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Preface

What enters your mind when you hear the words "organic chemistry?" Some of you may think,
"the chemistry of life," or "the chemistry of carbon." Other responses might include "pre-med,
"pressure," "difficult," or "memorization." Although formally the study of the compounds of
carbon, the discipline of organic chemistry encompasses many skills that are common to other
areas of study. Organic chemistry is as much a liberal art as a science, and mastery of the concepts
and techniques of organic chemistry can lead to improved competence in other fields.

As you work on the problems that accompany the text, you will bring to the task many
problem-solving techniques. For example, planning an organic synthesis requires the skills of a
chess player; you must plan your moves while looking several steps ahead, and you must keep
your plan flexible. Structure-determination problems are like detective problems, in which many
clues must be assembled to yield the most likely solution. Naming organic compounds is similar to
the systematic naming of biological specimens; in both cases, a set of rules must be learned and
then applied to the specimen or compound under study.

The problems in the text fall into two categories: drill and complex. Drill problems, which
appear throughout the text and at the end of each chapter, test your knowledge of one fact or
technique at a time. You may need to rely on memorization to solve these problems, which you
should work on first. More complicated problems require you to recall facts from several parts of
the text and then use one or more of the problem-solving techniques mentioned above. As each
major type of problem —synthesis, nomenclature, or structure determination—is introduced in the
text, a solution is extensively worked out in this Solutions Manual.

Here are several suggestions that may help you with problem solving:

1. The text is organized into chapters that describe individual functional groups. As you
study each functional group, make sure that you understand the structure and reactivity of
that group. In case your memory of a specific reaction fails you, you can rely on your
general knowledge of functional groups for help.

2. Use molecular models. 1t is difficult to visualize the three-dimensional structure of an
organic molecule when looking at a two-dimensional drawing. Models will help you to
appreciate the structural aspects of organic chemistry and are indispensable tools for
understanding stereochemistry.

3. Every effort has been made to make this Solutions Manual as clear, attractive, and
error-free as possible. Nevertheless, you should use the Solutions Manual in moderation.
The principal use of this book should be to check answers to problems you have already
worked out. The Solutions Manual should not be used as a substitute for effort; at times,
struggling with a problem is the only way to teach yourself.

4. Look through the appendices at the end of the Solutions Manual. Some of these
appendices contain tables that may help you in working problems; others present
information related to the history of organic chemistry.

Although the Solutions Manual is written to accompany Organic Chemistry, it contains
several unique features. Each chapter of the Solutions Manual begins with an outline of the text that
can be used for a concise review of the text material and can also serve as a reference. After every
few chapters a Review Unit has been inserted. In most cases, the chapters covered in the Review
Units are related to each other, and the units are planned to appear at approximately the place in the
textbook where a test might be given. Each unit lists the vocabulary for the chapters covered, the
skills needed to solve problems, and several important points that might need reinforcing or that
restate material in the text from a slightly different point of view. Finally, the small self-test that has
been included allows you to test yourself on the material from more than one chapter.
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I have tried to include many types of study aids in this Solutions Manual. Nevertheless,
this book can only serve as an adjunct to the larger and more complete textbook. If Organic
Chemistry is the guidebook to your study of organic chemistry, then the Solutions Manual is the
roadmap that shows you how to find what you need.
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Chapter 1 - Structure and Bonding

Chapter Outline

I. Atomic Structure (Sections 1.1-1.3).
A. Introduction to atomic structure (Section 1.1).
1. An atom consists of a dense, positively charged nucleus surrounded by negatively
charged electrons.
a. The nucleus is made up of positively charged protons and uncharged neutrons.
b. The nucleus contains most of the mass of the atom.
c. Electrons move about the nucleus at a distance of about 2 x 107" m (200 pm).
The atomic number (Z) gives the number of protons in the nucleus.
The mass number (A) gives the total number of protons and neutrons.
All atoms of a given element have the same value of Z.
a. Atoms of a given element can have different values of A.
b. Atoms of the same element with different values of A are called isotopes.
B. Orbitals (Section 1.2).
1. The distribution of electrons in an atom can be described by a wave equation.
a. The solution to a wave equation is an orbital, represented by .
b. ¥ predicts the volume of space in which an electron is likely to be found.
2. There are four different kinds of orbitals (s, p, d, f).
a. The s orbitals are spherical.
b. The p orbitals are dumbbell-shaped.
c. Four of the five d orbitals are cloverleaf-shaped.
3. An atom's electrons are organized into electron shells.
a. The shells differ in the numbers and kinds of orbitals they contain.
b. Electrons in different orbitals have different energies.
c. Each orbital can hold up to a maximum of two electrons.
4. The two lowest-energy electrons are in the 1s orbital.
a. The 2s orbital is the next higher in energy.
b. The next three orbitals are 2py, 2py and 2p,, which have the same energy.
i. Each p orbital has a region of zero density, called a node.
c. The lobes of a p orbital have opposite algebraic signs.
C. Electron Configuration (Section 1.3).
1. The ground-state electron configuration of an atom is a listing of the orbitals
occupied by the electrons of the atom in the lowest energy configuration.
2. Rules for predicting the ground-state electron configuration of an atom:
a. Orbitals with the lowest energy levels are filled first.
i. The order of filling is 1s, 2s, 2p, 3s, 3p, 45, 3d.
b. Only two electrons can occupy each orbital, and they must be of opposite spin.
c. If two or more orbitals have the same energy, one electron occupies each until
all are half-full (Hund's rule). Only then does a second electron occupy one of
the orbitals.
i.  All of the electrons in half-filled shells have the same spin.
II. Chemical Bonding Theory (Sections 1.4—1.5).
A. Development of chemical bonding theory (Section 1.4).
1. Kekulé and Couper proposed that carbon has four "affinity units"; carbon is
tetravalent.
2. Kekulé suggested that carbon can form rings and chains.

abed o
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2 Chapter 1

3. Van't Hoff and Le Bel proposed that the 4 atoms to which carbon forms bonds sit
at the corners of a regular tetrahedron.

4. In a drawing of a tetrahedral carbon, a wedged line represents a bond pointing
toward the viewer, a dashed line points behind the plane of the page, and a solid
line lies in the plane of the page..

B. Covalent bonds.

1. Atoms bond together because the resulting compound is more stable than the

individual atoms.

a. Atoms tend to achieve the electron configuration of the nearest noble gas.

b. Atoms in groups 1A, 2A and 7A either lose electrons or gain electrons to form
ionic compounds.

c. Atoms in the middle of the periodic table share electrons by forming covalent
bonds.

d. The neutral collection of atoms held together by covalent bonds is a molecule.

2. Covalent bonds can be represented two ways.

a. In electron-dot structures, bonds are represented as pairs of dots.
b. In line-bond structures, bonds are represented as lines drawn between two
bonded atoms.

3. The number of covalent bonds formed by an atom depends on the number of
electrons it has and on the number it needs to achieve an octet.

4. Valence electrons not used for bonding are called lone-pair (nonbonding) electrons.
a. Lone-pair electrons are often represented as dots.

C. Valence bond theory (Section 1.5).

1. Covalent bonds are formed by the overlap of two atomic orbitals, each of which
contains one electron. The two electrons have opposite spins.

2. Bonds formed by the head-on overlap of two atomic orbitals are cylindrically
symmetrical and are called o bonds.

3. Bond strength is the measure of the amount of energy needed to break a bond.

4. Bond length is the optimum distance between nuclei.

5. Every bond has a characteristic bond length and bond strength.

III. Hybridization (Sections 1.6-1.10).
A. sp° Orbitals (Sections 1.6, 1.7).

1. Structure of methane (Section 1.6).

a. When carbon forms 4 bonds with hydrogen, one 2s orbital and three 2p orbitals
combine to form four equivalent atomic orbitals (sp3 hybrid orbitals).

b. These orbitals are tetrahedrally oriented.

c. Because these orbitals are unsymmetrical, they can form stronger bonds than
unhybridized orbitals can.

d. These bonds have a specific geometry and a bond angle of 109.5°.

2. Structure of ethane (Section 1.7).

a. Ethane has the same type of hybridization as occurs in methane.

b. The C-C bond is formed by overlap of two sp® orbitals.

5/ Bond lengths, strengths and angles are very close to those of methane.

B. Sp Orbitals (Section 1.8).

1. If one carbon 2s orbital combines with two carbon 2p orbitals, three hybrid sp*
orbitals are forrned and one p orbital remains unchanged.

2. The three sp orbitals lie in a plane at angles of 120°, and the unhybridized p orbital
is perpendicular to them.

3. Two different types of bonds form between two carbons.

a. A o bond forms from the overlap of two sp orbitals.
b. A mbond forms by sideways overlap of two p orbitals.
c. This combination is known as a carbon—carbon double bond.
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Structure and Bonding 3

4. Ethylene is composed of a carbon—carbon double bond and four ¢ bonds formed
between the remaining four sp2 orbitals of carbon and the 1s orbitals of hydrogen.
a. The double bond of ethylene is both shorter and stronger than the C—C bond of
ethane.
C. sp Orbitals (Section 1.10).
1. If one carbon 2s orbital combines with one carbon 2p orbital, two hybrid sp orbitals
are formed, and two p orbitals are unchanged.
2. The two sp orbitals are 180° apart, and the two p orbitals are perpendicular to them
and to each other.
3. Two different types of bonds form.
a. A obond forms from the overlap of two sp orbitals.
b. Two x bonds form by sideways overlap of four unhybridized p orbitals.
¢. This combination is known as a carbon—carbon triple bond.
4. Acetylene is composed of a carbon—carbon triple bond and two o bonds formed
between the remaining two sp orbitals of carbon and the 1s orbitals of hydrogen.
a. The triple bond of acetylene is the strongest carbon—carbon bond.
D. Hybridization of nitrogen and oxygen (Section 1.10).
1. Covalent bonds between other elements can be described by using hybrid orbitals.
2. Both the nitrogen atom in ammonia and the oxygen atom in water form sp° hybrid
orbitals.
a. The lone-pair electrons in these compounds occupy sp* orbitals.
3. The bond angles between hydrogen and the central atom is often less than 109°
because the lone-pair electrons take up more room than the o bond.
4. Because of their positions in the third row, phosphorus and sulfur can form more
than the typical number of covalent bonds.
IV. Molecular orbital theory (Section 1.11).
A. Molecular orbitals arise from a mathematical combination of atomic orbitals and belong
to the entire molecule.
1. Two 1s orbitals can combine in two different ways.
a. The additive combination is a bonding MO and is lower in energy than the two
hydrogen 1s atomic orbitals.
b. The subtractive combination is an antibonding MO and is higher in energy than
the two hydrogen 1s atomic orbitals.
2. Two p orbitals in ethylene can combine to form two = MOs.
a. The bonding MO has no node; the antibonding MO has one node.
3. A node is a region between nuclei where electrons aren't found.
a. If anode occurs between two nuclei, the nuclei repel each other.
V. Chemical structures (Section 1.12).
A. Drawing chemical structures.
1. Condensed structures don't show C—H bonds and don't show the bonds between
CHj3, CH; and CH units.
2. Skeletal structures are simpler still.
a. Carbon atoms aren't usually shown.
b. Hydrogen atoms bonded to carbon aren't usually shown.
c. Other atoms (O, N, Cl, etc.) are shown.
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Chapter 1

Solutions to Problems

(a) To find the ground-state electron configuration of an element, first locate its atomic
number. For oxygen, the atomic number is 8; oxygen thus has 8 protons and 8 electrons.
Next, assign the electrons to the proper energy levels, starting with the lowest level. Fill
each level completely before assigning electrons to a higher energy level.

Notice that the 2p electrons are in different orbitals. According to Hund's rule, we must
place one electron into each orbital of the same energy level until all orbitals are half-filled.

v 4
Oxygen 2s -H—
1+ 4

Remember that only two electrons can occupy the same orbital, and that they must be of
opposite spin.

A different way to represent the ground-state electron configuration is to simply write
down the occupied orbitals and to indicate the number of electrons in each orbital. For
example, the electron configuration for oxygen is 15% 252 2p4.

(b) Nitrogen, with an atomic number of 7, has 7 electrons. Assigning these to energy

levels:
Nitrogen 2p —*— —%— -1—
2s H
1s -H—

i Thze more concise way to represent ground-state electron configuration for nitrogen:
1s= 25° 2p

(c) Sulfur has 16 electrons.
152 25% 2p® 3% 3p*

.
++_

Sulfur » 4 N N
_H_
.H.
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96 Chapter 5

5.18 The molecule represents a meso compound. The symmetry plane passes through the
carbon bearing the —OH group and between thr two ring carbons that are bonded to methyl
groups.

plane of
symmetry
5.19
0 Ix 0 H
\\ ! 4 CH3 acid \\ 1 4 CH3
C—OH + HO—"CS _ C— O0— CS + H0
/ \ catalyst / \
HyC CHoCHg HaC CH,CHg
Acetic acid (S)-2-Butanol sec-Butyl acetate
The product is the pure S-ester. No new chirality centers are formed during the reaction,
and the configuration at the chirality center of (S)-2-butanol is unchanged.
5.20
%
OoH 0] H
8 CH ? 2 ? 8
Rc . 5 C
H""4"™ CHg Hs_ ™ CHs HH{;
= +
HO HoN HO 3
\ J
i < A
" - An R,S salt
+
HQ HQ £Ha
H--c— CHg H--c— CHg _s &
S| o T HHN -
COH | CO; 3
\ v J
An §,5 salt
The two product salts have the configurations (R,S) and (S,S) and are diastereomers.
5.21 (a)
c|;H3 cl
Hgo
4 ™ CH,CH= CHCHy
Cl
(S)-5-Chloro-2-hexene Chlorocyclohexane

These two compounds are constitutional isomers (skeletal isomers).

(b) The two dibromopentane stereoisomers are diastereomers.
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196 Chapter 9

(e) Addition of Cl, to 4-octene [part (a)] yields 4,5-dichlorooctane.

Cl | Cl
CHaCHoGH,  CHaCHoCH > R
£=q CHyCH,CHyCHCHCH,CHoCH
H H 4,5-Dichlorooctane
from (a)

(f) KMnOQj4 cleaves 4-octyne into two four-carbon fragments.

KMnO,
CH3CHoCH,C= CCH,CH,CHg ot~ 2 CHaCHCH,COzH
. Butanoic acid

9.13 The following syntheses are explained in detail in order to illustrate retrosynthetic logic —
the system of planning syntheses by working backwards.

(a) 1. An immediate precursor to CH3CH;CH,CH,CH,CH;CH,>CH,CHCH3 might be
an alkene or alkyne. Try CgH7C=CH, which can be reduced to decane by H,/Pd.

2. The alkyne CgH7C=CH can be formed by alkylation of HC=C: Na" by CgH,;7Br,

1-bromooctane.

3. HC=C: Na' can be formed by treatment of HC=CH with NaNH>, NH3.

_ NaNH CgHq7Br Ho/Pd
HC=CH 'N—HS& HC=C:~ Na" T“' CgH{7C=CH —“""Decane

CgH47Br = 1-Bromooctane

(b) 1. An immediate precursor to CH3CH,CH,CH>C(CHj3)3 might be
HC=CCH,;CH,C(CH3)3, which, when hydrogenated, yields 2,2-dimethylhexane.

2. HC=CCH;CH;C(CHj3)3 can be formed by alkylation of HC=C: Na" (from a.)
with BrCH,CH,C(CH3)s.

NaNH
HC=CH # HC=C:— Na*

3

HC=C:~ Na*
BrCHoCHoC(CHg)3————— HC= CCH20H20(CH3)3—2'- CH3CHoCHoCHoC(CHg)5

THF
2,2-Dimethylhexane
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296 Chapter 13

Carbon  Chemical Shift (5) DEPT-90? DEPT-135?

1 10-30 no yes (positive)

H3(_I,3\ o o 2 30-50 no yes (negative)
/k/k/ 3 160220 no no

: 5\4 3 2 1 4 110-150 yes yes (positive)
5 110-150 no no

6 10-30 no yes (positive)

7 50-90 no yes (positive)

13.11 Always start this type of problem by calculating the degree of unsaturation of the unknown
compound. C;1H;¢ has 4 degrees of unsaturation. Since the unknown hydrocarbon is
aromatic, a benzene ring accounts for all four degrees of unsaturation.

Next, look for elements of symmetry Although the molecular formula indicates 11
carbons, only 7 peaks appear in the 13C NMR spectrum, indicating a plane of symmetry.
Four of the 7 peaks are due to aromatic carbons, indicating a benzene ring that is probably
monosubstituted. (Prove to yourself that a monosubstituted benzene ring has 4 different
kinds of carbons).

The DEPT-90 spectrum shows that 3 of the kinds of carbons in the aromatic ring are CH
carbons. The positive peaks in the DEPT-135 spectrum include these three peaks, along
with the peak at 29.5 §, which is due to a CH3 carbon. The negative peak in the DEPT-135
spectrum is due to a CHj; carbon.

Two peaks remain unidentified and are thus quaternary carbons; one of them is
aromatic.

At this point, the unknown structure is a monosubstituted benzene ring with a
substituent that contains CH,, C, and CHj carbons. A structure for the unknown
compound that satisfies all data:

T
(Oroon

CHg

13.12

?r
CH3CH>CHoCHoC=CH,
2-Bromo-1-hexene
CH3CH,CHo,CH,C=CH + HBr ——=
or

CH3CHoCHoCHoCH= CHBr ?
1-Bromo-1-hexene

The two possible products are easy to distinguish by usmg 13C NMR. 2-Bromo-1-hexene,
the actual product formed, shows no peaks in its DEPT- 90 3C NMR spectrum because it
has no CH carbons. The other possible product, 1-bromo-1-hexene, shows 2 peaks in its

DEPT-90 spectrum.
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396 Chapter 16

16.65
AlCl, 0
P H/N
- H__ _CHy=Cl B CH,*
HaC H HaC H
—
il
i Cl= AlCl lz_ -
I? CHg ﬁ)
C - c H._+_-CH
Ha c” \Oé 3 Hy c” + 3
+
L
E CHg
HaC”™
+ HCI + AICI,

Step 1: Formation of primary carbocation.
Step 2: Rearrangement to a secondary carbocation.

Step 3: Attack of ring x electrons on the carbocation.
Step 4: Loss of H'.

This reaction takes place despite the fact that an electron-withdrawing group is attached to
the ring. Apparently, the cyclization reaction is strongly favored.

16.66
(1) . HCI, ACl, .
=0t o——*= H—=0" Aoy

Carbon monoxide is protonated to form an acyl cation.

@ H—Cc=0o* H{ _ 5| c—Acl

H
W, L
—_— —_—
: + AlCly
HgC HgC HaC

The acyl cation reacts with benzene by a Friedel-Crafts acylation mechanism.
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496 Chapter 19

d
(d) HQ CHg ©  HgCQ OCH; ®
C C CH20H3
h
(&) GHo u HQ CN
Il \ ¢/

19.35 Remember:

+
RCH2_ X + (CGH5)3P: — (CGH5)3P0H2R X—

alkyl halide Triphenyl phosphonium salt
phosphine
+ + -
(CgHs)3PCHoR X~ +  CHgCHoCHoCH, ™ Lit — (CgHs)sP— CHR
phosphonium salt Butyllithium ylide
i = / S 4
(CgHs)sP—CHR  + o=cC — E=C
X LA
ylide aldehyde alkene
or ketone
Alkyl halide Aldehyde/ketone Product
(a)
O\ H O
CHoBr OJ\/O Z A ‘
(b)

O U 00
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596 Chapter 22

(b) Acetophenone can't be produced by an acetoacetic ester synthesis. [See (1) above.]

(c) 3,3-Dimethyl-2-butanone can't be prepared because it is trisubstituted at the « position.
[See (3) above.]
22.15

0
it 1.2 Na® "OEt Il
CHoCCHg e C CO,Et  +2 NaBr

| 2, BTCHzCHzCHzCH2BI’ HSC/
CO,E

0 l H30", heat
|

_C + COp + EtOH
HaC

22.16 Direct alkylation is used to introduce substituents « to an ester, ketone or nitrile. Look at
the target molecule to identify these substituents. Alkylation is achieved by treating the
starting material with LDA, followed by a primary halide.

@) 0 0
Il 1. LDA Il
CH2CCH3 — CHCCH3
2. CHgl |

CHg
3-Phenyl-2-butanone

Alkylation occurs at the carbon next to the phenyl group because the phenyl group can help
stabilize the enolate anion intermediate.

® CH4CH,CHo,CHo,C=N L CH3CH,CHo,CHC=N
=N ———— =
ISR 2. CHaCH,l 3CHCHpy
CHoCHg
2-Ethylpentanenitrile
(c)

CHoCH=CH,
1. LDA _
2.ICH,CH=CH,
0

0]
2-Allylcyclohexanone

(d)
HsC CHg
1. excess LDA HsC CHg

2. excess CHzl

2,2,6,6-Tetramethylcyclohexanone
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696

24.74

24.75

Chapter 24

(@)

HSCO N(CH3)2
a b

 Sawnd

c

a= 2258
b= 2.895%
c= 6.665,7.035%

+
c_ “iNHy == | _-C~\H
P it R \ 3
NH NH
ks Ha0" [

Step 1: Addition of NHj.
Step 2: Elimination of "OH.
Step 3: Addition of "CN.
Step 4: Hydrolysis of nitrile.

(b)

c
el )
 S— CH,5CH5 S

dore b a dore
a= 1.14%
b= 340%
= 447 d
d= 6.65%
e= 7245%
&
= R/C\f’\]HZ
H
Nz.
+
-— G :CN
3. R TH

The mechanism of acid-catalyzed nitrile hydrolysis is shown in Problem 20.51.
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796 Chapter 28

Visualizing Chemistry

(a) - (b) (© NPT
LA LA )
= ~H I

J“ N N NT e P/KO

28.13

H H
H
Guanine (G) Uracil (U) Cytosine (C)
DNA RNA DNA
RNA RNA
All three bases are found in RNA, but only guanine and cytosine are found in DNA.
28.14
O~ HgC H
I v N~
_O_ Ii.y= 0O I /g
OCH, N 0
0]

2',3'-Dideoxythymidine 5'-phosphate
H H

The triphosphate made from 2',3'-dideoxythymidine 5' phosphate is labeled with a
fluorescent dye and used in the Sanger method of DNA sequencing. Along with the
restriction fragment to be sequenced, a DNA primer, and a mixture of the four dNTPs,
small quantities of the four labeled dideoxyribonucleotide triphosphates are mixed together.
DNA polymerase is added, and a strand of DNA complementary to the restriction fragment
is synthesized. Whenever a dideoxyribonucleotide is incorporated into the DNA chain,
chain growth stops. The fragments are separated by electrophoresis, and each terminal
dideoxynucleotide can be identified by the color of its fluorescence. By identifying these
terminal dideoxynucleotides, the sequence of the restriction fragment can be read.

28.15 According to the electrostatic potential map, the nitrogen at the 7 position of 9-
methylguanine is more electron-rich (red) and should be more nucleophilic. Thus 9-
methylguanine should be the better nucleophile.
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896 Name Reactions

Glycal assembly method (Section 25.9): a method of polysaccharide synthesis in which a
glycal is converted into its epoxide, which is then opened by reaction with an alcohol.
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Grignard reaction (Section 19.7): the nucleophilic addition reaction of an alkylmagnesium
halide to a ketone, aldehyde, or ester carbonyl group.
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Grignard reagent (Section 10.6): an organomagnesium halide, RMgX, prepared by reaction
between an organohalide and magnesium metal. Grignard reagents add to carbonyl compounds
to yield alcohols.

Hell-Volhard-Zelinskii reaction (Section 22.4): the a-bromination of a carboxylic acid by
treatment with bromine and phosphorus tribromide.
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Hofmann elimination (Section 24.7): a method for effecting the elimination reaction of an
amine to yield an alkene. The amine is first treated with excess iodomethane, and the resultant
quaternary ammonium salt is heated with silver oxide.
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