecule.

a) C-1 has two single bonds and one double bond, so it §
has trigonal planar geometry. C-2 has two double -
bonds, so it has linear geometry. C=C=0:

/
H 12

b) The C has four bonds, so it has tetrahedral
geometry. N-1 has a single bond, a double bond,

and an unshared pair, so it has bent (trigonal H N=IG:N=
planar) geometry. N-2 has two double bonds, so it \C/ 1 2 3
has linear geometry. There is a resonance structure Al

for this molecule that has two unshared pairs on HH

N-1, a single bond between N-1 and N-2, a triple
bond between N-2 and N-3, and only one unshared
pair on N-3. The formal charges are -1 on N-1, +1 on N-2, and 0 on N-3.

c) The sulfur has a single bond, a

double bond, and an unshared pair, §+ 'é+
so it has bent (trigonal planar) LN T < > TN
geometry. Resonance makes both 0 O PO O

S-0 bonds identical.

d) The C has four single bonds, so it has tetrahedral H Cl
geometry. The N has two single bonds and a double N,/ ,/
bond, so it has trigonal planar geometry. /C_C\

11



1.42 a) This molecule has a dipole moment because of the polar C-Cl bond.

b) This molecule has a dipole moment that bisects the
CI-C-Cl bond angle.

H ¢
H = H
i 5Ll
/c—-c\/
H H
c) This linear molecule does not have a dipole -1t +—>
moment because the bond dipoles of its polar C-O tO—=C—(C—0)¢
bonds cancel. 0=C=C=0
. . H Cl
d) This planar molecule does not have a dipole moment \ /
because the bond dipoles of its polar C-Cl bonds /C:
cancel. Cl H
1.43
H +—» of
\ . Il
a)  C=C=0: b H_'TC__H
o e
HH H
?l
c N d H_ _CT _H
) H3C'“'/ \H ) \Cé \C/
| I
H Sc” H
|
H
Cl Cl
1.44 The molecule is nonpolar because the dipoles of the 4 \C_ /
C-Cl bonds cancel. 77
Cl Cl

12



Review of Mastery Goals
After completing this chapter, you should be able to:

Write the best Lewis structure for any molecule or ion. This includes
determining how many electrons are available, whether multiple bonds are
necessary, and satisfying the octet rule if possible. For complex
molecules, however, the connectivity must be known.

(Problems 1.2, 1.3, 1.4, 1.6, 1.15, 1.16, 1.17, 1.24, 1.29, 1.30, 1.31)

Calculate the formal charge on any atom in a Lewis structure. (In fact, you
should be starting to recognize the formal charges on some atoms in
some situations without doing a calculation.)

(Problems 1.8, 1.18, 1.26, 1.30)

Estimate the stability of a Lewis structure by whether it satisfies the octet
rule and by the number and the distribution of the formal charges in the
structure.

(Problems 1.5, 1.9, 1.19, 1.20, 1.36)

Recognize some simple cases in which resonance is necessary to
describe the actual structure of a molecule. However, a better
understanding of resonance will have to wait until Chapter 3.
(Problems 1.10, 1.23, 1.25, 1.34, 1.35, 1.39)

Arrange the atoms that are of most interest to organic chemistry in order
of their electronegativities and assign the direction of the dipole of any
bond involving these atoms.

(Problems 1.11, 1.21, 1.37)

Determine the shape of a molecule from its Lewis structure by using
VSEPR theory.
(Problems 1.12, 1.13, 1.21, 1.22, 1.24, 1.29, 1.34, 1.35, 1.36)

Determine whether a compound is polar or not and assign the direction of
its dipole moment.
(Problems 1.14, 1.21, 1.24, 1.38)

13



2.1

2.2

2.3

Chapter 2
ORGANIC COMPOUNDS --- A FIRST LOOK

In estimating the stability of a species, the first thing to consider is the octet rule.
Species that satisfy the octet rule are likely to be stable. If the octet rule is not
satisfied, the species is not very stable. Next look for the presence of formal
charges. Their presence causes some destabilization. For example, the structure
in part (a) satisfies the octet rule at all atoms. However, one of the carbon atoms
has a formal charge so it is destabilized somewhat.

a) less stable; octet rule satisfied but charge on C
b) stable; octet rule satisfied at all atoms

c) very unstable; octet rule not satisfied at N

d) and e) stable; octet rule satisfied at all atoms

H
|

|
i

ja
—T

T
-
T—O—T
I—0O—T
LT—0
T—O—T

=

s

_d

—

0O—0

:_

14



24 a)same b) same c) isomers d) same

2.5 For a hydrocarbon with the formula C_H,, the degree of unsaturation (DU) is

equal to (2n+2) - x.

2
?)bu=0 /\/\\/\/\ /l\/k/\/

(There are many, many other possible answers for this problem.)

2.7 ot
H 0"
H ¢ H HHHCH
a) H—C C [
H I b) H—C—C—C—C—C—C=C—H
/C\ NN I!I
u ¢~ TH H H H
/ \
H H
n L H
~N A7
4y ES o



a) same b) same c) isomers d) same €) same f) isomers

Use the following procedure to calculate the DU of formulas that have atoms
other than C and H:

1) Add the number of halogens in the formula to number of hydrogens in the
formula;

2) Ignore the number of oxygens in the formula;

3) Add the number of nitrogens in the formula to the maximum number of
hydrogens;

For example in C;H,CIN, the DU=[2(6) +2 + 1- (8 + 1) ] = 3.

a) DU =1 //\V%x\/A\/”\¢)
b) DU = 3 \\if]f/ <j:7/c

F F
¢)bu=0 W /U\/\
F

d)bU=3 Cl NH, | NCH
3

C
0 o7
e) DU =3



210

2.11

212

2.13

To determine the DU of a structure, add the number of rings plus the number of
double bonds plus twice the number of triple bonds.

a)5 b)4 c)3 d)7 e)6

Intermolecular forces between molecules result from the attraction of opposite
charges in the molecules. The different attractive forces are:

. lon-ion: the attractive force between two oppositely charged ions. This is
the strongest attraction of all.

. lon-dipole: the attractive force between an ion and a polar molecule. This
attractive force is much weaker than an ion-ion interaction.

. Dipole-dipole: the attractive force between two polar molecules. This
force is weaker than an ion-dipole interaction.

. Dipole-induced dipole: attraction between a polar molecule and a dipole

that the polar molecule induces in a nonpolar molecule. This force is
weaker than a dipole-dipole attraction.

. Instantaneous dipole-induced dipole (London force): attraction
between two nonpolar molecules that results from the interaction of an
instantaneous dipole in one with an induced dipole in the other. This is the
weakest force of all, but there can be a large number of them. These last
three are called van der Waals forces.

. Hydrogen bonding: a special type of dipole-dipole attraction between a
hydrogen bonded to an electronegative atom in one molecule and an
electronegative atom in another molecule. This force is stronger than a
regular dipole-dipole attraction.

a) London b) van der Waals c) ion-ion d) van der Waals and hydrogen bonding

o
H__N: |||||||H_..N H

.

hydrogen bond

Stronger intermolecular attractive forces result in a higher melting point. KBr is
an ionic compound and has strong ion-ion interactions. CH;Br is a covalent
molecule and has only weak van der Waals forces of attraction. Therefore KBr
has a higher melting point.

17



2.14

2.15

2.16

2.17

CH,CH,CH,OH has the higher boiling point because it has hydrogen bonding in
addition to van der Waals attractive forces. CH,CH,OCH, has only van der
Waals attractive forces.

Both compounds have a polar, hydrophilic part and a nonpolar, hydrophobic part.
Water is a polar solvent and dissolves polar compounds better than nonpolar
ones. As the nonpolar part of the molecule gets larger, its solubility in water
decreases. Thus, CH,CH,CH,CH,CO,H has a higher solubility because it has a
smaller nonpolar part.

a) ether b) alcohol  c) carboxylic acid
d) amide e) ester f) arene and aldehyde
OH
OH 0]
a) /\/k/ b) c) /U\/\/ Cl
| CN 0
d) \O €) /H/\/“\H f) =
0]
g) 0O
OH
NH,
:6\ /H
«s N
I
Hic?Se M b m—c—c—cc=c—n o MO
[ o W [ H
H/C§C/C\H /C——(lj—H
| H g



HyH

H H H | \/ IlTII
H-( g 0 N HC H O
o B T 1. HeoCno—H DR
)H/(ll—(ll—(lj—C—QH 9 w7 TH o D H—C—C—C—C—C—H
H H H H- PSR 77 | HHH H
0/ O/C\C/
HH*"™ [ H
H
219 a)alcohol b) alkene and alcohol c) ketone and alkyl chloride

d) arene e) nitrile and aldehyde f) alkene and ketone
g) amine, arene, and carboxylic acid

2.20 a) arene and carboxylic acid b) alcohol and alkyne
c) alkene and aldehyde d) carboxylic acid
e) ester f) nitrile and ketone

2.21 a)same b)isomers c)same d)same e)isomers f)isomers

2.22 a) DU=0 \/\OH Y \/0\
OH

b) DU=0 Y YQ
T )
ODU=1 NN DI Y A

19



d) DU=0 ~_"~_"~_— Y\/\ \/k/\

H~ Yy
> A >

2.23 The DU for C,H,0 = 1.

0 0]
H \/u\
a) \/\ﬂ/ T
aldehyde O ketone aldehyde
" OH
0]

o
2.24 The DU for C,H,, = 1.

P R
> DX

20



2.25

a) DU=2 \(\/CN b) DU=2

OH -

ODU=0 O dDU=4

2.26 The nitrile functional group (CN) has a triple bond between the C and the N,

which requires a DU of 2. The DU for C;H,,N = 1, so it cannot have a nitrile
functional group.

2.27 .
a) CH3CH2—O\'
H
. \\\‘\\\‘\ o \\\\‘\‘\ \.O/ H
CH3CH2—'O\:\ CH3CH2—-'O\"\ P
H H
H O
CH3CH2—O\ E\().—H H/ \H”lllu,aa/H
\\\“\\‘\ ' \
H H
H H
l . | (] H H
b) H—C—0O! H—C—0¢ v
II_I \H I \H \\\\‘: -_—(I:—H
: H
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2.28

2.29

2.30

2.31

2.32

More symmetrical molecules can pack into the crystal lattice better, so they tend
to have higher melting points. Rod-shaped molecules have more surface area
than spherical molecules of similar molecular mass, so they have slightly higher
boiling points due to increased London forces. Therefore, the rod-shaped
isomer, CH,CH,CH,CH,OH, has the lower melting point (-90°C) and the higher
boiling point (117°C) and the more symmetrical isomer, (CH,),COH, has the
higher melting point (26°C) and the lower boiling point (82°C) .

a) The compound with 10 carbons has a higher molecular weight and larger
surface area than the one with 8 carbons, so it has a higher boiling point.

b) The alcohol has a higher boiling point than the ether because it can form
hydrogen bonds.

c¢) The ether has a slightly higher boiling point because it is a polar molecule and
has dipole-dipole interactions. The alkane is nonpolar and has only weaker
London forces holding its molecules together.

The cycloalkane has a higher melting point because its more symmetrical shape
allows it to pack into the crystal lattice better.

a) The cyclic alcohol (mp = -19°C) has a higher melting point than the straight
chain alcohol (mp = -78°C) because the cyclic alcohol packs into the crystal
lattice better.

b) Beeswax has a higher melting point because it is a larger compound and has
more surface area for London force attraction.

c) The ketone has a higher melting point (mp = -78°C) than the alkane (mp =
-154°C) because the ketone is more polar.

a) The straight chain alkane (bp = 70°C) has a higher boiling point than the
branched alkane (bp = 58°C) because the straight chain alkane has more
surface area for London force attraction.

b) The carboxylic acid (bp = 141°C) has a higher boiling point than the aldehyde
(bp = 75°C) because the carboxylic acid is more polar and forms hydrogen
bonds.

c) The larger ether (bp = 90°C) has a higher boiling point than the smaller ether
(bp = 35°C) because it has more London forces.

d) The aldehyde (bp = 179°C) has a higher boiling point than the alkene (bp =
146°C) because the aldehyde is more polar.
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2.33

2.34

2.35

2.36

2.37

2.38

2.39

The salt with the nonpolar hydrocarbon chains bonded to the nitrogen will be

more soluble in hexane than ammonium chloride because hexane is a nonpolar
solvent.

Like dissolves like. Both benzene and hexane are nonpolar compounds, and are
miscible. Water is a polar compound. Therefore, benzene and water are
immiscible.

The carboxylic acid is miscible with water because it is more polar and can act as
a hydrogen bond donor and acceptor with water. The ester is less polar and can
only act as a hydrogen bond acceptor. It is nearly insoluble in water.

(R
OqunnuH_O H
L Pl
H Il—I H :}.?-——Hmmmlo// \(lj/I!I ? H
H H

Use Table 2.1 in the text to calculate total bond energies of compounds. The
aldehyde has 4 C-H bonds, 1 C-C bond, and 1 C=0 bond, giving it a total bond
energy of 646 kcal/mol [4(98) + 81 +173]. The alcohol has 3 C-H bonds, 1 C=C
bond, 1 C-O bond, and 1 O-H bond, giving it a total bond energy of 627 kcal/mol
[3(98) + 145 + 79 + 109). Therefore, the aldehyde is more stable.

CH,=CH, + H-H —— CH,-CH,
537 kcal/mol 104 kcal/mol 669 kcal/mol

The total bond energy of the product (669 kcal/mol) is larger than that of the
reactants (537 + 104 = 641 kcal/mol). This means that the product is more stable
than the reactants and the reaction is energetically favorable.

Draw all the isomers (three) of C;H,,. Then draw the possible C;H,,Cl isomers

that could be produced from each. Only the straight chain isomer of C;H,, can
produce three isomers of C;H,,Cl.
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Isomers of CsHj, Isomers of CsH;;Cl

Cl Cl
Ch Cl
—_— Cl

e | a
| light |

240 The DU of C;H,, =[(2)5 +2 - 12)/2 = 1, so the unknown has one ring or one
double bond. All of the carbons of the isomer that gives only one C;H,Cl must be
identical. The five-membered cyclic alkane is the only isomer that has all of its

carbons identical.
ea
—_—
O W

CsHjg CsHyCl I
2.41 From Chapter 1, Il: 1 Tl
= (e)(d). Because F is more electronegative than Cl,
e is larger for CH,F than for CH,CI. But the C-Cl bond H/C\H H/C\H
(1.78 A) is Ionger than the C-F bond (1.38 Z\) sodis H H

larger for CH,CI than for CH,F.

2.42 amine, alcohol, amide, carboxylic acid

24



2.43

2.44

2.45

2.46

2.47

2.48

Glucose contains alcohol and aldehyde functional groups. Because it contains a
large number of polar functional groups that can hydrogen bond extensively with
water, glucose is very soluble in water. This water solubility is why nature uses
carbohydrates as energy sources. Alkanes would be insoluble in blood and could
not be readily transported throughout the organism.

The zwitterion form of alanine should have a very high melting point because it
has strong ion-ion interactions with other molecules.

The Du of estrone is 8 (4 pi bonds plus 4 rings). It has 18 carbons, so it must
have 22 hydrogens (38 - 16).

a) alcohol, DU = 1 b) arene and amine, DU =5

c) arene and amide, DU =5 d) phenol, ether, amide, alkene, DU = 6
e) phenol, aldehyde, ether, DU=5 f) ketone, alkene, alcohol, DU =6

g) arene, carboxylic acid, DU = 5 h) phenol, amide, DU =5

a) isomers PN /\/\r

b) same /\/\( (both)
c) isomers /\/Y /\J\/
|

a) isomers

OH

H
b) isomers AP
NH,

C) same )\/ (both)
d) same )\/ (both)

Cl

e) isomers /K/\ /ﬁ/\

Cl
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2.49

2.50

2.51

2.52

2.53

The bond dipoles of the polar C-Cl bonds of the

isomer on the right cancel, so this isomer has no -t +—>
dipole moment. Cl Cl

The alcohol with three carbons has a higher water A _CH
solubility than the alcohol with four carbons because it has
a smaller nonpolar part. /\/\OH

The cyclic compound, benzene, has a higher '
melting point because it packs better into a © AN

crystal lattice than does hexane.

The straight-chain isomer (left ‘
structure) gives 3 C;H,,Cl products; the /k/
middle isomer gives 4 products; and NN

the isomer on the right gives only one
product.

NH,
SeNegliee
NHCH;

DU = 4 DU =3 =
After completing this chapter, you should be able to:
Quickly recognize the common ways in which atoms are bonded in organic

compounds. You should also recognize unusual bonding situations and be able
to estimate the stability of molecules with such bonds. (Problem 2.1)

Know the trends in bond strengths and bond lengths for the common bonds.
(Problems 2.37 and 2.38)

Recognize when compounds are structural isomers and be able tb draw
structural isomers for any formula. (Problems 2.2, 2.3, 2.4, 2.8, 2.21, 2.22, 2.23,
2.24,2.39, 2.40, 2.47, and 2.48)
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Calculate the degree of unsaturation for a formula and use it to help draw
structures for that formula. (Problems 2.5, 2.9, 2.10, 2.25, 2.26, 2.45, 2.46, and
2.53)

Draw structures using any of the methods we have seen. You should also be
able to examine a shorthand representation for a molecule and recognize all of
its features. (Problems 2.6, 2.7, 2.17, and 2.18)

Examine the structure of a compound and determine the various types of
intermolecular forces that are operating. On this basis, you should be able to
crudely estimate the physical properties of the compound. (Problems 2.11, 2.12,
2.13,2.14,2.15, 2.27, 2.28, 2.29, 2.30, 2.31, 2.32, 2.33, 2.34, 2.35,2.36, 2.43,
2.44,2.50, and 2.51)

Recognize and name all of the important functional groups. (Problems 2.16,
2.19, 2.20, 2.42, 2.43, and 2.46)
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3.1

3.2

3.3

Chapter 3
ORBITALS AND BONDING

+

Like the 2s orbital, the 3s orbital is spherical in shape but
larger. The 3s orbital has two spherical nodes, whereas the

2s orbital has only one node.

3s

An orbital energy diagram for an atom shows the relative energies of
orbitals and how electrons are distributed in these orbitals. Put the
electrons in the lowest energy orbital available while observing the Pauli
exclusion principle and Hund’s rule.

b4 D I

o —— — 3p 4= — — 3p - — —

v o 3

2pﬂ._ﬁﬂ E 2p.ﬂﬁ..ﬂ. E 2p_ﬁﬁ_ﬂ
N

N

s — Is —— s ——

A

The electron arrangement that is in accord with the basic rules mentioned
in problem 3.2 is the lowest-energy one and is termed the ground state
electron configuration. An electron arrangement that is not in accord with
these rules is higher energy and is an excited state.

a) In this electron configuration one of the three electrons in the singly
filled 2p orbitals has its spin opposite to that of the other two electrons.
This is in violation of Hund's rule and therefore is an excited state.

b) Higher energy orbitals contain electrons while the low-energy 1s orbital
is only half filled, so this is an excited state.
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3.4

3.5

3.6

3.7

3.8

3.9

T He He, He
’,~H—\\antibonding MO

E ’ :
’ N
’ N
N s
N s
N ’

Is ™ 7 1s
bonding MO

Osp3 3
The unshared electrons on the oxygen are u ngp +Hls
in nonbonding sp*-hybridized atomic A l
orbitals. H—(lZ—Q—-(E—-H

Eoth

OCsp? + Osp?

1) 0Csp2 +His 2) o'Csp3 +Hi1s 3) 0.Cspa + Csp2
4) 0(.‘,spz + Nsp2 » TrC2p + N2p 5) o.Cspa + Nsp2 6) oCspa + Hi1s

a) Both the N and the C have linear geometry and are sp hybridized.
b) The bonds between the C and the N are one

sigma bond and two pi bonds. The sigma bond

results from the overlap of an sp-hybrid AO on C d) H%
with an sp-hybrid AO on N. Each pi bond results a p b
orbital on C overlapping with a p orbital on N. \"

¢) The unshared electrons on N occupy a

nonbonding sp-hybridized AO.

1) Ocepastts  2) Ocepa+tts  3) Ocspss+cspz 4) Ocepz + cspz + Mezp + C2p

5) 0'Csspz + Csp 6) 0.Csp +Csp 2 TrCZp +C2p 7) 0-Csp +Hi1s
a) 1) Ocspa + s 2) Ocgpa+cspz 3) Ocspzatits  4) Ocspa+0sp2 + Mezp+02p
b) 1 ) o'Cspa + Csp2 2) OCsp2 +Csp2 » TrCZp +C2p 3) 0'Cspz +Csp

4) cTCsp + Nsp 2 Tr02p + N2p 5) 0'Csp2 +Hi1s
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3.10

3.1

3.12

3.13

C) 1 ) oCspz + Osp2 1 TrCZp +02p 2) GCsp +His 3) GCsp +Csp ! 2 TrCZp +C2p
4) 0Csp2 + Csp 5) 0.Csp3 + Csp2 6) 0'Csp3 +H1s
d) 1 ) 0-Csp3 + His 2) o.Csp3 + Csp3 3) 0Csp3 + Nsp3 4) o.Nsp:’, +His

a) The 1 bonds are not conjugated because they are separated by CH,
groups at each end.

O
b) CHs CH3 ¢) CH; @

- only one of these &t
bonds is conjugated

Il
d) H-C=C—CH=CH—C—+H

e) The 1 bonds are not conjugated because they are separated by a CH,
group.

An atom with an unshared pair of electrons that is next to a  bond will
assume a hybridization that puts the unshared electrons in a p orbital so
that the electrons can be conjugated with the p orbitals of the 1 bond.

a) 1) sp® 2) sp? 3) sp? 4) sp? 5) sp®
b) 1) sp® 2) sp? 3) sp? 4) sp®
c) 1) sp? 2) sp? 3) sp? 4) sp®

d) 1) sp? 2) sp?

The nuclei of atoms must be in identical positions in resonance structures;
only electrons in conjugated p orbital can be moved.

a) These are not resonance structures because a H has moved from
oxygen to carbon.

b) These are resonance structures.

c) These are not resonance structures because a H has moved.

Each resonance structure must have the same number of electrons and
the same total charge.

a) The structure on the right has two fewer electrons. It would have a
formal charge of +1 on the left C.

b) The structure on the right has 5 bonds to C and 2 more electrons.

c) The center N of the structure on the right has only 6 electrons.
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d) The C bonded to O in the right structure has 5 bonds (10 electrons).

3.14 The relative stability of resonance structures can be estimated by whether
they satisfy the octet rule and the number and location of any formal
charges.

a) The right structure is much less important because the octet rule is not
satisfied at the positively charged carbon atom. It also has formal charges.
b) The first two structures are equally important. The last structure is not

important because the octet rule is not satisfied at the N and it has more
formal charges.

3.15 a) The right structure makes only a minor contribution to the resonance
hybrid, so the actual structure resembles the left structure and the
compound has only a small amount of resonance stabilization. This
means that the left structure is a good representation of the overall
structure and stability of the compound.

b) This compound has three equivalent resonance structures that
contribute equally to the resonance hybrid. (Only two of these are shown

in problem 3.14.) The ion has a large amount of resonance stabilization.
All the N-O bonds are identical.

(I'i): :-?.!— :(-li:_

+ + +

R T

3.16 r N +,0; + Q

) @ R @ b) CHs*N/T.j <> CH3~N

~ _ \O: \O:
o e "
CH; CH;
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Q" "0 o~ 0 0" 0
H
H + H H_+ H
d) <>
H H H H
H H H H
H H
H H H H H H
e) — C'. )
H H H H H H
H H H H H H

3.17 a) Each of these structures makes a similar contribution to the resonance
hybrid because they have similar stabilities. Because there are three

important resonance structures, this anion has a large resonance
stabilization.

g

b) The first structure makes the largest contribution to the resonance
hybrid because it has no formal charges. The others make similar but
lesser contributions. The compound has a large resonance stabilization.

O Ol«» (0 HQ‘O O

|
H H H H H
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c¢) The structures have equal
stabilities, so they contribute

equally to the resonance hybrid. =z X
The compound has a large | -—> |
resonance stabilization. L\ Q 7
d) The situation is similar to part b. The first structure makes the largest
contribution to the resonance hybrid because it has no formal charges.

The others make similar but lesser contributions. The compound has a
large resonance stabilization.

;N TR =Xy R
b)) { 3 (o =XL Y=l )
N NG LN T NG N
H H H H
e) The first two resonance structures are equal in stability and have no
formal charges so they contribute more to the resonance hybrid. The
other five resonance structures are of similar stability. They contribute less
to the resonance hybrid than the first two because they have formal

charges. This compound has a large resonance stabilization because it
has seven resonance structures.

:0g e 0\ CHs

VSO Bta)

:
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3.18

a)

f) The structure on the left contributes more to the resonance hybrid
because it does not have any formal charges. This ester has only a small

resonance stabilization.

N

| +

CH;~C—Q—CH; <> CH;—C=0—CHj,

HCN

*
— — 20

*
— — 2T CN

N
NN
W N

20

Nnonbonding

TICN

b)

34
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HCCH;
—————— 60 *
— Tt*co
—N— -ﬂ Ononbonding
i) o
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©)
CH;NH,

. ﬂ- Nnonbonding
IR

3.19
3.20 Sp3
a) CH;-NH, b) CH,=CHCH,C=N c) sp sp?
sp> sp} sp2 sp2 sp3 sp Sp
sp2 sp3
osp?
3 Sp2 sp3 S%P sp3 H sp?NH
Sp
) ) \% f O)z\/snpz\
sp3 sp3 2 SP g s
P sp sp* OH P P s
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3.21

a) 1) 0Csp2+0sp2 and TrC2p+02p 2) UCsp2+H1s’
3) c"CspZ*rCspz and Trc2p+Cp21 4) OCsp2+Csp2'
5) 0'Csp2+Csp3- 6) o.Csp3+H1s

b) 1) OCsp3+H1s: 2) 0-Csp3+Csp31
3) OCsp3+Osp3v 4) OOsp3+H1s

C) 1) 0.Csptfw'Cspv 2) 0-Csp+Nsp and tWO TrC2p+N2p

d) 1) 0-Csp2+0sp2 and TrC2p+02pv
2) oCsp3+Csp’ 3) O-Csp+Csp and two TTCZp-O-CZp’

4) 0Csp+Csp2v 5) OCsp2+H1s

3.22
H -
H
o SP T /N
a) sp2 : . ) - |
sp3 N
H sz sz T -
H all sp2
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H H
sp3|sp3| SP SP
H—C—C—C=N

MIITZ

sp2

sps 5P sps
H;C—N—CH
5
all
sp2



o) oY o
N

E |
all sp2 H
all sp2
all sp2
O: Sp? O:sp?
. T
g) CH;C—QH h) CH;C—NHCH;
Sp3 sp2 sp2 Sp3 sp2 sp2 sp3
3.23
; DB o B

The p orbitals of the second «
bond are perpendicular to these
orbitals and are not part of the
conjugated system.

3.24 a) The unshared electron pairs on . -
the nitrogens are not part of the ZIN: | N
conjugated pi system. Q d ‘ > )

N

b) One unshared electron pair on the
oxygen is part of the conjugated system and is involved in resonance.

[0 L e
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3.25

3.26

c)

+//O: /\ +/§: + +/(§:~
CH=CHN ¥ <—> CcH=CHN~ <—> CH-CHN = _
\ o N NS
t/Q: 40 O:
q +
) Q//o——H tO—H
CHy—C ~— G

\ee
({Q—H O—H
+

e) The unshared electron pair on the carbon is conjugated with one of the
pi bonds of the triple bond. The p orbitals of the other pi bond are
perpendicular to these orbitals and are not involved in resonance.

AR -

H—C=C—CH, <—> H—C=C=CH,

a) The N has six electrons in the structure in the middle and it has ten in
the structure on the right. Both structures violate the octet rule.

b) The second structure is not a resonance structure for the first structure
because a hydrogen has moved. These structures represent constitutional
isomers.

c) The N atom in the second structure has only six electrons.

d) The second structure has ten electrons at one carbon.

a) All of these resonance structures are important. Although the
carbocation is unstable because it does not satisfy the octet rule at one C,

it is much more stable than most carbocations because it has a large
amount of resonance stabilization.

+ +
CH, CH, CH, CH, CH,
C ;
(‘@4——» <> <> <> ’
7 "
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b) Resonance structure C contributes more to the resonance hybrid
because the negative charge is on the more electronegative oxygen.

Structures A and B are similar in stability. This anion has a large amount
of resonance stabilization.

_ O: __10: 108

N N -i}(u l

CHy-CH=CH—C—CH; <— CH,=CH—CH—C—CH; <> CH=CH—CH=C—CHj
A B C

c¢) The second structure contributes less to the resonance hybrid because
it has formal charges. The compound looks more like the first structure.
However, the second structure makes a significant contribution, so the
compound has some resonance stabilization.

O Ot
(” (‘ | +

CH;-C—NH, <—> CH;-C=NH,

d) The second structure contributes slightly more to the resonance hybrid

because the negative charge is on the more electronegative atom. This
anion has a large resonance stabilization.

t|| .

CH3—C—NH <—> CH-C=NH

e) Resonance structure A is somewhat more stable than the others

because it has the negative charges on the oxygens. This anion has a
large amount of resonance stabilization.

Y + O _r\ +//6: +,(.).=—
CH,-CH=CH—N_ | _<—> CH=CH—CH-N\3_<—> CH,=CH—CH=N__, _
Qo I Q: A Q
I + 0 . + O a
Chy-CH=CH— N, CHy=CH—CH-N__
O:
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f) Resonance structures B and C are equal in stability and contribute more
to the resonance hybrid than A because they have the negative charge on
the more electronegative atom. This anion has a large resonance

stabilization.
- 5 -
I N\ © r\(* L
CH;-C—CH—C—CH; <> CH3—C—CH—C-—CH3 CH;—C=CH—C—CH;
A B C

3.27 One of the lone pairs of electrons on the oxygen atom of this carbocation
is conjugated with the empty p orbital of the positively charged carbon.
The resonance structure on the right is more stable than the structure on
the left, because the octet rule is satisfied at both C and O.

H H +
C—O——CH3 > C=0—CH;
o -

3.28 a) The anion on the left is more stable because the negative charge can
be delocalized onto the oxygen atom by resonance. The other anion is not
conjugated and therefore has no resonance stabilization.

(_ﬁ 'r‘.._ :(|):

CH;-C—CH—CH; <> CH;~C=CH—CH;

b) The anion on the right is stabilized by resonance whereas the anion on
the left is not.

S -

CH,—C=EN <«—> CH=C=N:
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3.29 The p orbital of the positively charged carbon of the carbocation on the
left is conjugated with the p orbitals on the carbons of the benzene ring.
Therefore this carbocation is resonance stabilized. The carbocation on the
right has no resonance stabilization because of the sp® hybridized carbon
that separates the p orbital of the positive carbon from the p orbital of the
carbon of the benzene ring.

CH—CH3 CH—CH; CH—CH; CH—CH;,
+
GE%] [%E*"
3.30 a) H—C=C—CH; b) CH;-O—H
A A
______ 60%* —— — — — 50%
E — — 2 Tl*cc E N N

N N 2 O;n;ding

— — 2 Tcc

AR T TR T

c) _T,:II:H A\ — — 70%
BUN BN
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3.31

3.32

3.33

3.34

The lowest energy excited state of

CH,=CH, has one electron promoted 0
from the ™ MO to the m* MO (don’tworry | ——— — — 5 0%
-about the spin for now).
E - TC*CN
i Tlcc
LN

The additional electron will go into the empty sigma A T
antibonding MO of the H, molecule causing some A
destabilization. However, the species will still have a E O *
bond between the two hydrogens. Because the bond is
destabilized due to the electron in the antibonding MO, it
should be weaker and longer than the bond of H, N
(approximately one-half of a bond). LA

OnH
In the excited state of H,, the 6* and the o MOs are half- ﬁ i
filled. Therefore there is no bond between the hydrogen O *un
atoms. The effect of one electron in the bonding MO is
approximately canceled by the effect of the one electron
in the antibonding MO. l

O HH

The two p orbitals on the central carbon (sp hybridized) are perpendicular
to each other. One of these perpendicular p orbitals is parallel to the p
orbital on one of the terminal carbons and the other is parallel to the p
orbital on the other carbon. Thus, the p orbitals of one 1 bond are
perpendicular to the p orbitals of the other  bond. The molecule is not

conjugated.
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trigonal planar

| = AN

H,C=C=CH, OC < O~
sp2 sp sp?
p? pT p ‘ Q
Ocsp2 + Csp sp hybridized
Tcp +Cp
3.35
2+|47 J T -
CH; ——?—O > CH3—?—O - CH3—SI—O
:Q: - :Q:" ()
10 :():_
I + |
and so forth  CH;—S$=0Q: <—> CH;—S=0:
|| " | —

3.36 The five resonance structures are quite similar and are expected to make
nearly equal contributions to the resonance hybrid. However, the number
of times that a particular C-C bond appears as a double bond in these
structures varies. The shortest bond is a double bond in four of the
resonance structures and a single bond in only one.
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H

shortest bond

o O
SR ¥::
ayK
Fom Lo

3.37 The longest bonds (1.44 A and 1.43 A) are single in 3 structures and
double in one structure. The bond of intermediate bond length (1.40 A) is
single in 2 structures and double in 2 structures. The shortest bond (1.37
A) is single in one structure and double in 3 structures.

L40 A 1.44 A
7 137A

Uy

143 A

3.38 The odd electron in this radical is in a p orbital, so the species is

conjugated. It has two important resonance structures. The odd electron is
located on a different carbon in the two resonance structures, providing
two different sites for the coupling with the chlorine radical.

&9

|
:
— 0
e/

1.43 A

|
@
@9



arastk .
CH;—CH=CH—CH, <—*> CH;—-CH—CH=CH,

l : él.
: (Fl: : él-jlz
CH;-CH=—CH—CH, —+ CH;—CH—CH=—CH,

3.39 There are a total of three electrons in the two MOs of the A T
HeH molecule, two electrons in the bonding MO and one L
in the antibonding MO. The molecule is predicted to be E O * Hent
more stable than the separate atoms on the basis of this
simple picture. N
O HeH

3.40 Nitrogen 1 is sp? hybridized and its ! 3 .
unshared pair of electrons is in an sp? ‘N ITIHZ
nonbonding AO. Nitrogen 2 is also sp? QB‘CHz—CH—CO H
hybridized, but its “unshared” pair of 7N 2
electrons is in a p orbital and is part of |
the conjugated pi system. Nitrogen 3 is H

sp® hybridized and its unshared pair of
electrons is in an sp® nonbonding AO.

3.41 The cation has three resonance structures that contribute about equally to
the resonance hybrid because they are similar in stability.

.- + -
ol S & i,
H,N=C—NH—CH,CH,CH,CHCO,H <> H,N—Ci:—NH—R <> HN—C=NH—R
+ - (1]

&

Cl Cl Ccl
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3.42

sp3
Sp3 sp H3C\ /H Sp3 Sp sp
a) CHkC=CCH; b) SPZ/CZC\ c) CH;—C=N

CH,

sp> sp3 sp3 SR sp? (”) Sp2
d) CH,CHNH, ©) CHZ:CH—CI:)Z—NH2
S

sp2
P _H sp sp2 Sp
) N o Nsp g8) CH,=CH—NH,
sp2  sp2

3.43 a) The double bonds are conjugated. ©

le bond ' . I
b) All three double bonds are conjugated CH,=CHCH=CHCH

¢) The double bond is conjugated with one pi H—C=C—CH=CH,
bond of the triple bond.

d) The two double bonds and the electron CH,=CH—CH=CH *I.\.IH
pair on N are conjugated. 2 2) 9

e) The double bonds are not conjugated. :
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3.44

0 ot + . oF o+
Q=) =" O~ ()
N P

NN NN

:OH :OH +OH +0H +6H
@ H@ H@’H@H @

o
~

O + O + + O
d) CHz—CH—N . <> CHy= CH—N <> CH),- CH—N L
0t Q’ 0

3.45 The octet rule is not satisfied at the radical carbon (the one with the odd
electron).

Y G O O

Review of Mastery Goals
After completing this chapter, you should be able to:

Assign the ground-state electron configuration for simple atoms.
(Problems 3.2 and 3.3)
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Identify any bond as sigma or pi. (Problem 3.34)
Draw pictures for various sigma and pi bonding and antibonding MOs.

Identify the hybridization of all atoms of a molecule.
(Problems 3.6, 3.8, 3.9, 3.11, 3.20, 3.21, 3.22, 3.40, and 3.42)

Identify the type of molecular orbital occupied by each electron pairin a
molecule and designate the atomic orbitals that overlap to form that MO.
(Problems 3.5, 3.7, 3.8, 3.9, 3.21, and 3.40)

Draw the important resonance structures for any molecule. Assign the
relative importance of these structures and estimate the resonance
stabilization energy for the molecule.

(Problems 3.12, 3.13, 3.14, 3.15, 3.16, 3.17, 3.24, 3.25, 3.26, 3.27, 3.28,
3.29, 3.35, 3.36, 3.37, 3.38, 3.41, 3.44, and 3.45)

Show a MO energy level diagram for all the orbitals for any molecule.
(Problems 3.4, 3.18, 3.30, 3.31, 3.32, 3.33, and 3.39)
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41

4.2

4.3

4.4

Chapter 4
THE ACID-BASE REACTION

According to the Bronsted-Lowry definition, an acid is a proton donor and
a base is a proton acceptor. Compounds that have both a hydrogen and
an unshared pair of electrons can potentially react as either an acid or a
base, depending on the reaction conditions. For example, water, has both
unshared pairs of electrons and hydrogens. Therefore it can act like an
acid or a base.

a) acid b) both c) acid d) base e) both f) both g) both

A conjugate acid is formed by adding a proton (H) to the base, using an
unshared pair of electrons on the base to form a bond to the proton. The
conjugate acid has one unit more of positive charge than the base. For
example, addition of a proton to the base hydroxide anion (charge = -1)
produces its conjugate acid, H,O (charge = 0).

T +
a) CH3—(|)——H b) H—Q—H ¢) CH3;-NH;j
H

A conjugate base is formed by removing a proton from the acid, leaving
the electrons of the bond as an unshared pair on the base. The conjugate
base has one unit less of positive charge than the acid.

"y
a) H—{): b) H—6= c) H—Iﬁ: d) H—$—(|j:
| H H H

The reaction of an acid with a base is in equilibrium with the conjugate
acid and the conjugate base. Remember, in an acid-base reaction the
conjugate acid is the protonated form of the corresponding base and the
conjugate base is the deprotonated form of the corresponding acid.
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4.5

4.6

4.7

4.8

4.9

conjugate conjugate

base acid .
acid base

TN

a) NH, + H-O—H =—= :NH; + :Q-H

/\ T
b) CH3§:_ + H£(.'?+—H —= CH0—H + H—O—H

According to the Lewis acid-base definition, an acid is an electron pair
acceptor and a base is an electron pair donor.

a) Lewis acid b) Lewis base c) Lewis acid d) Lewis base e) both
a)10* b)16 c¢)10% d)-6

The acidity constant, K,, is a measure of the acidic strength of a
compound. The pK, is by definition -log K,. As the strength of an acid
increases, its K, increases and its pK, decreases. For example, C,H, in
(b) has a larger pK, than water. Therefore it is a weaker acid than water.

a) stronger b) weaker c) stronger d)weaker

The weaker the acid, the stronger its conjugate base. If the K, of a
compound’s conjugate acid is larger than that of water (or the pK, of the
compound’s conjugate acid is smaller than that of water), then the
compound is a stronger base than hydroxide ion.

a) stronger b) stronger c)weaker d)weaker

The equilibrium favors the formation of the more stable compounds. In the
case of acid-base reactions, the weaker acid and the weaker base are
favored. For example, in (a) the acid CH;NH, has a lower K, than the acid
CH,CO,H. Thus CH;NH, is a weaker acid than CH,CO,H. Therefore the
equilibrium favors the reactants.

a) favors reactants b) favors products
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4.10 The equilibrium favors the products in each case because the weaker acid
and the weaker base are on the product side of the equation.

4.1
- b
3) equilibrium favors ) equilibrium favors
reactants 3 products
K <1 K>1
AG’> 0 AG <0
Froe _-__f ...... —— products T reactants
o
Energy AG AG o
Gl 4 -
reactants = 3 Y. products
4.12
Free
Energy
— +
G HCI + NH; Cl + NH,4

Reaction Progress —— 5

4.13 a) HCl is the stronger acid because Cl is more electronegative than S and
both atoms are from the same period of the periodic table.
b) PH," is the stronger acid because P is beneath N in the periodic table.
c) H,S is the stronger acid. Because S is beneath O in the periodic table,
H,S is a stronger acid than H,0 and H,O is a stronger acid than CH,CH,
because O is more electronegative than C.
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414 a) Remember, a stronger base is a produced from a weaker conjugate
acid. H,0, the conjugate acid of OH', is a weaker acid than H,S, the
conjugate acid of HS" (S is beneath O in the periodic table). Therefore OH
is a stronger base than HS'.

b) CH,NH, is a weaker acid than CH,OH because O is more
electronegative than N. Thus CH,;NH" is a stronger base than CH,O".

415 2) HNCHCHO{H) b) cHCHo-{H)  © CH;SH)

4.16 a) The two electron withdrawing fluorines of CHF,CO,H cause a larger
stabilization of the conjugate base, resulting in a stronger acid.
b) CHF,CO,H is a stronger acid because F is more electronegative than
Br and has a stronger electron withdrawing effect.
c) CH,OCH,CO,H is a stronger acid because the OCH, group is an
electron withdrawing group compared to H.

4.17 The hydrogen bonded to the sp hybridized carbon is most acidic.

cmcmczc@

4.18 In the resonance structures of the conjugate base of the meta isomer of
nitrophenol, the electron pair is never on the carbon atom to which the
nitro group is attached, so the electrons cannot be delocalized onto the
oxygens of the nitro group. Thus there are fewer resonance structures
and less resonance stabilization for the meta isomer than for the para
isomer.

NO, NO; 7~ "NO, NO,
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4.19 a) When an H is removed from the CH, group of the compound on the
right, the electron pair of the conjugate base is stabilized by resonance
with both the C=0 and the C=N. Therefore this compound is the stronger
acid. . .-

O: HOH
Giv: ST /N
CHy—CY-CH—C=N: <—> CH;—C=ZCH-C=N:

¢
CH;—C—CH=C=N:
b) The most acidic H in both compounds is the one bonded to the O. The
compound on the left is a stronger acid because its conjugate base is

stabilized by the electron withdrawing effect of the CH,C=0 group. More
importantly, the CH,C=0 group also stabilizes the conjugate base by

resonance.
. 6: - : O: H O: H O:
:0=CCH; :0=CCH; :0—=CCH; =(:§-—CCH3

c) This is similar to problem 4.18. The para isomer (left) is more acidic
because the electron-withdrawing group is more effective in stabilizing the
conjugate base as a result of additional resonance stabilization (see the
last resonance structure of problem 4.19 b). The other isomer (right) has
no resonance structure with the electrons delocalized onto the group.

d) The H on the CH,C=0 is the most acidic because the conjugate base
formed by removal of this H is stabilized by resonance.

10
O T |-
CHZ—C‘““QCHg, > CHZ:C—QCH3
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4.20

4.21

4,22

4.23

e) Phenol (left) is a stronger acid than aniline (right) because the H on the
more electronegative O is more acidic than the H on the less
electronegative N.

a) The compound on the right is a weaker base because the nitro group
stabilizes the unshared electron pair on the N by both its electron-
withdrawing inductive effect and resonance.

b) The anion on the left is the weaker base because it has a larger
resonance stabilization (two additional resonance structures) than does
the anion on the right (one additional resonance structure).

Remember, the equilibrium favors the formation of the weaker acid and
the weaker base. The larger the pK, , the weaker the acid.

a) Ammonia (pK, = 38) is a weaker acid than a ketone (pK, = 20), so the
equilibrium favors the products.

b) Dimethylsulfoxide (pK, = 38) is a weaker acid than an alcohol (pK, =
16), so the equilibrium favors the products.

c) HCI (pK, = -7) is a much stronger acid than phenol (pK, = 10), so the
equilibrium favors the reactants.

The solvent must not be acidic enough to protonate the anion. The pK, of
the conjugate acid of the anion is 25, so the solvent must have a pK,
larger than 25.

a) acceptable because the pK, of NH, is 38

b) not acceptable because the pK, of an alcohol is 16

c) acceptable because an ether has no H with a pK, approaching 25

To get the conjugate acid, use the most basic pair of electrons to form a
bond to a proton.

+ -
NH; :OH
+
a) b) ¢) CH;CH,CH,QH,

d) CH;C=CH ) %ﬁ
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4.24

4.25

4.26

4.27
4.28

4.29

The stability of the conjugate base depends on factors such as the
electronegativity and the hybridization of the atom where the electrons are
located, resonance delocalization of the basic electrons, and inductive
effects of nearby groups.

a) O is more electronegative than C. CH3CHZQ’

O:

b) A carboxylic acid is a stronger acid than an ~ . -
alcohol because of resonance stabilization :O—CCH,CH,OH
of its conjugate base.

c) O is more electronegative than C or N. ~ FeNCHCH-0:

According to the Lewis acid-base definition, an acid is an electron pair
acceptor. Any compound that has an unfilled valence orbital is a potential
Lewis acid.

a) The boron atom in BCl, has an empty orbital that can accept electrons.
Therefore it is a Lewis acid.

b) Methane is not a Lewis acid since there are no empty orbitals in the
valence shell of any of its atoms.

c) The positively charged carbon atom of this species is sp? hybridized,
and has an empty p orbital that can accept electrons. Therefore it is a
Lewis acid.

According to the Lewis definition, a base is an electron pair donor. Any
compound that has an unshared electron pair can behave as a Lewis
base.

a)can b)cannot c)can d)cannot e)can
pK, =-log K, a) 3.76 b) 50
K, =10 (antilog of -pK,) a) 1x107% b) 4.9x 101

a) In both cases the conjugate bases are stabilized by an inductive effect
and by resonance. However, the compound on the right is the stronger
acid because the hydrogen is removed from the more electronegative
oxygen atom.

b) The hydrogen on sulfur is more acidic than the one on oxygen, so the
compound on the left is a stronger acid.
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4.30

4.31

c) The compound on the right is the stronger acid because the conjugate
base produced by the removal of a proton from the CH, group is stabilized
by resonance. There is no such stabilization in butane.

d) The compound on the right is the stronger acid because the CF, group
is a strong electron-withdrawing group. The CH, group is weakly electron
donating and destabilizes the conjugate base.

e) The compound on the right is more acidic because the nitrogen in this
molecule is sp? hybridized. The unshared pair of electrons of the
conjugate base will more stable in a sp? hybridized orbital.

a) The anion on the left is a stronger base because the nitro group of the
anion on the right provides additional resonance delocalization of the
basic electrons.

b) The nitrogen compound is a stronger base than the phosphorus
compound because acid strength increases (and base strength
decreases) down a column of the periodic table.

c) The anion on the left is a stronger base because Cl is a stronger
electron withdrawing group than Br as a result of its higher
electronegativity.

d) The anion on the right is a stronger base because O is more
electronegative than N.

The acidic hydrogen is the one bonded to the oxygen for each compound.
Compound B is a stronger acid than A because of resonance stabilization
of its conjugate base. Compound C is a stronger acid than B because of
the inductive electron withdrawing effect of the CN group. Compound D is
a stronger acid than C because of the additional resonance stabilization of
the conjugate base when the CN is attached to the para position.

OH OH OH
CH;OH < < <
CN

CN

A B C D
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4.32 The basic electron pair in each compound is the one on the nitrogen

4.33

4.34

4.35

atom. Compound C is a weaker base than D because it has resonance
stabilization of the basic electron pair. The nitro group of B provides even
more resonance stabilization of the basic electrons. Compound A is the
weakest base because the C=0 is one of the best groups at stabilizing a
pair of electrons on an adjacent atom by resonance.

NH, NH, NH,
i
CH;CNH, < < <
NO,
A

B C D
i I I Q9
CH;COH < HOCCH,CH,COH < HOC—COH
weakest acid strongest acid

a) The products are favored because butyllithium is a stronger base than
LDA (see Table 4.4).

b) The equilibrium favors the products because ammonia (pK, = 38) is a
weaker acid than an alkyne (pK, = 25).

c) The reactants are favored because an alcohol (pK, = 16), is a weaker
acid than an alkyne (pK, = 25).

a) CH,CH, is a weaker acid than CH,CN, because the conjugate base of
CH,CN is stabilized by resonance, so the reactants are favored.

If{) H

- |
CH;,CH, + CH,C=N: =—= CHCH, + CH,C=N:
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4.36

b) The electron withdrawing inductive effect of the CF, group stabilizes the
base CF,CO,", so the reactants are favored.

TR 9, b

. I . —
CRCO: + H—OCCH; <—= CFRCQH + CH;CO:

c) The reactant acid is stronger because N is more electronegative than
C, so the products are favored.

9 Je 9 -

- i
CFCNH + CHCCH; <—= CFCNH + CHCCHs

d) The products are favored because a carboxylic acid is a stronger acid
than water due to resonance stabilization of its conjugate base.

O:
’7 [ - -
CH3CH2CH2CO— + OH —= CH3CH2CH2CO + HOH
o O
a) A sulfonic acid is a stronger acid than a HOgCHZCHng @
carboxylic acid. I
O

b) The circled hydrogen is more acidic because the CH;CH,CHC=N
conjugate base is stabilized by resonance.

OH
c) A carboxylic acid is a stronger acid than a phenol.
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d) A phenol is a stronger acid than an alcohol.

CH,OH

e) The circled hydrogen is more acidic because the I
conjugate base is stabilized by resonance involving CH;CCHCOCH,CHy
both carbonyl groups.

0]
+
. Lo . I
f) An ammonium cation is a stronger acid than a @CHZCOH
carboxylic acid.

4.37 a) The equilibrium favors the products.

I T - - |l -
CH;CCH,CCH,CH; + :OCH,CH; <—= CH;CCHCCH,CH; + HOCH,CH;
PKg=9 PKg=16
b) The equilibrium favors the products.

CHCHNO, + CHQ* =—= CHCHNO, + CHOH
PKg= 10 pKg=16

c¢) The equilibrium favors the products.

i - '8 = 9 T
CH;COCH; + :N(CHCH), <—= CH,COCH; + HN(CHCH;),
pKg =25 . pKgz=38
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4.38

4.39

4.40

d) The equilibrium favors the reactants because the electron withdrawing
effect of the F is stronger when it is closer to the basic O.

0 0
FCHZCHZy?OH + c}ch:H—é':o‘ — FCHZCHQ'(|DO_ + CH3(|3H—£lIOH
e) The equilibrium favors the products.
(I)H ﬁ + = I |-
CH;CH—COH + Na OH <—= CH;CH—CO Na + HOH
pKa=4 pKg=16

f) The equilibrium favors the products.

CHs CHs 3
CH3(|3—(§= + B0 T== CHC—QH* :OH
CH; CH;
pKg=16 pKg=19

AICI, is the Lewis acid because Al has an empty p orbital, which can
accept an electron pair. CH,CH,OCH,CH, is the Lewis base because the
O has lone pairs of electrons to donate.

The basic electrons are on a nitrogen atom in both compounds. The
unshared electron pair of the structure on the left is in a sp*hybridized
orbital, while in the structure on the right they are in a sp*-hybridized
orbital. The sp? orbital is lower in energy than the sp® orbital, so the
structure on the left is a weaker base. Note that the compound on the left
is stabilized by resonance, but the basic electrons are not involved in the
resonance, so resonance has no effect on the basicity of the electrons.

The unshared electron pair on the nitrogen of this compound isina p
orbital which is conjugated with the p orbitals of the C=0O group. These
electrons are stabilized by resonance. If the nitrogen is protonated, this
resonance stabilization is lost. The electron pairs on the oxygen atom are
in atomic orbitals that are not involved in resonance.
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4.41

4.42

4.43

4.44

4.45

4.46

From Table 4.2, the pK, for NH," is 9.24 and the pK, for a carboxylic acid
is about 5. Therefore a carboxylic acid is a stronger acid than ammonium
ion and the equilibrium favors the product. The product is an internal salt
and should have salt-like properties, such as a high melting point and a
high solubility in water.

The N that is bonded to the C=0 group is not very basic because its
electron pair is stabilized by resonance with the C=0 group. For this
reason, the N of an amide is not very basic. The other N has no special
stabilization for its unshared electron pair and is approximately as basic
as the N of ammonia.

The electrons on the N with the H are part of the conjugated pi system
and are not very basic. The electrons on the N without the H are in an AO
that is perpendicular to the pi system. These electrons are not involved in
resonance and are much more basic.

The NH;" is an inductive electron-withdrawing group and increases the
acid strength of the nearby carboxylic acid group.

The anion has two resonance structures. The conjugate acid of this anion
can have the proton on the O or on the C.

=6 0O:
I base G, T
CH;—C—CH; %€, CH3_}';fCH2

!

o _
base
CH;—C=CH, —> (CH;—C=CH,

a) Isomer b is more stable than a because it is conjugated and has
resonance stabilization.

b) The conjugate base of a has three resonance structures. Protonation at
one of the carbons bearing a partial negative charge produces a and
protonation at the other produces b.
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4.47

4.48

:—D‘_‘—’ -

<

a) The CH,O group has an electron-withdrawing inductive effect which
destabilizes the acid and stabilizes the conjugate base. Therefore the
inductive effect of this group should increase the acidity of compound d.
b) The CH,O group has an electron-donating resonance effect which
destabilizes the conjugate base, weakening the acidity of d.

:OH :OH :OH :OH
<—>t
CQCH3 +OCHs + OCHj3 +0OCHs

c) Compound d is a slightly weaker acid than ¢, so the acid-weakening
resonance effect of the CH,O group is slightly stronger than the acid-
strengthening inductive effect.

The compounds at the beginning of Table 4.2 are very strong acids. Their
equilibrium constants are very large and cannot be measured accurately
because the concentrations of the reactants are extremely small. The
equilibrium constants for these compounds are determined by some
indirect method and only approximate values can be obtained. Because
the pK, values cannot be determined very precisely, they are listed
without any figures right of the decimal place. A similar problem occurs
with the extremely weak acids at the end of the table.
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4.49 a) The circled compound is the stronger acid because the electron
withdrawing fluorines are closer to the acidic hydrogen.

b) The circled compound is the stronger acid because the conjugate base
(H is removed from N) is stabilized by resonance.

CH;CH,NH,

¢) The circled compound is the stronger acid because the conjugate base
(H is removed from O) is stabilized by resonance.

@ -

d) A carboxylic acid is a stronger acid than a phenol.

i
©/OH ©/COH

e) An H on an O is more acidic than an H on an N.
:: _OH : NH,
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4.50 The NO, group stabilizes the conjugate base by resonance and increases
acid strength. The compound on the right has less resonance stabilization
because the p orbital on the nitrogen is not parallel to the p orbital on the
ring because the oxygens of the NO, group bump into the CH, groups.

Review of Mastery Goals
After completing this chapter you should be able to:

Write an acid-base reaction for any acid and base.
(Problems 4.1, 4.2, 4.3, 4.4, 4.35, and 4.37)

Recognize Lewis acids, Lewis bases, and the reactions between them.
(Problems 4.5, 4.25, 4.26, and 4.38)

Recognize acid or base strengths from K, or pK, values and use these to
predict the position of an acid-base equilibrium.
(Problems 4.6, 4.7, 4.8, 4.9, 4.10, 4.21, 4.34, 4.35, 4.36, 4.37, and 4.41)

Predict and explain the effect of the structure of the compound, such as
the atom bonded to the hydrogen, the presence of an electron donating or
withdrawing group, hydrogen bonding, the hybridization of the atom
attached to the hydrogen, or resonance on the strength of an acid or
base.

(Problems 4.13, 4.14, 4.16, 4.18, 4.29, 4.30, 4.35, 4.39, 4.40, 4.41,4.42,
and 4.43)

Using the same reasoning, arrange a series of compounds in order of
increasing or decreasing acid or base strength.
(Problems 4.19, 4.20, 4.31, 4.32, 4.33)

Identify the most acidic proton in a compound.
(Problems 4.15, 4.17, 4.24, 4.36, 4.42, and 4.43)
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5.1

Chapter 5
FUNCTIONAL GROUPS AND NOMENCLATURE |

Follow steps 1 through 5 outlined in Section 5.3 in the text for naming
these alkanes.

Step 1: Find the longest, continuous carbon chain
in the compound. The number of carbons in this
backbone chain determines the root. If there is
more than one chain of equal length, choose the 5
one with the more branches. For example, in (e)

there are two different 6 carbon chains, one with 5
two branches and the other with three branches. 6 4
Choose the one with the three branches as the

root chain.

Step 2: Attach the suffix (-ane for alkanes). In the above example, the
root chain has six carbons, so this compound is named as a hexane.

Step 3 : Number the root carbon chain starting from the end that will give
the lower number to the first branch. If the first branch occurs at an equal
distance from either end, then choose the end that will give the lower
number to the second branch. In the above example, starting at either end
of the root chain, the first branch occurs at position 2. In the correct
numbering, shown above, the second branch occurs at position 3. If the
other end were chosen as position 1, the second branch would be at
position 4.

Step 4: Name the groups attached to the root. 1 J methyl
methyl —> 2 ethyl
¥
5 3

6 4

Step 5: Assemble the name as a single word in the order number-group
root suffix. List the groups in alphabetical order. The name for (e) is
3-ethyl-2,5-dimethylhexane.

a) 2-Methylpentane b) 2-Methylpentane

c) 2,4-Dimethylhexane d) 5-Ethyl-3-methyl-5-propylnonane
e) 3-Ethyl-2,5-dimethylhexane  f) 3-Ethyl-2,6-dimethylheptane
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5.2

5.3

5.4

5.5

5.6

) A~ b))\é/\/\/

First draw the structure suggested by the name. 5 3 |
Then name the structure according to the IUPAC <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>