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PREFACE

ganic chemistry more meaningful and worthwhile. To be effective, a study guide should be more
than just an answer book. What we present here was designed with that larger goal in mind.

The Study Guide and Solutions Manual contains detailed solutions to all the problems in the text.
Learning how to solve a problem is, in our view, more important than merely knowing the correct
answer. To that end we have included solutions sufficiently detailed to provide the student with the
steps leading to the solution of each problem.

In addition, the Self-Test at the conclusion of each chapter is designed to test the student’s mas-
tery of the material. Both fill-in and multiple-choice questions have been included to truly test the
student’s understanding. Answers to the self-test questions may be found in Appendix A at the back
of the book.

The completion of this guide was made possible through the time and talents of numerous peo-
ple. Our thanks and appreciation also go to the many users of the third edition who provided us with
helpful suggestions, comments, and corrections. We also wish to acknowledge the assistance and
understanding of Kent Peterson, Terry Stanton, and Peggy Selle of McGraw-Hill. Many thanks also
go to Linda Davoli for her skillful copyediting. Last, we thank our wives and families for their un-
derstanding of the long hours invested in this work.

It is our hope that in writing this Study Guide and Solutions Manual we will make the study of or-

Francis A. Carey
Robert C. Atkins
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TO THE STUDENT

order. You’ve probably heard that organic chemistry is difficult; there’s no denying that. It
need not be overwhelming, though, when approached with the right frame of mind and with
sustained effort.

First of all you should realize that organic chemistry tends to “build” on itself. That is, once you
have learned a reaction or concept, you will find it being used again and again later on. In this way
it is quite different from general chemistry, which tends to be much more compartmentalized. In
organic chemistry you will continually find previously learned material cropping up and being used
to explain and to help you understand new topics. Often, for example, you will see the preparation
of one class of compounds using reactions of other classes of compounds studied earlier in the year.

How to keep track of everything? It might be possible to memorize every bit of information
presented to you, but you would still lack a fundamental understanding of the subject. It is far better
to generalize as much as possible.

You will find that the early chapters of the text will emphasize concepts of reaction theory. These
will be used, as the various classes of organic molecules are presented, to describe mechanisms of
organic reactions. A relatively few fundamental mechanisms suffice to describe almost every reac-
tion you will encounter. Once learned and understood, these mechanisms provide a valuable means
of categorizing the reactions of organic molecules.

There will be numerous facts to learn in the course of the year, however. For example, chemical
reagents necessary to carry out specific reactions must be learned. You might find a study aid known
as flash cards helpful. These take many forms, but one idea is to use 3 X 5 index cards. As an
example of how the cards might be used, consider the reduction of alkenes (compounds with
carbon—carbon double bonds) to alkanes (compounds containing only carbon—carbon single bonds).
The front of the card might look like this:

B efore beginning the study of organic chemistry, a few words about “how to do it” are in

Alkenes —— alkanes

The reverse of the card would show the reagents necessary for this reaction:

H,, Pt or Pd catalyst

The card can actually be studied in two ways. You may ask yourself: What reagents will convert
alkenes into alkanes? Or, using the back of the card: What chemical reaction is carried out with
hydrogen and a platinum or palladium catalyst? This is by no means the only way to use the cards—
be creative! Just making up the cards will help you to study.

Although study aids such as flash cards will prove helpful, there is only one way to truly master
the subject matter in organic chemistry—do the problems! The more you work, the more you will
learn. Almost certainly the grade you receive will be a reflection of your ability to solve problems.

vil
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TO THE STUDENT

Don’t just think over the problems, either; write them out as if you were handing them in to be
graded. Also, be careful of how you use the Study Guide. The solutions contained in this book have
been intended to provide explanations to help you understand the problem. Be sure to write out your
solution to the problem first and only then look it up to see if you have done it correctly.

Students frequently feel that they understand the material but don’t do as well as expected on
tests. One way to overcome this is to “test” yourself. Each chapter in the Study Guide has a self-test
at the end. Work the problems in these tests without looking up how to solve them in the text. You’ll
find it is much harder this way, but it is also a closer approximation to what will be expected of you
when taking a test in class.

Success in organic chemistry depends on skills in analytical reasoning. Many of the problems
you will be asked to solve require you to proceed through a series of logical steps to the correct
answer. Most of the individual concepts of organic chemistry are fairly simple; stringing them to-
gether in a coherent fashion is where the challenge lies. By doing exercises conscientiously you
should see a significant increase in your overall reasoning ability. Enhancement of their analytical
powers is just one fringe benefit enjoyed by those students who attack the course rather than simply
attend it.

Gaining a mastery of organic chemistry is hard work. We hope that the hints and suggestions
outlined here will be helpful to you and that you will find your efforts rewarded with a knowledge
and understanding of an important area of science.

Francis A. Carey
Robert C. Atkins
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CHAPTER 1
CHEMICAL BONDING

SOLUTIONS TO TEXT PROBLEMS

1.1

1.2

The element carbon has atomic number 6, and so it has a total of six electrons. Two of these elec-
trons are in the 1s level. The four electrons in the 2s and 2p levels (the valence shell) are the valence
electrons. Carbon has four valence electrons.

Electron configurations of elements are derived by applying the following principles:

(a) The number of electrons in a neutral atom is equal to its atomic number Z.

(b) The maximum number of electrons in any orbital is 2.

(c) Electrons are added to orbitals in order of increasing energy, filling the 1s orbital before any
electrons occupy the 2s level. The 2s orbital is filled before any of the 2p orbitals, and the
3s orbital is filled before any of the 3p orbitals.

(d) All the 2p orbitals (2p,, 2p,, 2p,) are of equal energy, and each is singly occupied before any
is doubly occupied. The same holds for the 3p orbitals.

With this as background, the electron configuration of the third-row elements is derived as
follows [2p°® = 2px22py22pzz]:

Na (Z = 11) 1s22szZp63s1

Mg (Z = 12) 15%2572p°3s?

Al (Z =13) 15s%25%2p°35%3p !

Si (Z=14) 15s%25%2p°3s*3p,'3p !

P Z=15 1s22s22pé3s23px13pyl3pz1

S (Z=16) ls22s22p63s23p)623py13pz1

Cl (Z=17) 1s72s*2p°35%3p,3p,*3p,!

Ar (Z=18) 1s22s221763s23px23py23pz2
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CHEMICAL BONDING

1.3 The electron configurations of the designated ions are:

14

1.5

1.6

1.7

Number of Electrons Electron Configuration
Ion Z in Ton of Ion
(b) He* 2 1 Is'
(¢) H™ 1 2 1s?
@ O~ 8 9 1522s22px22py22pzl
(e) F 9 10 15225%2p°
(f) Ca** 20 18 15%25%2p®35%3p°

Those with a noble gas configuration are H~, F~, and Ca**.

A positively charged ion is formed when an electron is removed from a neutral atom. The equation
representing the ionization of carbon and the electron configurations of the neutral atom and the ion
is:

C —_— Ct +e
15°25%2p [ 2p,! 1s%2s%2p !

A negatively charged carbon is formed when an electron is added to a carbon atom. The addi-
tional electron enters the 2p_ orbital.

C +e — c™
15225%2p '2p! 1s?2s2p 'p '2p !
Neither C™ nor C™ has a noble gas electron configuration.

Hydrogen has one valence electron, and fluorine has seven. The covalent bond in hydrogen fluoride
arises by sharing the single electron of hydrogen with the unpaired electron of fluorine.

Combine H- and F to give the Lewis structure for hydrogen fluoride HF

We are told that C,H, has a carbon—carbon bond.

to write the HH
Thus, we combine two -C+ andsix H- Lewis structure H:C:C:H
of ethane HH

There are a total of 14 valence electrons distributed as shown. Each carbon is surrounded by eight
electrons.

(b) Each carbon contributes four valence electrons, and each fluorine contributes seven. Thus, C,F,
has 36 valence electrons. The octet rule is satisfied for carbon only if the two carbons are at-
tached by a double bond and there are two fluorines on each carbon. The pattern of connections
shown (below left) accounts for 12 electrons. The remaining 24 electrons are divided equally
(six each) among the four fluorines. The complete Lewis structure is shown at right below.

R R R
/C=C\ /C=C\
F F ok E:

(c) Since the problem states that the atoms in C;H;N are connected in the order CCCN and all hy-
drogens are bonded to carbon, the order of attachments can only be as shown (below left) so
as to have four bonds to each carbon. Three carbons contribute 12 valence electrons, three hy-
drogens contribute 3, and nitrogen contributes 5, for a total of 20 valence electrons. The nine
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1.8

1.9

CHEMICAL BONDING 3

bonds indicated in the partial structure account for 18 electrons. Since the octet rule is satis-
fied for carbon, add the remaining two electrons as an unshared pair on nitrogen (below right).

/
C=C C=C

/ /
H \CEN H \CEN:

H H
AN /H AN H

The degree of positive or negative character at carbon depends on the difference in electronegativ-
ity between the carbon and the atoms to which it is attached. From Table 1.2, we find the elec-
tronegativity values for the atoms contained in the molecules given in the problem are:

Li 1.0
H 2.1
C 2.5
Cl 3.0

Thus, carbon is more electronegative than hydrogen and lithium, but less electronegative than
chlorine. When bonded to carbon, hydrogen and lithium bear a partial positive charge, and carbon
bears a partial negative charge. Conversely, when chlorine is bonded to carbon, it bears a partial neg-
ative charge, and carbon becomes partially positive. In this group of compounds, lithium is the least
electronegative element, chlorine the most electronegative.

H
H—(lj—Li H—?—H H—?—Cl
H

Methyllithium; Chloromethane;
most negative most positive
character at carbon character at carbon

(b) The formal charges in sulfuric acid are calculated as follows:

Valence Electrons in

Neutral Atom Electron Count Formal Charge
Hydrogen: 1 =1 0
Oxygen (of OH): 6 4 +4=6 0
Oxygen: 6 2 +6=7 -1
Sulfur: 6 18 +0=4 +2
0

S P
H—Q—lsziQ—H
:Q:‘

(c) The formal charges in nitrous acid are calculated as follows:

Valence Electrons in

Neutral Atom Electron Count Formal Charge
Hydrogen: 1 %(2) =1 0
Oxygen (of OH): 6 W +4=6 0
Oxygen: 6 %(4) +4=6 0
Nitrogen: 5 W) +2=5 0
H—Q—N=0:
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1.10

1.11

1.12

CHEMICAL BONDING

The electron counts of nitrogen in ammonium ion and boron in borohydride ion are both 4 (one half
of 8 electrons in covalent bonds).

H H
|, |
H H
Ammonium ion Borohydride ion

Since a neutral nitrogen has 5 electrons in its valence shell, an electron count of 4 gives it a formal
charge of +1. A neutral boron has 3 valence electrons, and so an electron count of 4 in borohydride
ion corresponds to a formal charge of —1.

As shown in the text in Table 1.2, nitrogen is more electronegative than hydrogen and will draw the
electrons in N—H bonds toward itself. Nitrogen with a formal charge of +1 is even more elec-
tronegative than a neutral nitrogen.

8+
H H
—0—: | Jv[ 8+ | 5+
—N—H H—N—H
I | -« |8+
H H
5+

Boron (electronegativity = 2.0) is, on the other hand, slightly less electronegative than hydrogen
(electronegativity = 2.1). Boron with a formal charge of —1 is less electronegative than a neutral
boron. The electron density in the B—H bonds of BH, is therefore drawn toward hydrogen and
away from boron.

H H

T .
B—H H—B—H
|—0—> |67

-t

H__
H
87

(b) The compound (CH,),CH has a central carbon to which are attached three CH, groups and a
hydrogen.

Four carbons and 10 hydrogens contribute 26 valence electrons. The structure shown has
13 covalent bonds, and so all the valence electrons are accounted for. The molecule has no
unshared electron pairs.

(¢) The number of valence electrons in CICH,CH,Cl is 26 (2CI = 14; 4H = 4; 2C = 8). The
constitution at the left below shows seven covalent bonds accounting for 14 electrons. The re-
maining 12 electrons are divided equally between the two chlorines as unshared electron
pairs. The octet rule is satisfied for both carbon and chlorine in the structure at the right below.

10 T
Cl—C—C—Cl :(::1—?—?—@:
H H H H
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CHEMICAL BONDING 5

(d) This compound has the same molecular formula as the compound in part (c), but a different
structure. It, too, has 26 valence electrons, and again only chlorine has unshared pairs.

T
H—?—?—(:Z:I:
H :CI:

(e) The constitution of CH;NHCH,CH; is shown (below left). There are 26 valence electrons, and
24 of them are accounted for by the covalent bonds in the structural formula. The remaining
two electrons complete the octet of nitrogen as an unshared pair (below right).

(f) Oxygen has two unshared pairs in (CH;),CHCH=0.

1.13 (b) This compound has a four-carbon chain to which are appended two other carbons.

CH, H
which may be

is equivalent to CH,—C——C—CH, rewritten as

(CH,),CHCH(CHS,),
H CH,

(¢)  The carbon skeleton is the same as that of the compound in part (), but one of the terminal
carbons bears an OH group in place of one of its hydrogens.

i
HO HO—C—H
I i H which may be CH,OH
is equivalent to | which I 31/5
CH;—C——C—CH;, CH,CHCH(CH,),
H CH,
(d) The compound is a six-membered ring that bears a —C(CHj;); substituent.
I T ow
H—C—C~
— is equivalent to H/ \ A which may be
! - C\ /C\ s rewritten as C(CHy),
H ¢ ‘c—cH,

2T TN |
H 3 1 HCH,

1.14 The problem specifies that nitrogen and both oxygens of carbamic acid are bonded to carbon and
one of the carbon—oxygen bonds is a double bond. Since a neutral carbon is associated with four
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CHEMICAL BONDING

bonds, a neutral nitrogen three (plus one unshared electron pair), and a neutral oxygen two (plus two
unshared electron pairs), this gives the Lewis structure shown.

N
H—ITI—C—Q—H

H

Carbamic acid

1.15 (b) There are three constitutional isomers of C;HgO:

:OH
CH,CH,CH,OH  CH,CHCH;  CH,CH,OCH,
(¢) Four isomers of C,H,,0 have —OH groups:
CH,4

.. .. ..
CH,CH,CH,CH,0H CH3(|IHCH2CH3 CH3(|ZHCH2QH CH,COH
:OH CH, CH,

Three isomers have C—O—C units:
CH,OCH,CH,CH,  CH,CH,OCH,CH, CH3§(|IHCH3
CH,

1.16 (b) Move electrons from the negatively charged oxygen, as shown by the curved arrows.

(/;Q‘ O

No—H 6—H

L /
:O/lc ZO=C\ Equivalent to original structure

The resonance interaction shown for bicarbonate ion is more important than an alternative one
involving delocalization of lone-pair electrons in the OH group.

oo O
— 4 — / Not equivalent to original structure; not as
O_C\A—\ O_C\ + stable because of charge separation
O—H O—H

(c)  All three oxygens are equivalent in carbonate ion. Either negatively charged oxygen can serve
as the donor atom.

Co: O
*:Q/lc{ :Q=C/
0 0
O: O:~
—-é—cgn 5—c(
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CHEMICAL BONDING 7

(d) Resonance in borate ion is exactly analogous to that in carbonate.

0: 0:”

R4 _/ . _/ e

—:0—B :0O=B
<& Nie
and

Cor 0

~5—B 587
\Q: \Qi’

1.17 There are four B—H bonds in BH, . The four electron pairs surround boron in a tetrahedral orien-
tation. The H—B—H angles are 109.5°.

1.18 (b) Nitrogen in ammonium ion is surrounded by 8 electrons in four covalent bonds. These four
bonds are directed toward the corners of a tetrahedron.

Z\\\ :I::

Hal

/
H

n
—H Each HNH angle is 109.5°.

(c) Double bonds are treated as a single unit when deducing the shape of a molecule using the
VSEPR model. Thus azide ion is linear.

e
IN=N=N: The NNN angle is 180°.

(d) Since the double bond in carbonate ion is treated as if it were a single unit, the three sets of
electrons are arranged in a trigonal planar arrangement around carbon.

g The OCO angle is 120°.

1.19 (b) Water is a bent molecule, and so the individual O—H bond dipole moments do not cancel.
Water has a dipole moment.

2O e (]? N
H H H H
Individual OH bond Direction of net
moments in water dipole moment

(¢) Methane, CH,, is perfectly tetrahedral, and so the individual (small) C—H bond dipole
moments cancel. Methane has no dipole moment.
(d) Methyl chloride has a dipole moment.

Hx H
=c—C: Ne—d
)//" +— S s
H H
Directions of bond dipole Direction of molecular

moments in CH;Cl dipole moment
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CHEMICAL BONDING

(e) Oxygen is more electronegative than carbon and attracts electrons from it. Formaldehyde has
a dipole moment.

H H
N N
C=0: C=0:
% /
H H
Direction of bond dipole Direction of molecular
moments in formaldehyde dipole moment

(f) Nitrogen is more electronegative than carbon. Hydrogen cyanide has a dipole moment.

—“+—> +—> “+—
H—C=N: H—C=N:
Direction of bond dipole Direction of molecular
moments in HCN dipole moment

1.20 The orbital diagram for sp*-hybridized nitrogen is the same as for sp*-hybridized carbon, except
nitrogen has one more electron.

w4+

| 2 - -
>
T
5
Ground electronic sp? hybrid
state of nitrogen state of nitrogen

(@) ®)

The unshared electron pair in ammonia (:NH;) occupies an sp*-hybridized orbital of nitrogen. Each
N—H bond corresponds to overlap of a half-filled sp® hybrid orbital of nitrogen and a 1s orbital of

hydrogen.

1.21 Silicon lies below carbon in the periodic table, and it is reasonable to assume that both carbon and
silicon are sp*-hybridized in H;CSiH;. The C—Si bond and all of the C—H and Si—H bonds are

o bonds.

C(2sp*—Si(3sp?) o bond

H|H

any

C(2sp*) —H(ls) o bond H—C—Si—H Si(3sp*)—H(1s) o bond

H H

The principal quantum number of the carbon orbitals that are hybridized is 2; the principal quantum
number for the silicon orbitals is 3.

1.22 (b) Carbon in formaldehyde (H,C==O0) is directly bonded to three other atoms (two hydrogens

and one oxygen). It is sp>-hybridized.
(c) Ketene has two carbons in different hybridization states. One is spz-hybridized; the other is

sp-hybridized.
H,C=C=0

Bonded to Bonded to
three atoms: sp2 two atoms: sp
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1.24

1.25

CHEMICAL BONDING 9

(d) One of the carbons in propene is sp*-hybridized. The carbons of the double bond are
sp>-hybridized.

S])3 sz S]]Z
H,C—CH=CH,

(¢) The carbons of the CH; groups in acetone [(CH;),C=0O] are sp>-hybridized. The C=0
carbon is sp’-hybridized.
(f) The carbons in acrylonitrile are hybridized as shown:

sp* sp? sp
H,C=CH—C=N

All these species are characterized by the formula :X=Y:, and each atom has an electron count
of 5.

J,:)(EY:,L
Unshared electron pair Unshared electron pair
contributes 2 electrons contributes 2 electrons
to electron count of X. to electron count of Y.

Triple bond contributes half of its 6
electrons, or 3 electrons each, to
separate electron counts of X and Y.

Electron count X = electroncountY =2 +3 =5

(@) :N=N: A neutral nitrogen atom has 5 valence electrons: therefore, each atom is electri-
cally neutral in molecular nitrogen.
b)) C=N: Nitrogen, as before, is electrically neutral. A neutral carbon has 4 valence

electrons, and so carbon in this species, with an electron count of 5, has a unit
negative charge. The species is cyanide anion; its net charge is —1.

(c) :C=C: There are two negatively charged carbon atoms in this species. It is a dianion; its
net charge is —2.
d) :N=O: Here again is a species with a neutral nitrogen atom. Oxygen, with an electron

count of 5, has 1 less electron in its valence shell than a neutral oxygen atom.
Oxygen has a formal charge of +1; the net charge is + 1.

(e) :C=O0: Carbon has a formal charge of —1; oxygen has a formal charge of +1. Carbon
monoxide is a neutral molecule.

All these species are of the type :Y=X==Y:. Atom X has an electron count of 4, corresponding to
half of the 8 shared electrons in its four covalent bonds. Each atom Y has an electron count of 6; 4
unshared electrons plus half of the 4 electrons in the double bond of each Y to X.

(a) :0=C=0: Oxygen, with an electron count of 6, and carbon, with an electron count of 4,
both correspond to the respective neutral atoms in the number of electrons
they “own.” Carbon dioxide is a neutral molecule, and neither carbon nor
oxygen has a formal charge in this Lewis structure.

(b) N=N=N: The two terminal nitrogens each have an electron count (6) that is one more
than a neutral atom and thus each has a formal charge of — 1. The central N
has an electron count (4) that is one less than a neutral nitrogen; it has a for-
mal charge of +1. The net charge on the speciesis (—1 + 1 — 1), or —1.

() :0=N=0Or As in part (), the central nitrogen has a formal charge of +1. As in part (a),
each oxygen is electrically neutral. The net charge is +1.

(a, b) The problem specifies that ionic bonding is present and that the anion is tetrahedral. The
cations are the group I metals Na* and Li*. Both boron and aluminum are group III
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CHEMICAL BONDING

elements, and thus have a formal charge of —1 in the tetrahedral anions BF,” and AIH,~

respectively.
F H
_<LF . _<ssH
Na* F—B ™ Li* H—AI
AN AN
F H
Sodium tetrafluoroborate Lithium aluminum hydride

(¢, d) Both of the tetrahedral anions have 32 valence electrons. Sulfur contributes 6 valence elec-
trons and phosphorus 5 to the anions. Each oxygen contributes 6 electrons. The double
negative charge in sulfate contributes 2 more, and the triple negative charge in phosphate
contributes 3 more.

O e e
e H
+ () — Q2+ + :0—
2K (0] S\“ i 3Na (0] lj\“ i
0O: 0:
Potassium sulfate Sodium phosphate

The formal charge on each oxygen in both ions is — 1. The formal charge on sulfur in sulfate
is +2; the charge on phosphorus is + 1. The net charge of sulfate ion is —2; the net charge of
phosphate ion is —3.

1.26 (a) Each hydrogen has a formal charge of 0, as is always the case when hydrogen is covalently
bonded to one substituent. Oxygen has an electron count of 5.

H—O—H Electron count of oxygen = 2 + 3(6) = 5

H Unshared Covalently
pair bonded electrons

A neutral oxygen atom has 6 valence electrons; therefore, oxygen in this species has a formal
charge of + 1. The species as a whole has a unit positive charge. It is the hydronium ion, H;O™.

(b) The electron count of carbon is 5; there are 2 electrons in an unshared pair, and 3 electrons are
counted as carbon’s share of the three covalent bonds to hydrogen.

~— Two electrons “owned” by carbon.
H:C:H

H(h\ One of the electrons in each C—H bond “belongs” to carbon.

An electron count of 5 is one more than that for a neutral carbon atom. The formal charge on
carbon is —1, as is the net charge on this species.

(c) This species has 1 less electron than that of part (b). None of the atoms bears a formal charge.
The species is neutral.

H_Cl_H Electron count of carbon = 1+ 3(6) = 4
H Unshared Electrons shared
electron in covalent bonds

(d) The formal charge of carbon in this species is +1. Its only electrons are those in its three
covalent bonds to hydrogen, and so its electron count is 3. This corresponds to 1 less electron
than in a neutral carbon atom, giving it a unit positive charge.
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(e) In this species the electron count of carbon is 4, or, exactly as in part (c), that of a neutral
carbon atom. Its formal charge is 0, and the species is neutral.

Two unshared electrons contribute 2
/ to the electron count of carbon.

H—C—+H
& Half of the 4 electrons in the two covalent bonds
contribute 2 to the electron count of carbon.

1.27 Oxygen is surrounded by a complete octet of electrons in each structure but has a different “electron
count” in each one because the proportion of shared to unshared pairs is different.

(a) CH;0: (b) CH,;OCH, (©) CH3(|)CH3
CH,
Electron count Electron count Electron count
—6+32)=T; —4+iay =6 =24 36)=5:
formal charge = —1 formal charge = 0 formal charge = +1

1.28 (a) Each carbon has 4 valence electrons, each hydrogen 1, and chlorine has 7. Hydrogen and chlo-
rine each can form only one bond, and so the only stable structure must have a carbon—carbon
bond. Of the 20 valence electrons, 14 are present in the seven covalent bonds and 6 reside in
the three unshared electron pairs of chlorine.

H H
H:C:C:Cl: or H—C—C—CI:
HH
H H

(b) Asin part (a) the single chlorine as well as all of the hydrogens must be connected to carbon.
There are 18 valence electrons in C,H,Cl, and the framework of five single bonds accounts for
only 10 electrons. Six of the remaining 8 are used to complete the octet of chlorine as three
unshared pairs, and the last 2 are used to form a carbon—carbon double bond.

H H
H H . or \C—C/
H:C::C:Cl: N
H Cl:

(c¢)  All of the atoms except carbon (H, Br, Cl, and F) are monovalent; therefore, they can only be
bonded to carbon. The problem states that all three fluorines are bonded to the same carbon,
and so one of the carbons is present as a CF; group. The other carbon must be present as a
CHBICl group. Connect these groups together to give the structure of halothane.

.. F H
LR |
FC :Q:(;.l: or F—C—C—Cl (Unshared electron pairs omitted for clarity)
:FBr: | |
F Br

(d) Asin part (c) all of the atoms except carbon are monovalent. Since each carbon bears one
chlorine, two CICF, groups must be bonded together.

[T
CIC : CCI or Cl—(f—?—Cl (Unshared electron pairs omitted for clarity)
Feof:
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1.29

1.30

1.31

CHEMICAL BONDING

Place hydrogens on the given atoms so that carbon has four bonds, nitrogen three, and oxygen two.
Place unshared electron pairs on nitrogen and oxygen so that nitrogen has an electron count of 5 and
oxygen has an electron count of 6. These electron counts satisfy the octet rule when nitrogen has
three bonds and oxygen two.

1
(a) H—(lz—N=": (©) H—Q—c|=N—H
H H

) H—(|:=N—(j—H @ :'d=$—1'T'1—H
H H H
(a) Species A, B, and C have the same molecular formula, the same atomic positions, and the

same number of electrons. They differ only in the arrangement of their electrons. They are
therefore resonance forms of a single compound.

H H H
\_ +_ \ + e \ . e _
/:C—N=N: /C=N=N: ;C—N=N:
H H H
A B C

(b)  Structure A has a formal charge of —1 on carbon.

(¢) Structure C has a formal charge of +1 on carbon.

(d) Structures A and B have formal charges of +1 on the internal nitrogen.

(e) Structures B and C have a formal charge of —1 on the terminal nitrogen.

(f) Allresonance forms of a particular species must have the same net charge. In this case, the net
charge on A, B, and C is 0.

(g) Both A and B have the same number of covalent bonds, but the negative charge is on a
more electronegative atom in B (nitrogen) than it is in A (carbon). Structure B is more stable.

(h)  Structure B is more stable than structure C. Structure B has one more covalent bond, all of its
atoms have octets of electrons, and it has a lesser degree of charge separation than C. The
carbon in structure C does not have an octet of electrons.

(7))  The CNN unit is linear in A and B, but bent in C according to VSEPR. This is an example of
how VSEPR can fail when comparing resonance structures.

The structures given and their calculated formal charges are:

-1 +1 1

+1 o .. Ll
H—C=N=Q: H—C=N—(@: H—C=N=Q: H—C=N—0:

A B C D

(a) Structure D contains a positively charged carbon.

(b) Structures A and B contain a positively charged nitrogen.

(c) None of the structures contain a positively charged oxygen.

(d) Structure A contains a negatively charged carbon.

(e) None of the structures contain a negatively charged nitrogen.

(f) Structures B and D contain a negatively charged oxygen.

(g) All the structures are electrically neutral.

(h)  Structure B is the most stable. All the atoms except hydrogen have octets of electrons, and the
negative charge resides on the most electronegative element (oxygen).

(i)  Structure C is the least stable. Nitrogen has five bonds (10 electrons), which violates the octet
rule.
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1.33

1.34

CHEMICAL BONDING 1 3

(a) These two structures are resonance forms since they have the same atomic positions and the
same number of electrons.

-V & _ + _
ININ=N: IN=N=N:
) u .o .o
16 valence electrons 16 valence electrons
(net charge = —1) (net charge = —1)

(b) The two structures have different numbers of electrons and, therefore, can’t be resonance forms
of each other.

2— e + . 2F .. _
:N—N=N: :N—N=N:
16 valence electrons 14 valence electrons
(net charge —1) (net charge +1)

(c) These two structures have different numbers of electrons; they are not resonance forms.

2_:]:\:I—ItIEN: 27:1:\:1—1:;:1—1:\21:2_

16 valence electrons 20 valence electrons
(net charge = —1) (net charge = —5)

Structure C has 10 electrons surrounding nitrogen, but the octet rule limits nitrogen to 8 electrons.
Structure C is incorrect.

CH,=N=0: Not a valid Lewis structure!

CH,

(a) The terminal nitrogen has only 6 electrons; therefore, use the unshared pair of the adjacent
nitrogen to form another covalent bond.

By moving H a structure that H

electrons of the o has octets about N

nitrogen lone pair ~ H—C—N=N: . H—C—N=N:
hown by the | both nitrogen |

ass H atoms is obtained. H

arrow

In general, move electrons from sites of high electron density toward sites of low electron den-
sity. Notice that the location of formal charge has changed, but the net charge on the species
remains the same.

(b) The dipolar Lewis structure given can be transformed to one that has no charge separation by
moving electron pairs as shown:

9@:_ 0:
H—C\ y
CO—H O—H

(c) Move electrons toward the positive charge. Sharing the lone pair gives an additional covalent
bond and avoids the separation of opposite charges.

+cH, <¢H,

CH,=CH,
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1.35

1.36

(d)

(e)

f)

©

(h)

O]

(b)

(@)

CHEMICAL BONDING

Octets of electrons at all the carbon atoms can be produced by moving the electrons toward
the site of positive charge.

Hzé—/C_\H=CH—bC_H2

As in part (d), move the electron pairs toward the carbon atom that has only 6 electrons.

SN O

H,C-CH=CH-{:

H,C=CH—CH=CH,

H,C=CH—CH=0:

The negative charge can be placed on the most electronegative atom (oxygen) in this molecule
by moving electrons as indicated.

H 0: H 0

N2 9 . /T
/C—C\ /C=C\

H H H H

Octets of electrons are present around both carbon and oxygen if an oxygen unshared electron
pair is moved toward the positively charged carbon to give an additional covalent bond.

+

H—655: H—C=0:

This exercise is similar to part (g); move electrons from oxygen to carbon so as to produce an
additional bond and satisfy the octet rule for both carbon and oxygen.

H

\+ (\.
C—OH

/ o

By moving electrons from the site of negative charge toward the positive charge, a structure
that has no charge separation is generated.

H
AN e
C=N—NH,
H

— +
CQNQ\IHZ

N
H/

Sulfur is in the same group of the periodic table as oxygen (group VI A) and, like oxygen, has
6 valence electrons. Sulfur dioxide, therefore, has 18 valence electrons. A Lewis structure in
which sulfur and both oxygens have complete octets of electrons is:

.o + .
:0=§5—0:

Move an electron pair from the singly bonded oxygen in part (a) to generate a second double
bond. The resulting Lewis structure has 10 valence electrons around sulfur. It is a valid
Lewis structure because sulfur can expand its valence shell beyond 8 electrons by using its
3d orbitals.

0=3-£0r O=g=0

To generate constitutionally isomeric structures having the molecular formula C,H,,, you need
to consider the various ways in which four carbon atoms can be bonded together. These are

C—C—C—C and C—?—C
C
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CHEMICAL BONDING 15

(b)

(©)

(d)

(e)

(@)

(b)

Filling in the appropriate hydrogens gives the correct structures:
CH,CH,CH,CH, and CH3(|3HCH3
CH,

Continue with the remaining parts of the problem using the general approach outlined for
part (a).

CsHy,
T
CH,CH,CH,CH,CH, CH,CHCH,CH, CHS—(lj—CH3
CH, CH,
C,H,Cl,
CH,CHCl, and  CICH,CH,CI
C,HyBr

T
CH,CH,CH,CH,Br CH3C|HCH2CH3 CH3C|HCH2Br CH3—C|—Br

Br CH, CH,
C,H,N
_CH,
CH,CH,CHNH,  CH,CH,NHCH,  CH,—N_ CH3(|3HNH2
CH, CH,

Note that when the three carbons and the nitrogen are arranged in a ring, the molecular
formula based on such a structure is C;H;N, not C;HyN as required.

H,C—CH,
H,C—NH
(not an isomer)

All three carbons must be bonded together, and each one has four bonds; therefore, the mo-
lecular formula C;H; uniquely corresponds to:

H H H

|
H—C—C—C—H  (CH,CH,CH,)

H H H

With two fewer hydrogen atoms than the preceding compound, either C;H, must contain
a carbon—carbon double bond or its carbons must be arranged in a ring; thus the following
structures are constitutional isomers:

H,C=CHCH, and H,C—CH,
N/
CH,
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(¢) The molecular formula C;H, is satisfied by the structures
H,C=C=CH, HC=CCH, HC=CH
‘ N/
CH,

1.38 (a) The only atomic arrangements of C;HO that contain only single bonds must have a ring as
part of their structure.

H,C—CHOH  H,C—CHCH, H,C—CH,
N/ N/ |
CH, O O0—CH,

(b) Structures corresponding to C;H,O are possible in noncyclic compounds if they contain a
carbon—carbon or carbon—oxygen double bond.

i i
CH,CH,CH CH,CCH,  CH,CH=CHOH CH,OCH=CH,
CH3C| =CH, H,C=CHCH,OH
OH

1.39 The direction of a bond dipole is governed by the electronegativity of the atoms it connects. In each
of the parts to this problem, the more electronegative atom is partially negative and the less elec-
tronegative atom is partially positive. Electronegativities of the elements are given in Table 1.2 of

the text.
(a) Chlorine is more electronegative (d) Oxygen is more electronegative than
than hydrogen. hydrogen.
“+—>
H—Cl o\
H H
(b) Chlorine is more electronegative (e) Oxygen is more electronegative than
than iodine. either hydrogen or chlorine.
O
—Cl PN
H Cl
(¢) Iodine is more electronegative than
hydrogen.
“+—>
H—I

1.40 The direction of a bond dipole is governed by the electronegativity of the atoms involved. Among
the halogens the order of electronegativity is F > Cl > Br > I. Fluorine therefore attracts electrons
away from chlorine in FCI, and chlorine attracts electrons away from iodine in ICL.

F—Cl 1—Cl
n=09D n=0.7D
Chlorine is the positive end of the dipole in FCI and the negative end in ICI.

141 (a) Sodium chloride is ionic; it has a unit positive charge and a unit negative charge separated
from each other. Hydrogen chloride has a polarized bond but is a covalent compound. Sodium
chloride has a larger dipole moment. The measured values are as shown.

Na* CI™ is more polar than ~ H—Cl
194D w11D
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CHEMICAL BONDING
Fluorine is more electronegative than chlorine, and so its bond to hydrogen is more polar, as

) the measured dipole moments indicate.
+—> +—>
H—F is more polar than H—Cl
wl7D wl1D

(c) Boron trifluoride is planar. Its individual B—F bond dipoles cancel. It has no dipole moment.
IT; is more polar than }El
o 7%
w0D

n1.7D
A carbon—chlorine bond is strongly polar; carbon—hydrogen and carbon—carbon bonds are

(d)

only weakly polar.
17 i
27 C . C
= =
H, C( : “CH, is more polar than H, C( : “CH,

CH, CH,

w2.1D ©0.1D
(¢e) A carbon—fluorine bond in CCLF opposes the polarizing effect of the chlorines. The
carbon-hydrogen bond in CHCI, reinforces it. CHCI, therefore has a larger dipole moment.

1
C?\/ gy\\ACl is more polar than ‘//\/ g\/\\AC |
Cl Cl
©05D

©1.0D
Oxygen is more electronegative than nitrogen; its bonds to carbon and hydrogen are more

)]
polar than the corresponding bonds formed by nitrogen.

AN N
H,C H is more polar than H3C/E \H
H
nl7D nl3D
(g) The Lewis structure for CH;NO, has a formal charge of +1 on nitrogen, making it more
electron-attracting than the uncharged nitrogen of CH;NH,.

o H

iy —./

H,C—N N is more polar than H3C—N\
(O H

nl3D

n3.1D
There are four electron pairs around carbon in :CHj; they are arranged in a tetrahedral fashion

142 (a)
The atoms of this species are in a trigonal pyramidal arrangement.

P AERN

H H

oo —:
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n
(b)  Only three electron pairs are present in CH;, and so it is trigonal planar.

120°
O
120° C—H
H/
120°

(c) Asin part (b), there are three electron pairs. When these electron pairs are arranged in a plane,
the atoms in :CH, are not collinear. The atoms of this species are arranged in a bent structure
according to VSEPR considerations.

s

H/

1.43  The structures, written in a form that indicates hydrogens and unshared electrons, are as shown. Re-
member: A neutral carbon has four bonds, a neutral nitrogen has three bonds plus one unshared elec-
tron pair, and a neutral oxygen has two bonds plus two unshared electron pairs. Halogen substituents
have one bond and three unshared electron pairs.

(a) >I\/K is equivalent to (CH,;);CCH,CH(CHs;),
AN

I
| — is equivalent to (CH;),C=CHCH,CH,CCH==CH,

(b)

i
H
H\\ C /C\C/
| |
(¢) is equivalent to H—C C
q /> C/ \H
H3C—?—CH3

H

H

OH ‘OH

|
@) A~ ~_ isequivalentto  CH,CHCH,CH,CH,CH,CH,

0)

. (I?:
@ M~ ~_ isequivalentto  CH;CCH,CH,CH,CH,CH,

C
f) O is equivalent to | |
OGN
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T
H\C/C\ /C\C/H
(&) is equivalent to | I |
e /C\ /C\ /C\
H
O:
(II) l 6(||ICH
OCCH, I
h) C[ is equivalent to I |
C
H = e
ﬁO H/ \Cl/ \ﬁQH
O H o)
H HzF_C\Hz
| HC CH
v 2
NN R \IT
0 | _ | is equivalent to | | CH
N CH, _C . C 3
)]
[ A N
Br O N C—c e
C N/ C C
is equivalent to | I /C =C I (|:
~ 27
H/ \C/ \C N \C/ B.I':
| oo |
H H H
(k)
(l)H :(l)H
OH OH . .
:Cl C CH, C Cl:
Cl Cl \C/ \C/ \C/ N7
is equivalent to CII g g Cll
o ae =z
- o e” ERET e Dy
C cl | |
-(.:.1- :C.j-l:
144 (a) CgHyg (&) CyoHg
()  C,oH (h)  CoHgO,
() CyHig (1) CiHuN,
() CHO (/) CHgBr,N,0,
(e CH, (b CsHCLO,
(f) CeHg

Isomers are different compounds that have the same molecular formula. Two of these compounds,
(b) and (c), have the same molecular formula and are isomers of each other.
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1.45 (a) Carbon is sp>-hybridized when it is directly bonded to four other atoms. Compounds (a) and
(d) in Problem 1.43 are the only ones in which all of the carbons are sp*-hybridized.

M/Oi/w

(a) G)]

(b) Carbon is sp*-hybridized when it is directly bonded to three other atoms. Compounds (), (g),
and () in Problem 1.43 have only sp*-hybridized carbons.

H H H
H H H H
H H
()] (€9)

None of the compounds in Problem 1.43 contain an sp-hybridized carbon.

1.46  The problem specifies that the second-row element is sp>-hybridized in each of the compounds. Any
unshared electron pairs therefore occupy sp’-hybridized oribitals, and bonded pairs are located in

o orbitals.
(@) Ammonia (e) Borohydride anion
H H
H : H :
N NO A E; H Four o bonds formed
J/ \sp3 Hybrid / by sp3—s overlap
H orbital H
Three o bonds formed
by sp>~s overlap
(b) Water (f) Amide anion
1, @ H',,// O(—\ Two sp?
v OQ\ H»=N hybrid
H * <)~—— orbitals
T 3 hybrid
Wooiﬁiml}; & Two o bonds formed

by sp3-s overlap
Two o bonds formed by
sp*-s overlap

(c) Hydrogen fluoride (g) Methyl anion
X Three H
H—F % ‘\sp3 hybrid H\-’:
. orbitals ~
-~ C73\5p3 Hybrid orbital
One o bond formed by H
sp3—s overlap
Three o bonds formed
by sp?-s overlap
(d) Ammonium ion

H

H Az Four o bonds formed
by sp3-s overlap

N—H
/
H
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1.47

1.48

1.49-1.55

SELF-TEST

CHEMICAL BONDING 2 1

(a) The electron configuration of N is 15*25°2p,'2p '2p . If the half-filled 2p,, 2p,, and 2p,
orbitals are involved in bonding to H, then the unshared pair would correspond to the two
electrons in the 2s orbital.

(b)  The three p orbitals 2p,, 2p,, and 2p_have their axes at right angles to one another. The
H—N—H angles would therefore be 90°.

Z— e

A bonding interaction exists when two orbitals overlap “in phase” with each other, that is, when the
algebraic signs of their wave functions are the same in the region of overlap. The following orbital
is a bonding orbital. It involves overlap of an s orbital with the lobe of a p orbital of the same sign.

@@@ (¢) (bonding)

On the other hand, the overlap of an s orbital with the lobe of a p orbital of opposite sign is

antibonding.
@@@ (b) (antibonding)

Overlap in the manner shown next is nonbonding. Both the positive lobe and the negative lobe of
the p orbital overlap with the spherically symmetrical s orbital. The bonding overlap between the
s orbital and one lobe of the p orbital is exactly canceled by an antibonding interaction between the
s orbital and the lobe of opposite sign.

(a) (nonbonding)

Solutions to molecular modeling exercises are not provided in this Study Guide and Solutions Man-
ual. You should use Learning By Modeling for these exercises.

PART A
A-1. Write the electronic configuration for each of the following:
(a) Phosphorus (b) Sulfide ion in Na,S

A-2. Determine the formal charge of each atom and the net charge for each of the following species:

. . . :0:
(a) :N=C=S: (b) :0=N—O0: (c) |
HC=NH,

A-3. Write a second Lewis structure that satisfies the octet rule for each of the species in Prob-
lem A-2, and determine the formal charge of each atom. Which of the Lewis structures for
each species in this and Problem A-2 is more stable?
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A-4.

A-S.

A-6.

A-7.

A-9.

A-10.

A-11.

CHEMICAL BONDING

Write a correct Lewis structure for each of the following. Be sure to show explicitly any

unshared pairs of electrons.

(@) Methylamine, CH,NH,

() Acetaldehyde, C,H,O (the atomic order is CCO; all the hydrogens are connected to
carbon.)

What is the molecular formula of each of the structures shown? Clearly draw any unshared
electron pairs that are present.

O
(a) CQ\ (c)
OH
A
) (d) ~
N

Which compound in Problem A-5 has

Br

(@) Only sp*-hybridized carbons

(b)  Only sp*hybridized carbons

(c)  Asingle sp*hybridized carbon atom

Account for the fact that all three sulfur—oxygen bonds in SO, are the same by drawing the
appropriate Lewis structure(s).

The cyanate ion contains 16 valence electrons, and its three atoms are arranged in the order

OCN. Write the most stable Lewis structure for this species, and assign a formal charge to
each atom. What is the net charge of the ion?

Using the VSEPR method,

(a) Describe the geometry at each carbon atom and the oxygen atom in the following
molecule: CH,OCH=CHCH,.

(b) Deduce the shape of NCl;, and draw a three-dimensional representation of the
molecule. Is NCI, polar?

Assign the shape of each of the following as either linear or bent.

(@) CO, (b) NO,* (¢) NO,”

Consider structures A, B, C, and D:

>
jos]
a
v}

(a)  Which structure (or structures) contains a positively charged carbon?
(b)  Which structure (or structures) contains a positively charged nitrogen?
(c)  Which structure (or structures) contains a positively charged oxygen?
(d) Which structure (or structures) contains a negatively charged carbon?
(e)  Which structure (or structures) contains a negatively charged nitrogen?
(f) Which structure (or structures) contains a negatively charged oxygen?
(g) Which structure is the most stable?

(h)  Which structure is the least stable?
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A-12,

A-13.

A-14.

Given the following information, write a Lewis structure for urea, CH,N,O. The oxygen
atom and both nitrogen atoms are bonded to carbon, there is a carbon—oxygen double bond,
and none of the atoms bears a formal charge. Be sure to include all unshared electron pairs.

How many o and 7 bonds are present in each of the following?

(@) CH,CH=CHCH, (¢ o:®=o

0)

(b)) HC=CCH,CH, (d) é/ =N

Give the hybridization of each carbon atom in the preceding problem.

PART B

B-1.

B-2.

B-4.

B-5.

Which one of the following is most likely to have ionic bonds?

() HCI (b)) Na,O (¢ N,O (d) NCI,

Which of the following is not an electronic configuration for an atom in its ground state?
(a) 1s22s22p)c22py12pz1 (c) 1s22s22p)c22py22pz1

b 1 s22s22px22py22p10 da 1 s22522pszpy22pz2

The formal charge on phosphorus in (CH,),P is

(@ O ® -1 (c) +1 d +2

Which of the following is an isomer of compound 1?

| |
H,C—CHCH,  CHCHCH  CHCCH,  CH,CH=CH
OH

(@) 2 (¢) 2and3
b) 4 (d) All are isomers.

In which of the following is oxygen the positive end of the bond dipole?
(@9 O—F (b)) O—N (¢ O0—S (d O—H

‘What two structural formulas are resonance forms of one another?

£ ..
(@) H—C=N—0: and H—Q—C=N:

+ o .
(b)) H—O=C=N: and H—Q—C=N:
:0:
P [
(¢) H—C=N—0: and H—C—N:

(d) H—O0—C=N: and H—N=C=O0:
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B-7.

B-8.

B-10.

B-11.

B-12.

B-13.

B-14.

B-15.

CHEMICAL BONDING

The bond identified (with the arrow) in the following structure is best described as:

HC=C--CH=CH,

(@) 2sp-2sp* o () 2sp*2sp’c (e) 2p-2po
b)) 2p-2p (d) 2sp*2sp*o

The total number of unshared pairs of electrons in the molecule
(0] N—H
/

is
(@ O b 1 ) 2 d 3

Which of the following contains a triple bond?
(@) SO, (b)) HCN (¢ CH, (d) NH,

Which one of the compounds shown is not an isomer of the other three?

(@) (b (0 (d)

Which one of the following is the most stable Lewis structure? The answer must be correct

in terms of bonds, unshared pairs of electrons, and formal charges.

(@ :0=N=CH, (¢) :0=N—CH, (¢) :0—N—CH,

(b) ":0—N=CH, (d) :0=N=CH,

Repeat the previous question for the following Lewis structures.

@ RN—N—CH, (© :N=K—CH, (09 N=N=cH,
# N—KN=CH, () :N=N—CH,

Which of the following molecules would you expect to be nonpolar?
1. CH,F, 2. CO, 3. CF, 4. CH,OCH,
(a) land2 (b)) 1land3 (c) land4 (d) 2and3 (e)

The remaining two questions refer to the hypothetical compounds:

A—B—A A=B—A A=B=A A—]|3—A
A
1 2 3 4

Which substance(s) is (are) linear?
(a) 1only () 1and3 (¢) land2 (d) 3only

Assuming A is more electronegative than B, which substance(s) is (are) polar?
(@) land3 (b) 2 only (¢) 4only (d) 2and4

2,3,and 4
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SOLUTIONS TO TEXT PROBLEMS

2.1

2.2

2.3

24

A carbonyl group is C==0. Of the two carbonyl functions in prostaglandin E, one belongs to the
ketone family, the other to the carboxylic acids.

0]
Carboxylic acid
Ketone OH functional group
functional =
group
HO OH

An unbranched alkane (n-alkane) of 28 carbons has 26 methylene (CH,) groups flanked by a methyl
(CH,) group at each end. The condensed formula is CH,(CH,),,CHj.

The alkane represented by the carbon skeleton formula has 11 carbons. The general formula for an
alkane is C,H,, ,, and thus there are 24 hydrogens. The molecular formula is C,;H,,; the condensed
structural formula is CH,(CH,),CHj.

In addition to CH,;(CH,),CH; and (CH;),CHCH,CH,CH,, there are three more isomers. One has a
five-carbon chain with a one-carbon (methyl) branch:

g
CH3CH2CHCH2CH3 or \)\/

The remaining two isomers have two methyl branches on a four-carbon chain.

CH, CH,
CH{CHCHCH,  or CH(CH,(CH,  or /><
CH, CH,

25
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2.5

2.6

2.7

ALKANES

(b) Octacosane is not listed in Table 2.4, but its structure can be deduced from its systematic
name. The suffix -cosane pertains to alkanes that contain 20—29 carbons in their longest con-
tinuous chain. The prefix octa- means “eight.” Octacosane is therefore the unbranched alkane
having 28 carbon atoms. It is CH;(CH,),,CHj.

(¢) The alkane has an unbranched chain of 11 carbon atoms and is named undecane.

The ending -hexadecane reveals that the longest continuous carbon chain has 16 carbon atoms.

3 5 7 9 11 13 15
2 4 6 8 10 12 14 16

1

There are four methyl groups (represented by tetramethyl-), and they are located at carbons 2, 6, 10,

and 14.

2,6,10,14-Tetramethylhexadecane
(phytane)

(b) The systematic name of the unbranched C;H,, isomer is pentane (Table 2.4).

CH,CH,CH,CH,CH,

IUPAC name: pentane
Common name: n-pentane

A second isomer, (CH,),CHCH,CH,, has four carbons in the longest continuous chain and so
is named as a derivative of butane. Since it has a methyl group at C-2, it is 2-methylbutane.
CH3(|3HCH2CH3

CH,
IUPAC name: 2-methylbutane

Common name: isopentane
methyl group at C-2

The remaining isomer, (CH;),C, has three carbons in its longest continuous chain and so
is named as a derivative of propane. There are two methyl groups at C-2, and so it is a
2,2-dimethyl derivative of propane.

o
CH3$CH3
CH,

TUPAC name: 2,2-dimethylpropane
Common name: neopentane

(c)  First write out the structure in more detail, and identify the longest continuous carbon chain.

CH, |
CH3—C—CH2—$—CH3
CH, CH,

There are five carbon atoms in the longest chain, and so the compound is named as a deriva-
tive of pentane. This five-carbon chain has three methyl substituents attached to it, making it
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a trimethyl derivative of pentane. Number the chain in the direction that gives the lowest
numbers to the substituents at the first point of difference.

CH, H CH,
1 2 | 3 4 | 5 5 4 3 2 | 1
CH3—$—CH2—?—CH3 not CH3C—CH2—(|I—CH3
CH, CH, CH, CH,
2,2,4-Trimethylpentane (correct) 2,4,4-Trimethylpentane (incorrect)

(d) The longest continuous chain in (CH;),CC(CH,), contains four carbon atoms.
CH, CH,
CH,—C—C—CH,
CH, CH,

The compound is named as a tetramethyl derivative of butane; it is 2,2,3,3-tetramethylbutane.

2.8 There are three C;H,, alkyl groups with unbranched carbon chains. One is primary, and two are sec-
ondary. The ITUPAC name of each group is given beneath the structure. Remember to number the
alkyl groups from the point of attachment.

4 3 2 1 3 2 1
CH,CH,CH,CH,CH,— CH3CH2CH2C|HCH3 CH3CH2(|ZHCH2CH3
Pentyl group (primary) 1-Methylbutyl group (secondary) 1-Ethylpropyl group (secondary)

Four alkyl groups are derived from (CH,),CHCH,CHj;. Two are primary, one is secondary, and one
is tertiary.

CH, CH,

4 3 2 1 1 |2 3 4
CH,CHCH,CH,— —CH,CHCH,CH,
3-Methylbutyl group (primary) 2-Methylbutyl group (primary)

CH, CH,
1| 2 3 3 2 1
CH3C|CH2CH3 CH3CHC|HCH3
1,1-Dimethylpropyl group (tertiary) 1,2-Dimethylpropyl group (secondary)

29 (b) Begin by writing the structure in more detail, showing each of the groups written in parenthe-
ses. The compound is named as a derivative of hexane, because it has six carbons in its longest
continuous chain.

6 5 4 3 2 1
CH3CH2C|HCH2C|HCH3
CH,CH, CH,

The chain is numbered so as to give the lowest number to the substituent that appears closest
to the end of the chain. In this case it is numbered so that the substituents are located at C-2
and C-4 rather than at C-3 and C-5. In alphabetical order the groups are ethyl and methyl; they
are listed in alphabetical order in the name. The compound is 4-ethyl-2-methylhexane.
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2.10

2.11

2.12

2.13

(o

(b)

()

ALKANES

The longest continuous chain is shown in the structure; it contains ten carbon atoms. The
structure also shows the numbering scheme that gives the lowest number to the substituent at
the first point of difference.

CH, CH,
10 9 8 7 6 5 4
CH,CH,CHCH,CHCH,CHCHCH,
3 2
CH,CH, CH2C|?HCH3
1
CH,

In alphabetical order, the substituents are ethyl (at C-8), isopropyl at (C-4), and two methyl
groups (at C-2 and C-6). The alkane is 8-ethyl-4-isopropyl-2,6-dimethyldecane. The system-
atic name for the isopropyl group (1-methylethyl) may also be used, and the name becomes
8-ethyl-2,6-dimethyl-4-(1-methylethyl)decane.

There are ten carbon atoms in the ring in this cycloalkane, thus it is named as a derivative of
cyclodecane.

H,C_ CH,

(CHy,CH___-0 >
4 10

Cyclodecane

The numbering pattern of the ring is chosen so as to give the lowest number to the substituent
at the first point of difference between them. Thus, the carbon bearing two methyl groups is
C-1, and the ring is numbered counterclockwise, placing the isopropyl group on C-4
(numbering clockwise would place the isopropyl on C-8). Listing the substituent groups in al-
phabetical order, the correct name is 4-isopropyl-1,1-dimethylcyclodecane. Alternatively, the
systematic name for isopropyl (1-methylethyl) could be used, and the name would become
1,1-dimethyl-4-(1-methylethyl)cyclodecane.

When two cycloalkyl groups are attached by a single bond, the compound is named as a
cycloalkyl-substituted cycloalkane. This compound is cyclohexylcyclohexane.

Oaw,

The alkane that has the most carbons (nonane) has the highest boiling point (151°C). Among the
others, all of which have eight carbons, the unbranched isomer (octane) has the highest boiling point
(126°C) and the most branched one (2,2, 3, 3-tetramethylbutane) the lowest (106°C). The remaining
alkane, 2-methylheptane, boils at 116°C.

All hydrocarbons burn in air to give carbon dioxide and water. To balance the equation for the com-
bustion of cyclohexane (C¢H,,), first balance the carbons and the hydrogens on the right side. Then
balance the oxygens on the left side.

(b)

6CO, + 6H,0

O v

Cyclohexane Oxygen Carbon dioxide Water

Icosane (Table 2.4) is C,,H,,. It has four more methylene (CH,) groups than hexadecane, the last
unbranched alkane in Table 2.5. Its calculated heat of combustion is therefore (4 X 653 kJ/mol)
higher.

Heat of combustion of icosane = heat of combustion of hexadecane + 4 X 653 kJ/mol
10,701 kJ/mol + 2612 kJ/mol
13,313 kJ/mol
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Two factors that influence the heats of combustion of alkanes are, in order of decreasing importance,
(1) the number of carbon atoms and (2) the extent of chain branching. Pentane, isopentane, and
neopentane are all C;H,,; hexane is C(H,,. Hexane has the largest heat of combustion. Branching
leads to a lower heat of combustion; neopentane is the most branched and has the lowest heat of
combustion.

Hexane CH,(CH,),CH; Heat of combustion 4163 kJ/mol
(995.0 kcal/mol)

Pentane CH,CH,CH,CH,CH, Heat of combustion 3527 kJ/mol
(845.3 kcal/mol)

Isopentane (CH;),CHCH,CH, Heat of combustion 3529 kJ/mol
(843.4 kcal/mol)

Neopentane (CH,),C Heat of combustion 3514 kJ/mol
(839.9 kcal/mol)

(b) In the reaction

CH,=CH, + Br, BrCH,CH,Br
carbon becomes bonded to an atom (Br) that is more electronegative than itself. Carbon is
oxidized.

(¢) Inthe reaction

6CH,=CH, + B,H 2(CH,CH,),B

one carbon becomes bonded to hydrogen and is, therefore, reduced. The other carbon is also
reduced, because it becomes bonded to boron, which is less electronegative than carbon.

It is best to approach problems of this type systematically. Since the problem requires all the isomers
of C;H,, to be written, begin with the unbranched isomer heptane.

"~  CH,CH,CH,CH,CH,CH,CH,

Heptane

Two isomers have six carbons in their longest continuous chain. One bears a methyl substituent at
C-2, the other a methyl substituent at C-3.

)\/\/ (CH,),CHCH,CH,CH,CH, w CH3CH2$HCH2CH2CH3
CH,

2-Methylhexane 3-Methylhexane

Now consider all the isomers that have two methyl groups as substituents on a five-carbon continu-
ous chain.

M (CH),CCH,CHCH, K (cen).CcHy),

2,2-Dimethylpentane 3,3-Dimethylpentane

(CH3)2CH(|JHCH2CH3 )\/k (CH,),CHCH,CH(CHj,),
CH,

2,3-Dimethylpentane 2,4-Dimethylpentane
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There is one isomer characterized by an ethyl substituent on a five-carbon chain:

/\i\ (CH:CH,):CH

3-Ethylpentane

The remaining isomer has three methyl substituents attached to a four-carbon chain.

(CH;);CCH(CH,),

2,2,3-Trimethylbutane

2.17 In the course of doing this problem, you will write and name the 17 alkanes that, in addition to oc-
tane, CH,(CH,),CH,, comprise the 18 constitutional isomers of CgHjj.

(a) The easiest way to attack this part of the exercise is to draw a bond-line depiction of heptane
and add a methyl branch to the various positions.

2-Methylheptane 3-Methylheptane 4-Methylheptane

Other structures bearing a continuous chain of seven carbons would be duplicates of these
isomers rather than unique isomers. “5-Methylheptane,” for example, is an incorrect name for
3-methylheptane, and “6-methylheptane” is an incorrect name for 2-methylheptane.

(b) Six of the isomers named as derivatives of hexane contain two methyl branches on a continu-
ous chain of six carbons.

2,2-Dimethylhexane 2,3-Dimethylhexane 2,4-Dimethylhexane 2,5-Dimethylhexane
3,3-Dimethylhexane 3,4-Dimethylhexane

One isomer bears an ethyl substituent:

T

3-Ethylhexane

(c) Four isomers are trimethyl-substituted derivatives of pentane:

hew A I

2,2,3-Trimethylpentane 2,3,3-Trimethylpentane 2,2,4-Trimethylpentane 2,3,4-Trimethylpentane
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(d)

(@)

(b)

(©)

(d)

(e)

Two bear an ethyl group and a methyl group on a continuous chain of five carbons:

3-Ethyl-2-methylpentane 3-Ethyl-3-methylpentane

Only one isomer is named as a derivative of butane:

K

2,2,3,3-Tetramethylbutane

The longest continuous chain contains nine carbon atoms. Begin the problem by writing and
numbering the carbon skeleton of nonane.

Now add two methyl groups (one to C-2 and the other to C-3) and an isopropyl group (to
C-6) to give a structural formula for 6-isopropyl-2,3-dimethylnonane.

CHy CH(CH,),
or  CH,CHCHCH,CH,CHCH,CH,CH,

To the carbon skeleton of heptane (seven carbons) add a tert-butyl group to C-4 and a methyl
group to C-3 to give 4-tert-butyl-3-methylheptane.

C(CHy),

or CH3CH2(|3HCHCH2CH2CH3

An isobutyl group is —CH,CH(CH,;),. The structure of 4-isobutyl-1,1-dimethylcyclohexane
is as shown.

2 3

H,C
Fyy o 250)-cacmen
H.C

6 5

A sec-butyl group is CH,CHCH,CH,. sec-Butylcycloheptane has a sec-butyl group on a

seven-membered ring.
CH;CHCH,CH;
or

A cyclobutyl group is a substituent on a five-membered ring in cyclobutylcyclopentane.

=
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©

(h)

(@)

(b)

(©)

(d)

(e)
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Recall that an alkyl group is numbered from the point of attachment. The structure of
(2,2-dimethylpropyl)cyclohexane is

CH,

|
(onden

CH,

The name “pentacosane” contains no numerical locants or suffixes indicating the presence of
alkyl groups. It must therefore be an unbranched alkane. Table 2.4 in the text indicates that the
suffix -cosane refers to alkanes with 20-29 carbons. The prefix penta- stands for “five,” and so
pentacosane must be the unbranched alkane with 25 carbons. Its condensed structural formula
is CH5(CH,),;CH,.

We need to add a 1-methylpentyl group to C-10 of pentacosane. A 1-methylpentyl group is:

1 2 3 4 5
—ClHCHZCHZCHZCH3
CH,

It has five carbons in the longest continuous chain counting from the point of attachment and
bears a methyl group at C-1. 10-(1-Methylpentyl)pentacosane is therefore:

CH4(CH,),CH(CH,),,CH,
CH,CHCH,CH,CH,CH,

This compound is an unbranched alkane with 27 carbons. As noted in part (g) of the preced-
ing problem, alkanes with 20-29 carbons have names ending in -cosane. Thus, we add the
prefix hepta- (“seven”) to -cosane to name the alkane CH,(CH,),;CH, as heptacosane.

The alkane (CH,),CHCH,(CH,),,CH; has 18 carbons in its longest continuous chain. It is
named as a derivative of octadecane. There is a single substituent, a methyl group at C-2. The
compound is 2-methyloctadecane.

Write the structure out in more detail to reveal that it is 3,3,4-triethylhexane.

CH,CH, CH,CH,

1 2 3 4 5 6
(CH,CH,),CCH(CH,CH,),  isrewrittenas  CH,CH,C——CHCH,CH,

CH,CH,

Each line of a bond-line formula represents a bond between two carbon atoms. Hydrogens are
added so that the number of bonds to each carbon atom totals four.

is the same as CH3CH2(|3HCH2C(CH3)3
CH,CH,

The IUPAC name is 4-ethyl-2,2-dimethylhexane.

/YY\ is the same as CH3CH2(|3HCH2(|ZHCH2CH3
CH; CH,

The IUPAC name is 3,5-dimethylheptane.
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(f)

(€9)

(a)
()

()

(d)

(b)

()

H,C—CH,

CH
H,C” Se
is the same as | | ~CH,CH,CH,CH,
HC, _CH,
HC—CH,

The IUPAC name is 1-butyl-1-methylcyclooctane.

Number the chain in the direction shown to give 3-ethyl-4,5,6-trimethyloctane. When num-
bered in the opposite direction, the locants are also 3, 4, 5, and 6. In the case of ties, however,
choose the direction that gives the lower number to the substituent that appears first in the
name. “Ethyl” precedes “methyl” alphabetically.

The alkane contains 13 carbons. Since all alkanes have the molecular formula C H,, ,,, the
molecular formula must be C,;H,.
The longest continuous chain is indicated and numbered as shown.

CH,CH,
RPN N CH,CHCH,CH,CHCHCH,
P CH, CH,CH,CH,

In alphabetical order, the substituents are ethyl (at C-5), methyl (at C-2), methyl (at C-6). The
IUPAC name is 5-ethyl-2,6-dimethylnonane.

Fill in the hydrogens in the alkane to identify the various kinds of groups present. There are
five methyl (CH,) groups, five methylene (CH,) groups, and three methine (CH) groups in
the molecule.

A primary carbon is attached to one other carbon. There are five primary carbons (the carbons
of the five CH; groups). A secondary carbon is attached to two other carbons, and there are
five of these (the carbons of the five CH, groups). A tertiary carbon is attached to three other
carbons, and there are three of these (the carbons of the three methine groups). A quaternary
carbon is attached to four other carbons. None of the carbons is a quaternary carbon.

The group CH;(CH,),,CH,— is an unbranched alkyl group with 12 carbons. It is a dodecyl
group. The carbon at the point of attachment is directly attached to only one other carbon. It
is a primary alkyl group.

The longest continuous chain from the point of attachment is six carbons; it is a hexyl group bear-
ing an ethyl substituent at C-3. The group is a 3-ethylhexyl group. It is a primary alkyl group.

1 2 3 4 5 6
—CHZCH2(|?HCH2CH2CH3
CH,CH,

By writing the structural formula of this alkyl group in more detail, we see that the longest con-
tinuous chain from the point of attachment contains three carbons. It is a 1,1-diethylpropyl
group. Because the carbon at the point of attachment is directly bonded to three other carbons,
it is a tertiary alkyl group.

CH,CH,

12 3
—C(CH,CH,), is rewritten as —CCH,CH,

CH,CH,
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(d) This group contains four carbons in its longest continuous chain. It is named as a butyl group
with a cyclopropyl substituent at C-1. It is a 1-cyclopropylbutyl group and is a secondary
alkyl group.

1 2 3 4
—CHCH,CH,CH,

(e,f) A two-carbon group that bears a cyclohexyl substituent is a cyclohexylethyl group. Number
from the point of attachment when assigning a locant to the cyclohexyl group.

CH,
2-Cyclohexylethyl 1-Cyclohexylethyl
(primary) (secondary)

2.22 The IUPAC name for pristane reveals that the longest chain contains 15 carbon atoms (as indicated by
-pentadecane). The chain is substituted with four methyl groups at the positions indicated in the name.

)\/\/k/\/k/\/k

Pristane (2,6,10,14-tetramethylpentadecane)

223 (a) An alkane having 100 carbon atoms has 2(100) + 2 = 202 hydrogens. The molecular

formula of hectane is C,,)H,,, and the condensed structural formula is CH;(CH,)qsCH;. The
100 carbon atoms are connected by 99 ¢ bonds. The total number of o bonds is 301 (99 C—C
bonds + 202 C—H bonds).

(b) Unique compounds are formed by methyl substitution at carbons 2 through 50 on the
100-carbon chain (C-51 is identical to C-50, and so on). There are 49 x-methylhectanes.

(c) Compounds of the type 2,x-dimethylhectane can be formed by substitution at carbons 2
through 99. There are 98 of these compounds.

2.24 Isomers are different compounds that have the same molecular formula. In all these problems the
safest approach is to write a structural formula and then count the number of carbons and hydrogens.

(a) Among this group of compounds, only butane and isobutane have the same molecular
formula; only these two are isomers.

I I
CH,CH,CH,CH, [] CH,CHCH,  CH,CHCH,CH,
Butane Cyclobutane Isobutane 2-Methylbutane
C4H10 C4H8 C4H 10 CSH 12

(b) The two compounds that are isomers, that is, those that have the same molecular formula, are
2,2-dimethylpentane and 2,2,3-trimethylbutane.

?H3 CH, CH,
CH3$CH2CH2CH3 CH3(|J—CHCH3
CH; CH,

2,2-Dimethylpentane 2,2,3-Trimethylbutane
CHyg C;Hyg
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Cyclopentane and neopentane are not isomers of these two compounds, nor are they isomers
of each other.

g

) ongen
CH,

Cyclopentane Neopentane
CSH 10 C5Hl2

(¢) The compounds that are isomers are cyclohexane, methylcyclopentane, and 1,1,2-

trimethylcyclopropane.
H,C_ CH,
CH,
Cyclohexane Methylcyclopentane 1,1,2-Trimethylcyclopropane
CeH,, CeH,, CeHyy

Hexane, CH,CH,CH,CH,CH,CHj;, has the molecular formula C.H,,; it is not an isomer of
the others.
(d) The three that are isomers all have the molecular formula C;H,,.

[>—CH,CH, D<CH3 Q

CH,
Ethylcyclopropane 1,1-Dimethylcyclopropane Cyclopentane
GsHyo GsHyo CsHyg
Propylcyclopropane is not an isomer of the others. Its molecular formula is C.H,,.

[>—CH,CH,CH,

(e) Only 4-methyltetradecane and pentadecane are isomers. Both have the molecular formula

CysHa,.
CH3(CH2)2(|IH(CH2)9CH3 CH,(CH,),;CH;
CH,
4-Methyltetradecane Pentadecane

CysHa CysHs,

CH;  CH, CH,CH,CH,CH(CH,),CH,

CH,CHCHCHCH(CH,),CH,
CH,; CH,

2,3,4,5-Tetramethyldecane 4-Cyclobutyldecane

Cy,Hy, Ciayg

2.25 The oxygen and two of the carbons of C;H;ClO are part of the structural unit that characterizes
epoxides. The problem specifies that a methyl group (CH,) is not present; therefore, add the
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remaining carbon and the chlorine as a —CH,Cl unit, and fill in the remaining bonds with hydrogen
substituents.

H H
H—C\—/C—CH2C1
(0]
Epichlorohydrin

(a) Ibuprofen is (b)  Mandelonitrile is

CH; OH

L |
(CH3)2CHCH24©7CHﬁOH HOCH_CEN
o)

Isoamyl acetate is

] I
RCOR' (ester) which is CH,COCH,CH,CHCH,

Methyl 3-Methylbutyl

Thiols are characterized by the —SH group. n-Butyl mercaptan is CH;CH,CH,CH,SH.

a-Amino acids have the general formula

I
RCHCO™
“NH,

The individual amino acids in the problem have the structures shown:

[ I
CH3C|HCO* (CH3)2CHC|HCO*
*NH, *NH,

(a) Alanine (b) Valine
(c,d) Anisobutyl group is (CH,),CHCH,—, and a sec-butyl group is

CH3C|HCH2CH3

The structures of leucine and isoleucine are:

” CH, O
(CH3)2CHCH2C|HCO‘ CHSCHZCHC|HCO‘
*NH, *NH,

Leucine Isoleucine
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(e—g) The functional groups that characterize alcohols, thiols, and carboxylic acids are —OH,
—SH, and —CO,H, respectively. The structures of serine, cysteine, and aspartic acid are:

o}
| | | I
HOCH,CHCO~  HSCH,CHCO~  HOCCH,CHCO~
*NH, *NH, “NH,

Serine Cysteine Aspartic acid

Uscharidin has the structure shown.

(a) There are two alcohol groups, one aldehyde group, one ketone group, and one ester
functionality.

(b) Uscharidin contains ten methylene groups (CH,). They are indicated in the structure by small
squares.

(c)  The primary carbons in uscharidin are the carbons of the two methyl groups.

0]
\Ester group
O
Aldehyde
Alcohol growp
group /ROH
Ketone group —
H3C (0] B : Alcohol group

H

Primary carbon

(a) Methylene groups are —CH,—. CICH,CH,CH,CH,CI is therefore the C,HCl, isomer in
which all the carbons belong to methylene groups.
(b) The C,HCI, isomers that lack methylene groups are
(CH,),CHCHCI, and CH,CHCHCH,
Cl Cl
Since it is an alkane, the sex attractant of the tiger moth has a molecular formula of C H,, ,,. The

number of carbons and hydrogens may be calculated from its molecular weight.

12n + 1(2n + 2) = 254
14n = 252
n=18

The molecular formula of the alkane is C,¢H;s. In the problem it is stated that the sex attractant is a
2-methyl-branched alkane. It is therefore 2-methylheptadecane, (CH,),CHCH,(CH,),;CH,.

When any hydrocarbon is burned in air, the products of combustion are carbon dioxide and water.

(a) CH,y(CH,),CH, + 30,

10CO, + 11H,0

Decane Oxygen Carbon Water
(C,oHyy) dioxide
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(b) C@ + 150,

10CO, + 10H,0

Cyclodecane Oxygen Carbon Water
(CoHyy) dioxide
©) CD—cm + 150, 10CO, + 10H,0
Methylcyclononane Oxygen Carbon Water
(CoHyp) dioxide
29
(d) Q—O + 20, 10CO, + 9H,0
Cyclopentylcyclopentane Oxygen Carbon Water
(CyoHyg) dioxide

2.34 To determine the quantity of heat evolved per unit mass of material, divide the heat of combustion
by the molecular weight.

Methane Heat of combustion = 890 kJ/mol (212.8 kcal/mol)
Molecular weight = 16.0 g/mol
Heat evolved per gram = 55.6 kJ/g (13.3 kcal/g)
Butane Heat of combustion = 2876 kJ/mol (687.4 kcal/mol)
Molecular weight = 58.0 g/mol
Heat evolved per gram = 49.6 kJ/g (11.8 kcal/g)

When equal masses of methane and butane are compared, methane evolves more heat when it is
burned.

Equal volumes of gases contain an equal number of moles, so that when equal volumes of
methane and butane are compared, the one with the greater heat of combustion in kilojoules (or
kilocalories) per mole gives off more heat. Butane evolves more heat when it is burned than does an
equal volume of methane.

2.35 When comparing heats of combustion of alkanes, two factors are of importance:
1. The heats of combustion of alkanes increase as the number of carbon atoms increases.
2.  An unbranched alkane has a greater heat of combustion than a branched isomer.

(a) In the group hexane, heptane, and octane, three unbranched alkanes are being compared. Oc-
tane (CgH,5) has the most carbons and has the greatest heat of combustion. Hexane (C,H,,)
has the fewest carbons and the lowest heat of combustion. The measured values in this group
are as follows:

Hexane Heat of combustion 4163 kJ/mol (995.0 kcal/mol)
Heptane Heat of combustion 4817 kJ/mol (1151.3 kcal/mol)
Octane Heat of combustion 5471 kJ/mol (1307.5 kcal/mol)

(b) Isobutane has fewer carbons than either pentane or isopentane and so is the member of the
group with the lowest heat of combustion. Isopentane is a 2-methyl-branched isomer of pen-
tane and so has a lower heat of combustion. Pentane has the highest heat of combustion among
these compounds.

Isobutane (CH;);CH Heat of combustion

2868 kJ/mol (685.4 kcal/mol)
Isopentane (CH;),CHCH,CH,4 Heat of combustion

3529 kJ/mol (843.4 kcal/mol)
Pentane CH,CH,CH,CH,CH, Heat of combustion

3527 kJ/mol (845.3 kcal/mol)
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(c) Isopentane and neopentane each have fewer carbons than 2-methylpentane, which therefore
has the greatest heat of combustion. Neopentane is more highly branched than isopentane;
neopentane has the lowest heat of combustion.

Neopentane (CH,),C Heat of combustion

3514 kJ/mol (839.9 kcal/mol)
Isopentane (CH,),CHCH,CH;, Heat of combustion

3529 kJ/mol (843.4 kcal/mol)
2-Methylpentane (CH,),CHCH,CH,CH;, Heat of combustion

4157 kJ/mol (993.6 kcal/mol)

(d) Chain branching has a small effect on heat of combustion; the number of carbons has a much
larger effect. The alkane with the most carbons in this group is 3,3-dimethylpentane; it has the
greatest heat of combustion. Pentane has the fewest carbons in this group and has the smallest
heat of combustion.

Pentane CH,CH,CH,CH,CH, Heat of combustion

3527 klJ/mol (845.3 kcal/mol)
3-Methylpentane (CH,CH,),CHCH, Heat of combustion

4159 kJ/mol (994.1 kcal/mol)
3,3-Dimethylpentane (CH,CH,),C(CHy,), Heat of combustion

4804 kJ/mol (1148.3 kcal/mol)

(e) In this series the heat of combustion increases with increasing number of carbons. Ethylcy-
clopentane has the lowest heat of combustion; ethylcycloheptane has the greatest.

CH3CH24<:| CH3CHZO CH3CHZO

Ethylcyclopentane Ethylcyclohexane Ethylcycloheptane
4592 kJ/mol 5222 kJ/mol (combustion data not available)
(1097.5 kcal/mol) (1248.2 kcal/mol)

236 (a) The equation for the hydrogenation of ethylene is given by the sum of the following three

reactions:
) H,(g) + %Oz(g) H,O() AH° = —286 kJ (—68.4 kcal)
(2) H,C=CH,(g) + 30,(g) 2CO0,(g) + 2H,0(1) AH° = —1410kJ (—337.0 kcal)

3) 3H,0(]) + 2CO,(g) CH,;CH,(g) + %Oz(g) AH® = +1560 kJ (+372.8 kcal)

Sum: H,C=CH,(g) + H,(g)

CH,CH;(g) AH° = —136 kJ (—32.6 kcal)

Equations (1) and (2) are the combustion of hydrogen and ethylene, respectively, and AH® val-

ues for these reactions are given in the statement of the problem. Equation (3) is the reverse of the

combustion of ethane, and its value of AH® is the negative of the heat of combustion of ethane.
(b) Again we need to collect equations of reactions for which the AH® values are known.

) Hy(g) + 3 0x(g)

H,0() AH® = —286 kJ (—68.4 kcal)

(2)  HC=CH(g) + 3 0,(g) 2C0,(g) + H,0() AH® = —1300 kJ (—310.7 keal)

3) 2C0O,(g) + 2H,0(1)

CH,—CH,(g) + 30,(g)  AH°® = +1410kJ (+337.0 keal)

Sum: HC=CH(g) + Hy(g) CH,=CH,(g) AH® = —176 kJ (—42.1 kcal)
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Equations (1) and (2) are the combustion of hydrogen and acetylene, respectively. Equation (3)
is the reverse of the combustion of ethylene, and its value of AH® is the negative of the heat
of combustion of ethylene.

The value of AH® for the hydrogenation of acetylene to ethane is equal to the sum of the
two reactions just calculated:

HC=CH(g) + H,(g)

H,C=CH,(g)  AH°= —176 kJ (—42.1 kcal)

H,C=CH,(g) + H,(g)
Sum: HC=CH(g) + 2H,(g)

CH,CH,(g) AH°® = —136 kJ (—32.6 kcal)

CH,CH;(g) AH® = —312kJ (—74.7 kcal)

(c) We use the equations for the combustion of ethane, ethylene, and acetylene as shown.
(1) 2CH,=CH,(g) + 60,(g) 4CO4(g) + 4H,0() AH® = —2820 kJ (—674.0 kcal)
2) 2CO,(g) + H,0() HC=CH(g) + %Oz(g) AH° = +1300 kJ (+310.7 kcal)
3) 3H,0() + 2CO4(g) CH;CH;(g) + %02(8) AH® = +1560 kJ (+372.8 kcal)
Sum: 2CH,=—CH,(g) CH;CHj(g) + HC=CH(g) AH° = +40kJ (+9.5 kcal)
The value of AH® for reaction (1) is twice that for the combustion of ethylene because 2 mol
of ethylene are involved.
2.37 (a) The hydrogen content increases in going from CH,C=CH to CH;CH==CH,. The organic
compound CH,C=CH is reduced.
(b)  Oxidation occurs because a C—O bond has replaced a C—H bond in going from starting
material to product.
H ><(E oxidation )CJ)\/
(c) There are two carbon—oxygen bonds in the starting material and four carbon—oxygen bonds in
the products. Oxidation occurs.
HO—CH,CH,—OH 2H,C=0
Two C—O bonds Four C—O0 bonds
(d) Although the oxidation state of carbon is unchanged in the process
+
o O
overall, reduction of the organic compound has occurred. Its hydrogen content has increased
and its oxygen content has decreased.
2.38 In the reaction
2CH,CI + Si (CH,),SiCl,
bonds between carbon and an atom more electronegative than itself (chlorine) are replaced by bonds
between carbon and an atom less electronegative than itself (silicon). Carbon is reduced; silicon is
oxidized.
2.39 (a) Compound A has the structural unit CCC ; compound A is a ketone.
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()
(o

(d)

Converting a ketone to an ester increases the oxygen content of carbon and requires an
oxidizing agent.

Reduction occurs when the hydrogen content increases, as in the conversion of a ketone to an
alkane or to an alcohol. Reductions are carried out by using reagents that are reducing agents.

oxidation ”
—————— CH,COC(CH,),
Ester
” reduction
Compound A Alkane
reduction

- CH3(|:HC(CH3)3

OH
Alcohol

240 Methyl formate is an ester.

(a)

(b)

()

(d)

The oxidation numbers of the two carbon atoms in methyl formate and the carbon atoms in the
reaction products can be determined by comparison with the entries in text Table 2.6.

| |
HCOCH, HCOH + CH,OH

Oxidation +2 -2 +2 -2
number

There has been no change in oxidation state in going from reactants to products, and the reac-
tion is neither oxidation nor reduction. The number of carbon—oxygen bonds does not change
in this reaction.

As in part (a), the oxidation states of the carbon atoms in both the reactant and the products do
not change in this reaction. The reaction is neither oxidation nor reduction.

i I
HCOCH; HCONa + CH;OH
Oxidation +2 -2 +2 -2
number

The oxidation number of one carbon of methyl formate has decreased in this reaction.

I
HCOCH,

2CH,OH

Oxidation +2 —2 -2
number

This reaction is a reduction and requires a reagent that is a reducing agent.
The oxidation number of both carbon atoms of methyl formate has increased. This reaction is
an oxidation and requires use of a reagent that is an oxidizing agent.

[
HCOCH,

2C0, + H,0

Oxidation 42 —2 +4
number
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(e) Once again the formation of carbon dioxide is an example of an oxidation, and the reaction
requires use of an oxidizing agent.

I
HCOCH,

Oxidation +2 —2 +4 -2
number

CO, + CH,OH

Two atoms appear in their elementary state: Na on the left and H, on the right. The oxidation state
of an atom in its elementary state is 0. Assign an oxidation state of +1 to the hydrogen in the
OH group of CH,CH,OH. H goes from +1 on the left to O on the right; it is reduced. Na goes from
0 on the left to +1 on the right; it is oxidized.

+1 0 +1 0
2CH,CH,OH + 2Na 2CH,CH,ONa + H,

Combustion of an organic compound to yield CO, and H,O involves oxidation. Heat is given off in

each oxidation step. The least oxidized compound (CH,CH,OH) gives off the most heat. The most
oxidized compound HO,CCO,H gives off the least. The measured values are:

CH,CH,OH HOCH,CH,OH  HO,CCO,H

kJ/mol 1371 1179 252
kcal/mol 327.6 281.9 60.2

Solutions to molecular modeling exercises are not provided in this Study Guide and Solutions Man-
ual. You should use Learning By Modeling for these exercises.

PART A

A-1.  Write the structure of each of the four-carbon alkyl groups. Give the common name and the
systematic name for each.

A-2. How many o bonds are present in each of the following?
(a) Nonane
(b) Cyclononane

A-3. Classify each of the following reactions according to whether the organic substrate is
oxidized, reduced, or neither.

(@) CH,CH, + Br, —=

(b) CH,CH,Br + HO™

CH,CH,Br + HBr
CH,CH,OH + Br~

() CHCH,0H -2, H,C—=CH,

(d) H,C=CH,+H, —X CH,CH,

A-4. (a) Write a structural formula for 3-isopropyl-2,4-dimethylpentane.
(b) How many methyl groups are there in this compound? How many isopropyl groups?
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A-5. Give the IUPAC name for each of the following substances:

A-6. The compounds in each part of the previous question contain primary carbon(s),
secondary carbon(s), and tertiary carbon(s).

A-7. Give the [IUPAC name for each of the following alkyl groups, and classify each one as
primary, secondary, or tertiary.

(a) (CH3)2CHCH2C|JHCH3
(b) (CH;CH,),C—

(¢) (CH,CH,);CCH,—

A-8. Write a balanced chemical equation for the complete combustion of 2,3-dimethylpentane.

A-9. Write structural formulas, and give the names of all the constitutional isomers of C;H,, that
contain a ring.

A-10. Each of the following names is incorrect. Give the correct name for each compound.
(a) 2,3-Diethylhexane
(b) (2-Ethylpropyl)cyclohexane
(¢)  2,3-Dimethyl-3-propylpentane

A-11. Which CgH, ¢ isomer
(a) Has the highest boiling point?
(b) Has the lowest boiling point?
(c) Has the greatest number of tertiary carbons?
(d) Has only primary and quaternary carbons?

A-12. Draw the constitutional isomers of C;H,4 that have five carbons in their longest chain, and
give an JTUPAC name for each of them.

A-13. The compound shown is an example of the broad class of organic compounds known as
steroids. What functional groups does the molecule contain?

Oy ,OCH,

H,C ¢ oH

H,C

A-14. Given the following heats of combustion (in kilojoules per mole) for the homologous series
of unbranched alkanes: hexane (4163), heptane (4817), octane (5471), nonane (6125), esti-
mate the heat of combustion (in kilojoules per mole) for pentadecane.
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PART B

B-1.

B-2.

B-3.

B-4.

B-5.

B-6.

Choose the response that best describes the following compounds:

R

3 4

(a) 1,3, and 4 represent the same compound.

(b) 1 and 3 are isomers of 2 and 4.

(¢) 1and 4 are isomers of 2 and 3.

(d) All the structures represent the same compound.

Which of the following is a correct name according to the IUPAC rules?

(a) 2-Methylcyclohexane (c) 2-Ethyl-2-methylpentane

() 3,4-Dimethylpentane (d) 3-Ethyl-2-methylpentane

Following are the structures of four isomers of hexane. Which of the names given correctly
identifies a fifth isomer?

CH,CH,CH,CH,CH,CH,  (CH,),CCH,CH,

(CH,),CHCH,CH,CH,4 (CH,),CHCH(CH,),
(a) 2-Methylpentane (c) 2-Ethylbutane
(b)  2,3-Dimethylbutane (d) 3-Methylpentane
Which of the following is cyclohexylcyclohexane?
CH,CH,CH,CH,CH,CH,

o OO w0

Which of the following structures is a 3-methylbutyl group?
(a) CH,CH,CH,CH,CH,— (c) (CH,CH,),CH—
(b) (CH,;),CHCH,CH,— (d) (CH;),CCH,—

Rank the following substances in decreasing order of heats of combustion (most exother-
mic — least exothermic).

WMA(

1 2 3

(@ 2>1>3 ) 3>1>2
b)) 2>3>1 d 3>2>1

What is the total number of o bonds present in the molecule shown?

O

(@ 18 b 26 () 27 @ 30
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B-8.

B-9.

B-10.

B-11.

B-12.

B-13.

B-14.

Which of the following substances is not an isomer of 3-ethyl-2-methylpentane?

(@) 7NN (c) )\/k

®) (d) None of these
(all are isomers)

Which alkane has the highest boiling point?

(@) Hexane (d) 2,3-Dimethylbutane
(b)  2,2-Dimethylbutane (e) 3-Methylpentane
(¢) 2-Methylpentane

What is the correct IUPAC name of the alkyl group shown?

CH,CH,
—CHCH,CH(CHS,),

(a) 1-Ethyl-3-methylbutyl

(b)  1-Ethyl-3,3-dimethylpropyl

(c)  4-Ethyl-2-methylbutyl

(d) 5-Methylhexyl

Which of the following compounds is not a constitutional isomer of the others?
(a) Methylcyclohexane (d) 1,1,2-Trimethylcyclobutane

(b) Cyclopropylcyclobutane (e) Cycloheptane

(c) Ethylcyclopentane

The correct IUPAC name for the compound shown is

i
CH,CHCHCH,CHCH,
CH,CH, CH,CH(CH,),

(a) 2-Ethyl-5-isobutyl-3-methylhexane (d) 2-Ethyl-3,5,7-trimethyloctane
(b)  5-sec-Butyl-2-ethyl-3-methylhexane (e) 24,6, 7-Tetramethylnonane
(c) 2-Isobutyl-4,5-dimethylheptane

The heats of combustion of two isomers, A and B, are 4817 kJ/mol and 4812 kJ/mol,
respectively. From this information it may be determined that

(a) Isomer A is 5 kJ/mol more stable

(b) Isomer B is 5 kJ/mol less stable

(c) Isomer B has 5 kJ/mol more potential energy

(d) Isomer Ais 5 kJ/mol less stable

Which of the following reactions requires an oxidizing agent?

(a) RCH,0OH RCH,CI (d) RCH,OH RCH=0
() RCH=CH, RCH,CH; (e) None of these
(c) RCH,CI RCH;
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AND CYCLOALKANES

SOLUTIONS TO TEXT PROBLEMS
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46

The sawhorse formula contains four carbon atoms in an unbranched chain. The compound is
butane, CH,CH,CH,CH,.

Rewrite the structure to show its constitution. The compound is CH;CH,CH(CH,),; it is
2-methylbutane.

CH,
H H He: s
= C—C an:i
H CH, R
CH, ; H,C 3

In this structure, we are sighting down the C-3—C-4 bond of a six-carbon chain. It is
CH3CH2CH2C|HCH2CH3, or 3-methylhexane.

CH,
CH,
H-7~CH,CH,
H_/ H

CH,CH,
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Red circles gauche: 60° and 300°. Red circles anti: 180°. Gauche and anti relationships occur only
in staggered conformations; therefore, ignore the eclipsed conformations (0°, 120°, 240°, 360°).

All the staggered conformations of propane are equivalent to one another, and all its eclipsed con-
formations are equivalent to one another. The energy diagram resembles that of ethane in that it is a

symmetrical one.

H H H H
H-7—H H-7—~H H-7~H H-7—H
H H,C H H
H,C— —H H— —H H— —CH, H,C— —H

>
B
=}
()
3
=
Q
S H H
a0
H-7~H H-7~H H-7~H
H,C—/H H-/ CH, H—/-H
H CH,
| | | | | | |
0 60 120 180 240 300 360

Torsion angle (degrees)

The activation energy for bond rotation in propane is expected to be somewhat higher than that
in ethane because of van der Waals strain between the methyl group and a hydrogen in the eclipsed
conformation. This strain is, however, less than the van der Waals strain between the methyl
groups of butane, which makes the activation energy for bond rotation less for propane than for
butane.

(b) To be gauche, substituents X and A must be related by a 60° torsion angle. If A is axial as
specified in the problem, X must therefore be equatorial.

X A

X and A are gauche.

(c) For substituent X at C-1 to be anti to C-3, it must be equatorial.
3

]

X A

(d) When X is axial at C-1, it is gauche to C-3.
X

A

(b) According to the numbering scheme given in the problem, a methyl group is axial when it is
“up” at C-1 but is equatorial when it is up at C-4. Since substituents are more stable when they
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occupy equatorial rather than axial sites, a methyl group that is up at C-1 is less stable than one
that is up at C-4.

Down _~H

(¢)  An alkyl substituent is more stable in the equatorial position. An equatorial substituent at C-3

is “down.”
H<«—Up

Down -/VH3C

3.6 A tert-butyl group is much larger than a methyl group and has a greater preference for the equato-
rial position. The most stable conformation of 1-zert-butyl-1-methylcyclohexane has an axial methyl
group and an equatorial fert-butyl group.

CH,

%G(CH&

1-tert-Butyl-1-methylcyclohexane

3.7 Ethylcyclopropane and methylcyclobutane are isomers (both are CsH, ). The less stable isomer has
the higher heat of combustion. Ethylcyclopropane has more angle strain and is less stable (has
higher potential energy) than methylcyclobutane.

[>—cH,CH, <}CH3

Less stable More stable
Heat of combustion: 3384 kJ/mol 3352 kJ/mol
(808.8 kcal/mol) (801.2 kcal/mol)

3.8 The four constitutional isomers of cis and trans-1,2-dimethylcyclopropane that do not contain
double bonds are

CH,

> [>—cH,CH,

1,1-Dimethylcyclopropane Ethylcyclopropane

E(CH3 Q

Methylcyclobutane Cyclopentane

CH,

3.9 When comparing two stereoisomeric cyclohexane derivatives, the more stable stereoisomer is the
one with the greater number of its substituents in equatorial orientations. Rewrite the structures as
chair conformations to see which substituents are axial and which are equatorial.

CH,

cis-1,3,5-Trimethylcyclohexane
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All methyl groups are equatorial in cis-1,3,5-trimethylcyclohexane. It is more stable than trans-
1,3,5-trimethylcyclohexane (shown in the following), which has one axial methyl group in its most
stable conformation.

H H
H,Caz~3aCH, CH,
HWC%
R H
HC H CH, H

trans-1,3,5-Trimethylcyclohexane

In each of these problems, a fers-butyl group is the larger substituent and will be equatorial in the
most stable conformation. Draw a chair conformation of cyclohexane, add an equatorial fert-butyl
group, and then add the remaining substituent so as to give the required cis or trans relationship to
the tert-butyl group.

(b) Begin by drawing a chair cyclohexane with an equatorial fert-butyl group. In cis-1-tert-butyl-
3-methylcyclohexane the C-3 methyl group is equatorial.

H
H

C(CH,).

H,C
(¢) In trans-1-tert-butyl-4-methylcyclohexane both the fert-butyl and the C-4 methyl group are
equatorial.
H
C(CH
H,C (o),

H

(d) Again the tert-butyl group is equatorial; however, in cis-1-tert-butyl-4-methylcyclohexane the
methyl group on C-4 is axial.

H
C(CH;)4

CH,

Isomers are different compounds that have the same molecular formula. Compare the molecular
formulas of the compounds given to the molecular formula of spiropentane.

><] [>—cu=cH, [>< <>:CH2 E>

Spiropentane (C;Hy) C,H, CH,, C,Hg CH,,

Only the two compounds that have the molecular formula C;H, are isomers of spiropentane.

Two bond cleavages convert bicyclobutane to a noncyclic species; therefore, bicyclobutane is
bicyclic.

K — > — T
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The two bond cleavages shown convert camphene to a noncyclic species; therefore, camphene is
bicyclic. (Other pairs of bond cleavages are possible and lead to the same conclusion.)

/%T P — o CH;
CH, CH, CH,
CH, CH, CH,

3.13 (b) This bicyclic compound contains nine carbon atoms. The name tells us that there is a five-
carbon bridge and a two-carbon bridge. The 0 in the name bicyclo[5.2.0]nonane tells us that
the third bridge has no atoms in it—the carbons are common to both rings and are directly

attached to each other.

Bicyclo[5.2.0]nonane

(c) The three bridges in bicyclo[3.1.1]heptane contain three carbons, one carbon, and one carbon.
The structure can be written in a form that shows the actual shape of the molecule or one that
simply emphasizes its constitution.

(\One—carbon

brid,
Three-carbon rdge
bridge A

C

One-carbon
bridge

(d) Bicyclo[3.3.0]octane has two five-membered rings that share a common side.

ﬁ<ji>+\
Three-carbon Three-carbon

bridge bridge

3.14 Since the two conformations are of approximately equal stability when R = H, it is reasonable to
expect that the most stable conformation when R = CHj, will have the CH, group equatorial.

R

|
w7 —

R = H: both conformations similar in energy
R = CH,: most stable conformation has CH, equatorial

3.15 (a) Recall that a neutral nitrogen atom has three covalent bonds and an unshared electron pair.
The three bonds are arranged in a trigonal pyramidal manner around each nitrogen in
hydrazine (H,NNH,).

H H

| y
T H}@/H HEZH - nfn
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(b) The O—H proton may be anti to one N—H proton and gauche to the other (left) or it may be
gauche to both (right).

_N—
. H H
a—N—n . 0/-
9t |
H

3.16 Conformation (a) is the most stable; all its bonds are staggered. Conformation (c) is the least stable;
all its bonds are eclipsed.

3.17 (a) First write out the structural formula of 2,2-dimethylbutane in order to identify the substituent
groups attached to C-2 and C-3. As shown at left, C-2 bears three methyl groups, and C-3
bears two hydrogens and a methyl group. The most stable conformation is the staggered one
shown at right. All other staggered conformations are equivalent to this one.

Sight along this bond.
CH, ﬁ{ CH,
: H.C CH,
H.C—C——C—CH,
H H
CH, H CH,

(b) The constitution of 2-methylbutane and its two most stable conformations are shown.

Sight along this bond.
uH /H CH, CH,
| ﬂ H,C CH, HC H
H,C—C——C—CH,
| | H H H H

Both conformations are staggered. In one (left), the methyl group at C-3 is gauche to both of
the C-2 methyls. In the other (right), the methyl group at C-3 is gauche to one of the C-2
methyls and anti to the other.

(c)  The hydrogens at C-2 and C-3 may be gauche to one another (left), or they may be anti (right).

CH, H CH, CH,
| | H,C CH, HC H
H,C—C——C—CH,
II{) L, H CH, H CH,
3 H CH
Sight along this bond. 3

3.18 The 2-methylbutane conformation with one gauche CH, - - - CH, and one anti CHj; - - - CH, rela-
tionship is more stable than the one with two gauche CH, - - - CH, relationships. The more stable
conformation has less van der Waals strain.

More stable Less stable
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3.19 All the staggered conformations about the C-2—C-3 bond of 2,2-dimethylpropane are equivalent to
one another and of equal energy; they represent potential energy minima. All the eclipsed confor-
mations are equivalent and represent potential energy maxima.

3.20

Potential energy

CH, CH, CH, CH,
H,C-7—CH, H,C—7~CH, H,C—7—~CH, H,C~7CH,
H— —H H— —H H— —H H——H

CH, H, CH,
H,C—7~CH, H,C~7~~CH, H,C—7~CH,
H—/-H H—/ H H—/H

| | | | | | |
0 60 120 180 240 300 360

Torsion angle (degrees)

The shape of the potential energy profile for internal rotation in 2,2-dimethylpropane more
closely resembles that of ethane than that of butane.

The potential energy diagram of 2-methylbutane more closely resembles that of butane than that of
propane in that the three staggered forms are not all of the same energy. Similarly, not all of the
eclipsed forms are of equal energy.

CH, \ CH,
H-7~H H-7~H H-7~H
H.C H.C
H,C— ~CH, H,C— —H H——CH,
>
5
=
(]
=
E
3
g CH, CH, CH,
H-7—H H-7~H H-7~H
H,C—/-H H,C—/-CH, H-—/CH,
CH, H CH,
| | | | | | |

0 60 120 180 240 300 360
Torsion angle (degrees)
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Van der Waals strain between the fert-butyl groups in 2,2.4.4-tetramethylpentane causes the
C-2—C-3—C-4 angle to open to 125-128°.

This angle is
CH CH enlarged.
3 3
| |
H,C—C—CH,—C—CH, is equivalent to >®<

CH, CH,

The structure shown in the text is not the most stable conformation, because the bonds of the methyl
group are eclipsed with those of the ring carbon to which it is attached. The most stable conforma-
tion has the bonds of the methyl group and its attached carbon in a staggered relationship.

H H
M\f » m g
0 *H
‘H
H H

Bonds of methyl group eclipsed Bonds of methyl group staggered
with those of attached carbon with those of attached carbon

Structure A has the hydrogens of its methyl group eclipsed with the ring bonds and is less stable
than B. The methyl group in structure B has its bonds and those of its attached ring carbon in a stag-

gered relationship.
HH H H i
H & saH
H
H H

A (less stable) B (more stable)

Furthermore, two of the hydrogens of the methyl group of A are uncomfortably close to two axial
hydrogens of the ring.

Conformation B is more stable than A. The methyl groups are rather close together in A, resulting in
van der Waals strain between them. In B, the methyl groups are farther apart.

Van der Waals strain between cis methyl groups. Methyl groups remain cis, but are far apart.
CH,~CH
3 3 H,C CH,
H H H H
A B

(a) By rewriting the structures in a form that shows the order of their atomic connections, it is
apparent that the two structures are constitutional isomers.

CH;, CH,
H H
is equivalent to CH3C|3CH3
H,C o CH, CH,

(2,2-Dimethylpropane)

CH, CH,

|
is equivalent to CH,CH,CHCH,

(2-Methylbutane)
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(b)

(o

(d)

(e)

)

@
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Both models represent alkanes of molecular formula C¢H,,. In each one the carbon chain is
unbranched. The two models are different conformations of the same compound,
CH,CH,CH,CH,CH,CH, (hexane).

The two compounds have the same constitution; both are (CH,;),CHCH(CH,),. The Newman
projections represent different staggered conformations of the same molecule: in one the
hydrogens are anti to each other, whereas in the other they are gauche.

H CH,
H,C CH, H,C H are different conformations of
and -di
H,C CH, H,C H 2,3-dimethylbutane
H CH,
Hydrogens at C-2 Hydrogens at C-2 and
and C-3 are anti. C-3 are gauche.

The compounds differ in the order in which the atoms are connected. They are constitutional
isomers. Although the compounds have different stereochemistry (one is cis, the other trans),
they are not stereoisomers. Stereoisomers must have the same constitution.

CH, CH,
CH,

cis-1,2-Dimethylcyclopentane trans-1,3-Dimethylcyclopentane

Both structures are cis-1-ethyl-4-methylcyclohexane (the methyl and ethyl groups are both
“up”). In the structure on the left, the methyl is axial and the ethyl equatorial. The orientations
are opposite to these in the structure on the right. The two structures are ring-flipped forms of
each other—different conformations of the same compound.

The methyl and the ethyl groups are cis in the first structure but trans in the second. The two
compounds are stereoisomers; they have the same constitution but differ in the arrangement
of their atoms in space.

CH,
w CHRCE T
CH,CH, CH,
cis-1-Ethyl-4-methylcyclohexane trans-1-Ethyl-4-methylcyclohexane
(both alkyl groups are up) (ethyl group is down; methyl group is up)

Do not be deceived because the six-membered rings look like ring-flipped forms. Remember,
chair—chair interconversion converts all the equatorial bonds to axial and vice versa. Here the
ethyl group is equatorial in both structures.

The two structures have the same constitution but differ in the arrangement of their atoms in
space; they are stereoisomers. They are not different conformations of the same compound,
because they are not related by rotation about C—C bonds. In the first structure as shown
here the methyl group is trans to the darkened bonds, whereas in the second it is cis to these
bonds.

CH,

H CH,
/NN /NN
Methyl is trans to Methyl is cis to

these bonds. these bonds.
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3.26 (a) Threeisomers of CsH; contain two rings and have no alkyl substituents:

> >

Spiropentane Bicyclo[2.1.0]pentane Bicyclo[1.1.1]pentane

(b) Five isomers of CiH,, contain two rings and have no alkyl substituents:

O I A

Spirohexane Bicyclo[2.2.0]hexane Bicyclo[3.1.0]hexane

A <

Bicyclo[2.1.1]hexane Cyclopropylcyclopropane

3.27 (a) The heat of combustion is highest for the hydrocarbon with the greatest number of carbons.
Thus, cyclopropane, even though it is more strained than cyclobutane or cyclopentane, has the
lowest heat of combustion.

O Cyclopentane Heat of combustion 3291 kJ/mol
(786.6 kcal/mol)

I:l Cvelobutane Heat of combustion 2721 kJ/mol
y (650.3 kcal/mol)

A Cyclopropane Heat of combustion 2091 kJ/mol
(499.8 kcal/mol)

A comparison of heats of combustion can only be used to assess relative stability when the
compounds are isomers.
(b) All these compounds have the molecular formula C,H,,. They are isomers, and so the one
with the most strain will have the highest heat of combustion.

H,C CH, 1,1,2,2-Tetramethylcyclopropane Heat of combustion
(high in angle strain; bonds are 4635 kJ/mol
eclipsed; van der Waals strain (1107.9 kcal/mol)

H,C CH, between cis methyl groups)
cis-1,2-Dimethylcyclopentane Heat of combustion
(low angle strain; some torsional 4590 kJ/mol

Hoy v H strain; van der Waals strain (1097.1 kcal/mol)

H,C CH, between cis methyl groups)

Methylcyclohexane Heat of combustion

%\ CH; (minimal angle, torsional, and 4565 kJ/mol

van der Waals strain) (1091.1 kcal/mol)
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(c) These hydrocarbons all have different molecular formulas. Their heats of combustion de-
crease with decreasing number of carbons, and comparisons of relative stability cannot be
made.

[: j Cyclopropylcyclopropane Heat of combustion
(CeH,p) 3886 kJ/mol

(928.8 kcal/mol)

[><] Spiropentane Heat of combustion
(CsHy) 3296 kJ/mol
(787.8 kcal/mol)
<]> Bicyclo[1.1.0]butane Heat of combustion
(C,Hy) 2648 kJ/mol
(633.0 kcal/mol)

(d) Bicyclo[3.3.0]octane and bicyclo[5.1.0]octane are isomers, and their heats of combustion
can be compared on the basis of their relative stabilities. The three-membered ring in bicy-
clo[5.1.0]octane imparts a significant amount of angle strain to this isomer, making it less
stable than bicyclo[3.3.0]octane. The third hydrocarbon, bicyclo[4.3.0]nonane, has a greater
number of carbons than either of the others and has the largest heat of combustion.

Bicyclo[4.3.0]nonane Heat of combustion 5652 kJ/mol
(CoHy4) (1350.9 kcal/mol)

Bicyclo[5.1.0]octane Heat of combustion 5089 kJ/mol
(CgH,,) (1216.3 kcal/mol)

Bicyclo[3.3.0]octane Heat of combustion 5016 kJ/mol
(CgH,,) (1198.9 kcal/mol)

SRR

A
H

3.28 (a) The structural formula of 2,2,5,5-tetramethylhexane is (CH,);CCH,CH,C(CH;);. The sub-
stituents at C-3 are two hydrogens and a fert-butyl group. The substituents at C-4 are the same
as those at C-3. The most stable conformation has the large fert-butyl groups anti to each
other.

C(CH,),
H H
H H

C(CH,),

Anti conformation of
2,2,5,5-tetramethylhexane

(b) The zigzag conformation of 2,2,5,5-tetramethylhexane is an alternative way of expressing
the same conformation implied in the Newman projection of part (a). It is more complete,
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(o

(d)

(e)

however, in that it also shows the spatial arrangement of the substituents attached to the main
chain.

n,,

o

2,2,5,5-Tetramethylhexane

An isopropyl group is bulkier than a methyl group, and will have a greater preference for an
equatorial orientation in the most stable conformation of cis-1-isopropyl-3-methylcyclohexane.
Draw a chair conformation of cyclohexane, and place an isopropyl group in an equatorial
position.

H
MFCH(CHQ2
3

Notice that the equatorial isopropyl group is down on the carbon atom to which it is attached.
Add a methyl group to C-3 so that it is also down.

H

H
MCH(CHS)Z

H,C

Both substituents are equatorial in the most stable conformation of cis-1-isopropyl-3-methyl-
cyclohexane.

One substituent is up and the other is down in the most stable conformation of trans-1-
isopropyl-3-methylcyclohexane. Begin as in part (¢) by placing an isopropyl group in an equa-
torial orientation on a chair conformation of cyclohexane.

H
M CH(CH,),
3

To be trans to the C-1 isopropyl group, the C-3 methyl group must be up.

H

CH,
[ e,

H

The bulkier isopropyl group is equatorial and the methyl group axial in the most stable
conformation.

To be cis to each other, one substituent must be axial and the other equatorial when they are
located at positions 1 and 4 on a cyclohexane ring.

H

1
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Place the larger substituent (the fert-butyl group) at the equatorial site and the smaller sub-

stituent (the ethyl group) at the axial one.
H

- C(CH;),

CH,CH,
(f) First write a chair conformation of cyclohexane, then add two methyl groups at C-1, and draw
in the axial and equatorial bonds at C-3 and C-4. Next, add methyl groups to C-3 and C-4
so that they are cis to each other. There are two different ways that this can be accomplished:
either the C-3 and C-4 methyl groups are both up or they are both down.
CH,
1~ CH,4

H

H
4

CH,
CH,

More stable chair conformation: C-3 methyl
group is equatorial; no van der Waals strain between
axial C-1 methyl group and C-3 methyl

Less stable chair conformation: C-3 methyl
group is axial; strong van der Waals strain
between axial C-1 and C-3 methyl groups

(g) Draw the projection formula as a chair conformation.

H CH,
H 1
< CH, H
4 2 ch H
H,C7E ] §
3 H CH H CH,

3

CH, CH,
1 4 H
H H
H,C~ /H Y CH,
H CH, "H

Less stable conformation: two More stable conformation: one
axial methyl groups axial methyl group

The ring-flipped form, with two equatorial methyl groups and one axial methyl group, is more
stable than the originally drawn conformation, with two axial ethyl groups and one equatorial

methyl group.

3.29 Begin by writing each of the compounds in its most stable conformation. Compare them by exam-
ining their conformations for sources of strain, particularly van der Waals strain arising from groups
located too close together in space.

(a) Its axial methyl group makes the cis stereoisomer of 1-isopropyl-2-methylcyclohexane less
stable than the trans.

W] CH(CH,), /] CH(CH,
CH,

4 2
H
H CH,
cis-1-Isopropyl-2-methylcyclohexane trans-1-Isopropyl-2-methylcyclohexane
(less stable stereoisomer) (more stable stereoisomer)
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The axial methyl group in the cis stereoisomer is involved in unfavorable repulsions with the
C-4 and C-6 axial hydrogens indicated in the drawing.

(b) Both groups are equatorial in the cis stereoisomer of 1-isopropyl-3-methylcyclohexane; cis is
more stable than trans in 1,3-disubstituted cyclohexanes.

H H
.| CH,
[ CHCHy, TCH(CH,),
3
CH,
cis-1-Isopropyl-3-methylcyclohexane trans-1-Isopropyl-3-methylcyclohexane
(more stable stereoisomer; both (less stable stereoisomer; methyl group
groups are equatorial) is axial and involved in repulsions

with axial hydrogens at C-1 and C-5)

(c)  The more stable stereoisomer of 1,4-disubstituted cyclohexanes is the trans; both alkyl groups
are equatorial in trans-1-isopropyl-4-methylcyclohexane.

1
6 CH(CH wCH CH
N ©x e ()

2
H
CH, H
cis-1-Isopropyl-4-methylcyclohexane trans-1-Isopropyl-4-methylcyclohexane
(less stable stereoisomer; methyl (more stable stereoisomer; both
group is axial and involved in groups are equatorial)

repulsions with axial
hydrogens at C-2 and C-6)

(d) The first stereoisomer of 1,2,4-trimethylcyclohexane is the more stable one. All its methyl
groups are equatorial in its most stable conformation. The most stable conformation of the
second stereoisomer has one axial and two equatorial methyl groups.

H,C CH
A 4 3 , CH,
L,
1//,,I(:H3 HgC 4
More stable stereoisomer All methyl groups equatorial in

most stable conformation

Less stable stereoisomer

4 2
CH,
CH,

1

One axial methyl group in most
stable conformation
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(e)

f)
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The first stereoisomer of 1,2,4-trimethylcyclohexane is the more stable one here, as it was in
part (d). All its methyl groups are equatorial, but one of the methyl groups is axial in the most
stable conformation of the second stereoisomer.

4 2
i"CH,

More stable stereoisomer

CH,
ow
H,C-4

All methyl groups equatorial in
most stable conformation

CH,

H,C Nl H,C
2 1
I\CI_I3 H3C\4£ f ;

Less stable stereoisomer One axial methyl group in

most stable conformation

Each stereoisomer of 2,3-dimethylbicyclo[3.2.1]octane has one axial and one equatorial
methyl group. The first one, however, has a close contact between its axial methyl group and
both methylene groups of the two-carbon bridge. The second stereoisomer has repulsions with
only one axial methylene group; it is more stable.

CH,

CH3 H3C

CH, H
H

More stable stereoisomer
(less van der Waals strain)

Less stable stereoisomer
(more van der Waals strain)

3.30 First write structural formulas showing the relative stereochemistries and the preferred conforma-
tions of the two stereoisomers of 1,1,3,5-tetramethylcyclohexane.

H,C .CH, CH,
&
written in its most stable H,C CH,
conformation as ’
H,C CH, CH,
cis-1,1,3,5-Tetramethylcyclohexane
H,C, CH, CH;
o
written in its most stable
, conformation as CH,
H,C "CH; CH, CH,

trans-1,1,3,5-Tetramethylcyclohexane

The cis stereoisomer is more stable than the trans. It exists in a conformation with only one axial
methyl group, while the trans stereoisomer has two axial methyl groups in close contact with each
other. The trans stereoisomer is destabilized by van der Waals strain.
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Both structures have approximately the same degree of angle strain and of torsional strain. Structure B
has more van der Waals strain than A because two pairs of hydrogens (shown here) approach each
other at distances that are rather close.

0 P

More stable stereoisomer Van der Waals strain
destabilizes B

Five bond cleavages are required to convert cubane to a noncyclic skeleton; cubane is pentacyclic.

B-D-3I-D

Conformational representations of the two different forms of glucose are drawn in the usual way. An
oxygen atom is present in the six-membered ring, and we are told in the problem that the ring exists
in a chair conformation.

HOCH, CH,OH
written in its most HO 0
HO...|| . HO
stable conformation as HO
OH
HO
One axial OH substituent
HOCH, CH,OH
3 0 written in its most H%O OH
HO- —OH stable conformation as OH
HOl //OH All substituents equatorial

The two structures are not interconvertible by ring flipping; therefore they are not different confor-
mations of the same molecule. Remember, ring flipping transforms all axial substituents to equato-
rial ones and vice versa. The two structures differ with respect to only one substituent; they are
stereoisomers of each other.

This problem is primarily an exercise in correctly locating equatorial and axial positions in cyclo-
hexane rings that are joined together into a steroid skeleton. Parts (a) through (e) are concerned with
positions 1, 4, 7, 11, and 12 in that order. The following diagram shows the orientation of axial and
equatorial bonds at each of those positions.

CH3 Both methyl groups are up.

(a) At C-1 the bond that is cis to the methyl groups is equatorial (up).
(b) At C-4 the bond that is cis to the methyl groups is axial (up).
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3.35

3.36

3.37-3.40

SELF-TEST
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(c) At C-7 the bond that is trans to the methyl groups is axial (down).
(d) At C-11 the bond that is trans to the methyl groups is equatorial (down).
(e) At C-12 the bond that is cis to the methyl groups is equatorial (up).

Analyze this problem in exactly the same way as the preceding one by locating the axial and equa-
torial bonds at each position. It will be seen that the only differences are those at C-1 and C-4.

Both methyl groups are up.

(a) At C-1 the bond that is cis to the methyl groups is axial (up).

(b) At C-4 the bond that is cis to the methyl groups is equatorial (up).

(c) At C-7 the bond that is trans to the methyl groups is axial (down).

(d) At C-11 the bond that is trans to the methyl groups is equatorial (down).
(e) At C-12 the bond that is cis to the methyl groups is equatorial (up).

(a) The torsion angle between chlorine substituents is 60° in the gauche conformation and 180° in
the anti conformation of CICH,CH,CI.

Cl Cl
Cl H H
H H H H
H Cl
Gauche Anti
(can have a dipole moment) (cannot have a dipole moment)

(b)  All the individual bond dipole moments cancel in the anti conformation of CICH,CH,CI, and
this conformation has no dipole moment. Since CICH,CH,CI has a dipole moment of 1.12 D,
it can exist entirely in the gauche conformation or it can be a mixture of anti and gauche con-
formations, but it cannot exist entirely in the anti conformation. Statement 1 is false.

Solutions to molecular modeling exercises are not provided in this Study Guide and Solutions Man-
ual. You should use Learning By Modeling for these exercises.

PART A

A-1. Draw Newman projections for both the gauche and the anti conformations of 1-chloro-
propane, CH,CH,CH,CI. Sight along the C-1, C-2 bond (the chlorine is attached to C-1).

A-2. Write Newman projection formulas for
(a) The least stable conformation of butane
(b) Two different staggered conformations of CHCI,CHCI,
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A-3. Give the correct IUPAC name for the compound represented by the following Newman

projection.
CH,
H H
H,C CH,
C(CHy),

A-4. Write the structure of the most stable conformation of the /ess stable stereoisomer of 1-tert-
butyl-3-methylcyclohexane.

A-5. Draw the most stable conformation of the following substance:

H3C\O:CH3
C(CHy),

Which substituents are axial and which equatorial?

A-6. A wedge-and-dash representation of a form of ribose (called 3-D-ribopyranose) is shown
here. Draw the most stable chair conformation of this substance.

A-7. Consider compounds A, B, C, and D.
CH,
Hﬂ% H\;C%\CH3
A B
CH, CH,
M\ CH, H,C MC&
C D
(@) Which one is a constitutional isomer of two others?
(b)  Which two are stereoisomers of one another?

(c)  Which one has the highest heat of combustion?
(d) Which one has the stereochemical descriptor trans in its name?

A-8. Draw clear depictions of two nonequivalent chair conformations of cis-1-isopropyl-
4-methylcyclohexane, and indicate which is more stable.

A-9. Which has the lower heat of combustion, cis-1-ethyl-3-methylcyclohexane or cis-1-ethyl-
4-methylcyclohexane?

A-10. The hydrocarbon shown is called twistane. Classify twistane as monocyclic, bicyclic, etc.
What is the molecular formula of twistane?
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A-11.

A-12.
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Sketch an approximate potential energy diagram similar to those shown in the text (Fig-
ures 3.4 and 3.7) for rotation about a carbon—carbon bond in 2-methylpropane. Does the
form of the potential energy curve more closely resemble that of ethane or that of butane?

Draw the structure of the sulfur-containing heterocyclic compound that has a structure anal-
ogous to that of tetrahydrofuran.

PART B

B-1.

B-2.

B-3.

B-4.

Which of the listed terms best describes the relationship between the methyl groups in the
chair conformation of the substance shown?

CH,
(a) Eclipsed (¢) Anti

(b) Trans (d) Gauche

Rank the following substances in order of decreasing heat of combustion (largest — smallest).

CH CH
o™, O O,
CH, "“CH,

1 2 3 4
(a) 1>2>4>3 (c) 3>4>2>1
b)) 2>4>1>3 d 1>3>2>4

Which of the following statements best describes the most stable conformation of trans-
1, 3-dimethylcyclohexane?

(a) Both methyl groups are axial.

(b) Both methyl groups are equatorial.

(c)  One methyl group is axial, the other equatorial.

(d) The molecule is severely strained and cannot exist.

Compare the stability of the following two compounds:
A: cis-1-Ethyl-3-methylcyclohexane
B: trans-1-Ethyl-3-methylcyclohexane

(@) Ais more stable.

(b) B is more stable.

(c) Aand B are of equal stability.

(d) No comparison can be made.

What, if anything, can be said about the magnitude of the equilibrium constant K for the
following process?

H CH(CH,), === H,C "

CH,4 CH(CH,),

(a9 K=1 (c) K<1
b)) K>1 (d) No estimate of K can be made.
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B-6.

B-8.

B-9.

B-10.

What is the relationship between the two structures shown?

CH, «Cl
L \CH, M

(a) Constitutional isomers

(b) Stereoisomers

(c) Different drawings of the same conformation of the same compound
(d) Different conformations of the same compound

The two structures shown here are each other.
CH3CH3 CH, H
CH
H H H 3
ﬂ\%ﬁk /ﬁ/ G,
H H

(a) identical with (¢) constitutional isomers of
(b) conformations of (d) stereoisomers of

The most stable conformation of the following compound has

CH,CH,

:; NC(CHy),

CH,

(a) An axial methyl group and an axial ethyl group

(b)  An axial methyl group and an equatorial ethyl group

(¢) An axial tert-buytl group

(d) An equatorial methyl group and an equatorial ethyl group
(e)  An equatorial methyl group and an axial ethyl group

65

Which of the following statements is not true concerning the chair—chair interconversion of

trans-1,2-diethylcyclohexane?

(a) An axial group will be changed into the equatorial position.

(b) The energy of repulsions present in the molecule will be changed.
(¢) Formation of the cis substance will result.

(d) One chair conformation is more stable than the other.

The most stable conformation of the compound

H,C”4 " CH,

(in which all methyl groups are cis to one another) has:
(a)  All methyl groups axial

(b)  All methyl groups equatorial

(c) Equatorial methyl groups at C-1 and C-2

(d) Equatorial methyl groups at C-1 and C-4

(e) Equatorial methyl groups at C-2 and C-4
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B-11.

B-12.

B-13.

B-14.

CONFORMATIONS OF ALKANES AND CYCLOALKANES

Which point on the potential energy diagram is represented by the Newman projection
shown?

L@

H S

Which of the following statements is true?

(a) Van der Waals strain in cis-1,2-dimethylcyclopropane is the principal reason for its
decreased stability relative to the trans isomer.

() Cyclohexane gives off more heat per CH, group on being burned in air than any other
cycloalkane.

(¢)  The principal source of strain in the boat conformation of cyclohexane is angle strain.

(d) The principal source of strain in the gauche conformation of butane is torsional strain.

Which one of the following has an equatorial methyl group in its most stable conformation?

HC, CCHy, §CH)s — C(CHy, C(CH,), C(CH,),

! «CH; CH,
ts, O
CH,
CH,

(@) (b) () (@) ()

The structure shown is the carbon skeleton of adamantane, a symmetrical hydrocarbon
having a structure that is a section of the diamond lattice.

Adamantane is:
(a) Bicyclic (c) Tetracyclic
(b) Tricyclic (d) Pentacyclic
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CHAPTER 4
ALCOHOLS AND ALKYL HALIDES

SOLUTIONS TO TEXT PROBLEMS

4.1 There are four C,H, alkyl groups, and so there are four C,H,Cl alky] chlorides. Each may be named
by both the functional class and substitutive methods. The functional class name uses the name of
the alkyl group followed by the halide as a second word. The substitutive name modifies the name
of the corresponding alkane to show the location of the halogen atom.

Functional class name Substitutive name
CH,CH,CH,CH,CI n-Butyl chloride 1-Chlorobutane
(Butyl chloride)
CH3C|HCH2CH3 sec-Butyl chloride 2-Chlorobutane
Cl (1-Methylpropyl chloride)
CH3C|HCH2C1 Isobutyl chloride 1-Chloro-2-methylpropane
CH, (2-Methylpropyl chloride)
CH,
CH,CCH,
| tert-Butyl chloride 2-Chloro-2-methylpropane
Cl (1,1-Dimethylethyl chloride)

4.2 Alcohols may also be named using both the functional class and substitutive methods, as in the
previous problem.

67
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68 ALCOHOLS AND ALKYL HALIDES

Functional class name Substitutive name
CH,CH,CH,CH,0OH n-Butyl alcohol 1-Butanol
(Butyl alcohol)
CH3?HCH2CH3 sec-Butyl alcohol 2-Butanol
OH (1-Methylpropyl alcohol)
CHS?HCHon Isobutyl alcohol 2-Methyl-1-propanol
CH, (2-Methylpropyl alcohol)
CH,
CH,CCH,
) tert-Butyl alcohol 2-Methyl-2-propanol
y yl-2-prop
OH (1,1-Dimethylethyl alcohol)

4.3 Alcohols are classified as primary, secondary, or tertiary according to the number of carbon
substituents attached to the carbon that bears the hydroxyl group.

H H
CH3CH2CH2—(|J—OH CH3—(|3—CH2CH3
i o
Primary alcohol Secondary alcohol

(one alkyl group bonded to— CH,OH) (two alkyl groups bonded to /CHOH)

PII CH,
(CH3)2CH—?—OH CH3—(|I—OH
H CH,
Primary alcohol Tertiary alcohol

(one alkyl group bonded to—CH,OH) (three alkyl groups bonded to \COH)

4.4 Dipole moment is the product of charge and distance. Although the electron distribution in the
carbon—chlorine bond is more polarized than that in the carbon-bromine bond, this effect is
counterbalanced by the longer carbon—-bromine bond distance.

p=e-d

Dipole moment )A Distance
Charge
> >
CH,—Cl CH,—Br
Methyl chloride Methyl bromide
(greater value of e) (greater value of d)
n19D wl.8D

4.5 All the hydrogens in dimethyl ether (CH;OCH,) are bonded to carbon; therefore, intermolecular
hydrogen bonding between dimethyl ether molecules does not take place, and its boiling point is
lower than that of ethanol (CH,CH,OH), where hydrogen bonding involving the —OH group is
important.

4.6 Ammonia is a base and abstracts (accepts) a proton from the acid (proton donor) hydrogen chloride.

BN+ G

NH, + :(:j:l:’

Base Acid Conjugate Conjugate
acid base
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4.8

4.9

4.10

4.11

4.12

4.13
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Since the pK, of HCN is given as 9.1, its K, = 10~°!. In more conventional notation, K, =
8 X 10~ '°. Hydrogen cyanide is a weak acid.

Hydrogen cyanide is a weak acid, but it is a stronger acid than water (pK, = 15.7). Since HCN is a
stronger acid than water, its conjugate base (CN") is a weaker base than hydroxide (HO™), which is
the conjugate base of water.

An unshared electron pair on oxygen abstracts the proton from hydrogen chloride.

(CH),C .~ (.. (CH,),C .
PO — T tm o
H H
Base Acid Conjugate Conjugate
acid base

In any proton-transfer process, the position of equilibrium favors formation of the weaker acid and
the weaker base from the stronger acid and base. Alkyloxonium ions (ROH, ") have approximately
the same acidity as hydronium ion (H;0", pK, = —1.7). Thus hydrogen chloride (pK, = —7) is the
stronger acid. tert-Butyl alcohol is the stronger base because it is the conjugate of the weaker acid
(tert-butyloxonium ion).

(CH,,COH + HCI (CH),COH, + CI°

Stronger (pK,= —7) (pK, = —1.7) Weaker

base Stronger Weaker base
acid acid

The equilibrium constant for proton transfer from hydrogen chloride to ferz-butyl alcohol is much
greater than 1.

The proton being transferred is partially bonded to the oxygen of tert-butyl alcohol and to chloride
at the transition state.

(b) Hydrogen chloride converts tertiary alcohols to tertiary alkyl chlorides.

(CH,CH,),COH + HCI

(CH,CH,),CCl + H,0

3-Ethyl-3-pentanol Hydrogen 3-Chloro-3-ethylpentane ~ Water
chloride

(c) 1-Tetradecanol is a primary alcohol having an unbranched 14-carbon chain. Hydrogen
bromide reacts with primary alcohols to give the corresponding primary alkyl bromide.

CH,(CH,),,CH,OH + HBr

CH,(CH,),,CH,Br + H,0

1-Tetradecanol Hydrogen 1-Bromotetradecane Water
bromide

The order of carbocation stability is tertiary > secondary > primary. There is only one CsH,,* car-
bocation that is tertiary, and so that is the most stable one.

CH,
CH,CH,C*
AN

CH,
1,1-Dimethylpropyl cation
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4.14 1-Butanol is a primary alcohol; 2-butanol is a secondary alcohol. A carbocation intermediate is
possible in the reaction of 2-butanol with hydrogen bromide but not in the corresponding reaction of

1-butanol.
The mechanism of the reaction of 1-butanol with hydrogen bromide proceeds by displacement of
water by bromide ion from the protonated form of the alcohol (the alkyloxonium ion).

Protonation of the alcohol:

(\ o/ H ..
CH,CH,CH,CH, o + H--Bj CH,CH,CH,CH,0* + :Bri
“H N
1-Butanol Hydrogen Butyloxonium ion Bromide
bromide
Displacement of water by bromide:
CH,CH,CH,

P 1 _H

:Br: CH, O+ —=— CH,CH,CH,CH,Br + :O:
“H “H
Bromide ion Butyloxonium ion 1-Bromobutane Water

The slow step, displacement of water by bromide from the oxonium ion, is bimolecular. The reaction
of 1-butanol with hydrogen bromide follows the Sy2 mechanism.
The reaction of 2-butanol with hydrogen bromide involves a carbocation intermediate.

Protonation of the alcohol:

CH;CH,CHCH; + :Br:

CH3CH2C|HCH3 + HfBjr:

2 N
H H H
2-Butanol Hydrogen sec-Butyloxonium ion ~ Bromide ion
bromide

Dissociation of the oxonium ion:

CH;CH,CHCH; Y | CH3CH,CHCH; + :0:
* VAN
oM H H

H/ \H
sec-Butyloxonium ion sec-Butyl cation Water

Capture of sec-butyl cation by bromide:

CH3C|H2
Bric __+ CHCH, CH3CH2(|IHCH3
Br
Bromide ion sec-Butyl cation 2-Bromobutane

The slow step, dissociation of the oxonium ion, is unimolecular. The reaction of 2-butanol with
hydrogen bromide follows the Sy1 mechanism.

4.15 The most stable alkyl free radicals are tertiary. The tertiary free radical having the formula CsH,, has
the same skeleton as the carbocation in Problem 4.13.

CH,
CH,CH,—C*
CH,
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4.16 (b) Writing the equations for carbon—carbon bond cleavage in propane and in 2-methylpropane,
we see that a primary ethyl radical is produced by a cleavage of propane whereas a secondary
isopropyl radical is produced by cleavage of 2-methylpropane.

CH,CH,"“CH, CHH, + -CH,
Propane Ethyl radical Methyl radical
{CH,

CH_{CHCH3 CH,CHCH, + -CH,
2-Methylpropane Isopropyl radical Methyl radical

A secondary radical is more stable than a primary one, and so carbon—carbon bond cleavage
of 2-methylpropane requires less energy than carbon—carbon bond cleavage of propane.
(c) Carbon—carbon bond cleavage of 2,2-dimethylpropane gives a tertiary radical.

CH
} 3 CH,
CHSCCH, CH,—C* +  -CH,
| “cH
CH, 3
2,2-Dimethylpropane tert-Butyl radical Methyl radical

As noted in part (b), a secondary radical is produced on carbon—carbon bond cleavage of
2-methylpropane. We therefore expect a lower carbon—carbon bond dissociation energy for
2,2-dimethylpropane than for 2-methylpropane, since a tertiary radical is more stable than a
secondary one.

4.17 First write the equation for the overall reaction.

CHCl + C, ——  CHCL, + HCl

Chloromethane Chlorine Dichloromethane Hydrogen chloride

The initiation step is dissociation of chlorine to two chlorine atoms.

Cl—Cl: Qe+ -Cl:

Chlorine 2 Chlorine atoms

A chlorine atom abstracts a hydrogen atom from chloromethane in the first propagation step.

H ,O H
Cl_é_f\r/:\g'_l: - cl—C- +  H—CE:
h h
Chloromethane Chlorine atom Chloromethyl radical Hydrogen chloride

Chloromethyl radical reacts with Cl, in the next propagation step.

a—c’ ¥ ca—c—Cr +  Ck
| U |
H H

Chloromethyl radical Chlorine Dichloromethane Chlorine atom
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4.18

4.19

4.20

4.21

ALCOHOLS AND ALKYL HALIDES

Writing the structural formula for ethyl chloride reveals that there are two nonequivalent sets of
hydrogen atoms, in either of which a hydrogen is capable of being replaced by chlorine.

al,
CH,CH,Cl oo~  CH,CHCL,  +  CICH,CH,CI
Ethyl chloride 1,1-Dichloroethane 1,2-Dichloroethane

The two dichlorides are 1,1-dichloroethane and 1,2-dichloroethane.

Propane has six primary hydrogens and two secondary. In the chlorination of propane, the relative
proportions of hydrogen atom removal are given by the product of the statistical distribution and the
relative rate per hydrogen. Given that a secondary hydrogen is abstracted 3.9 times faster than a pri-
mary one, we write the expression for the amount of chlorination at the primary relative to that at the
secondary position as:

Number of primary hydrogens X rate of abstraction of primary hydrogen =~ 6 X1  0.77

Number of secondary hydrogens X rate of abstraction of a secondary hydrogen S 2X39 1.00

Thus, the percentage of propyl chloride formed is 0.77/1.77, or 43%, and that of isopropyl chloride
is 57%. (The amounts actually observed are propyl 45%, isopropyl 55%.)

(b) In contrast with free-radical chlorination, alkane bromination is a highly selective process.
The major organic product will be the alkyl bromide formed by substitution of a tertiary
hydrogen with a bromine.

E><CH3 Br, E><CH3
CH(CHy, & (ll(CH3)2

Tertiary

hydrogen Br
1-Isopropyl-1- 1-(1-Bromo-1-methylethyl)-
methylcyclopentane 1-methylcyclopentane

(¢)  Asin part (b), bromination results in substitution of a tertiary hydrogen.

CH, CH, CH, CH,
Br,
CH3(|?CH2CHCH3 o CH3(|3CH2$CH3
CH, CH, Br
2,2,4-Trimethylpentane 2-Bromo-2,4,4-trimethylpentane

(a) Cyclobutanol has a hydroxyl group attached to a four-membered ring.

oo

Cyclobutanol
(b) sec-Butyl alcohol is the functional class name for 2-butanol.
CH,CHCH,CH,
on

sec-Butyl alcohol
(¢)  The hydroxyl group is at C-3 of an unbranched seven-carbon chain in 3-heptanol.
CH3CH2(|IHCH2CH2CH2CH3

OH
3-Heptanol
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(d) A chlorine at C-2 is on the opposite side of the ring from the C-1 hydroxyl group in trans-
2-chlorocyclopentanol. Note that it is not necessary to assign a number to the carbon that bears
the hydroxyl group; naming the compound as a derivative of cyclopentanol automatically
requires the hydroxyl group to be located at C-1.

o
kel

trans-2-Chlorocyclopentanol

(e) This compound is an alcohol in which the longest continuous chain that incorporates the
hydroxyl function has eight carbons. It bears chlorine substituents at C-2 and C-6 and methyl
and hydroxyl groups at C-4.

CH,
CH,CHCH,CCH,CHCH,CH,
Cl  OH CI

2,6-Dichloro-4-methyl-4-octanol

(f) The hydroxyl group is at C-1 in trans-4-tert-butylcyclohexanol; the fert-butyl group is at C-4.
The structures of the compound can be represented as shown at the left; the structure at the
right depicts it in its most stable conformation.

OH

W OH
(CH,),C

H

trans-4-tert-Butylcyclohexanol

(CH,);C

(g) The cyclopropyl group is on the same carbon as the hydroxyl group in 1-cyclopropylethanol.

[>—(|?HOH
CH,

1-Cyclopropylethanol

(h) The cyclopropyl group and the hydroxyl group are on adjacent carbons in 2-cyclopro-

pylethanol.
[>—cH,cH,0H

2-Cyclopropylethanol

4.22 (a) This compound has a five-carbon chain that bears a methyl substituent and a bromine. The
numbering scheme that gives the lower number to the substituent closest to the end of the
chain is chosen. Bromine is therefore at C-1, and methyl is a substituent at C-4.
CH3(|1HCH2CH2CH2Br
CH,

1-Bromo-4-methylpentane
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(b)

()

(d)

()

f)

(€9)

(h)
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This compound has the same carbon skeleton as the compound in part (a) but bears a hydroxyl
group in place of the bromine and so is named as a derivative of 1-pentanol.

CH3$HCH2CH2CH20H
CH,
4-Methyl-1-pentanol

This molecule is a derivative of ethane and bears three chlorines and one bromine. The name
2-bromo-1,1,1-trichloroethane gives a lower number at the first point of difference than
1-bromo-2,2,2-trichloroethane.

CI,CCH,Br

2-Bromo-1,1,1-trichloroethane

This compound is a constitutional isomer of the preceding one. Regardless of which carbon
the numbering begins at, the substitution pattern is 1,1,2,2. Alphabetical ranking of the halo-
gens therefore dictates the direction of numbering. Begin with the carbon that bears bromine.

CIZCH(liHBr
Cl

1-Bromo-1,2,2-trichloroethane

This is a trifluoro derivative of ethanol. The direction of numbering is dictated by the hydroxyl
group, which is at C-1 in ethanol.

CF,CH,OH
2,2,2-Trifluoroethanol

Here the compound is named as a derivative of cyclohexanol, and so numbering begins at the
carbon that bears the hydroxyl group.

N S o

cis-3-tert-Butylcyclohexanol

This alcohol has its hydroxyl group attached to C-2 of a three-carbon continuous chain; it is

named as a derivative of 2-propanol.
CH,
E>—§0H

CH,
2-Cyclopentyl-2-propanol

The six carbons that form the longest continuous chain have substituents at C-2, C-3, and C-5
when numbering proceeds in the direction that gives the lowest locants to substituents at the
first point of difference. The substituents are cited in alphabetical order.

Br

5-Bromo-2,3-dimethylhexane

Had numbering begun in the opposite direction, the locants would be 2,4,5 rather than 2,3,5.
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(i)  Hydroxyl controls the numbering because the compound is named as an alcohol.

OH
4,5-Dimethyl-2-hexanol
4.23 Primary alcohols are alcohols in which the hydroxyl group is attached to a carbon atom which has
one alkyl substituent and two hydrogens. Four primary alcohols have the molecular formula

C,H,,0. The functional class name for each compound is given in parentheses.

CH,CH,CH,CH,CH,0H CH3CH2C|HCH20H

CH,
1-Pentanol 2-Methyl-1-butanol
(Pentyl alcohol) (2-Methylbutyl alcohol)
i
CH3(|3HCH2CH20H CH3C|CH20H
CH, CH,
3-Methyl-1-butanol 2,2-Dimethyl-1-propanol
(3-Methylbutyl alcohol) (2,2-Dimethylpropyl alcohol)

Secondary alcohols are alcohols in which the hydroxyl group is attached to a carbon atom which has
two alkyl substituents and one hydrogen. There are three secondary alcohols of molecular formula

CH,,0:
OH
CH,CHCH,CH,CH,  CH,CH,CHCH,CH, CH3CHéHCH3
on on e
2-Pentanol 3-Pentanol 3-Methyl-2-butanol
(1-Methylbutyl alcohol) (1-Ethylpropyl alcohol) (1,2-Dimethylpropyl alcohol)

Only 2-methyl-2-butanol is a tertiary alcohol (three alkyl substituents on the hydroxyl-bearing
carbon):

(l)H
CH3$CH2CH3
CH,

2-Methyl-2-butanol
(1,1-Dimethylpropyl alcohol)

4.24 The first methylcyclohexanol to be considered is 1-methylcyclohexanol. The preferred chair confor-
mation will have the larger methyl group in an equatorial orientation, whereas the smaller hydroxyl
group will be axial.

OH

Most stable conformation of
1-methylcyclohexanol
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In the other isomers methyl and hydroxyl will be in a 1,2, 1,3, or 1,4 relationship and can be cis or
trans in each. We can write the preferred conformation by recognizing that the methyl group will
always be equatorial and the hydroxyl either equatorial or axial.

[T o e [
CH, H,C
CH,

trans-2-Methylcyclohexanol cis-3-Methylcyclohexanol trans-4-Methylcyclohexanol

OH OH OH
} CH,4 H,C

cis-2-Methylcyclohexanol trans-3-Methylcyclohexanol cis-4-Methylcyclohexanol

4.25 The assumption is incorrect for the 3-methylcyclohexanols. cis-3-Methylcyclohexanol is more stable
than frans-3-methylcyclohexanol because the methyl group and the hydroxyl group are both equa-
torial in the cis isomer, whereas one substituent must be axial in the trans.

OH
L~
CH, CH,
cis-3-Methylcyclohexanol more trans-3-Methylcyclohexanol less
stable; smaller heat of combustion stable; larger heat of combustion

426 (a) The most stable conformation will be the one with all the substituents equatorial.
H,C %\OH
CH(CH,),

The hydroxyl group is trans to the isopropyl group and cis to the methyl group.

(b)  All three substituents need not always be equatorial; instead, one or two of them may be axial.
Since neomenthol is the second most stable stereoisomer, we choose the structure with one axial
substituent. Furthermore, we choose the structure with the smallest substituent (the hydroxyl
group) as the axial one. Neomenthol is shown as follows:

OH

ez~
CH(CH,),

4.27 In all these reactions the negatively charged atom abstracts a proton from an acid.

(@) HI + HO — T + H,0
Hydrogen iodide: acid Hydroxide ion: ITodide ion: Water: conjugate acid
(stronger acid, K, = 10'%) base conjugate base (weaker acid, K, =~ 1076)
] i
(b) CH,CH,O + CH,COH —_ CH,CH,OH + CH,CO™

Ethoxide ion: Acetic acid: acid Ethanol: conjugate acid Acetate ion:
base (stronger acid, K, ~ 107%) (weaker acid, K, = 107'%) conjugate base
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(©) HF + HN ——— F~ + H,N
Hydrogen fluoride: acid Amide ion: Fluoride ion: Ammonia: conjugate acid
(stronger acid, K, = 107%) base conjugate base (weaker acid, K, =~ 1073)
(d) CH,CO + HCI —_— CH,COH + Cl™
Acetate ion: Hydrogen chloride: acid Acetic acid: conjugate acid Chloride ion:
base (stronger acid, K, =~ 107) (weaker acid, K, =~ 107°) conjugate base
(e) (CH,),CO + H,0 — (CH),COH +  HO"
tert-Butoxide ion: Water: acid tert-Butyl alcohol: Hydroxide ion:
base (stronger acid, K, =~ 10716) conjugate acid conjugate base
(weaker acid, K, =~ 107'%)
(f)  (CH),CHOH +  HN = (CH),CHO + H.N
Isopropyl alcohol: acid Amide ion: Isopropoxide ion: Ammonia: conjugate acid
(stronger acid, K, = 1077) base conjugate base (weaker acid, K, =~ 107%)
(g) F + H,SO, _— HF + HSO,”
Fluoride ion: Sulfuric acid: acid Hydrogen fluoride: Hydrogen
base (stronger acid, K, = 10°) conjugate acid sulfate ion:

(weaker acid, K, ~ 107%) conjugate base

4.28 (a) The proton-transfer transition state can represent the following reaction, or its reverse:
A ) 5— 5 _
(CH,),CH—O: + H—Br (CH,),CH—O---H--Br (CH,),CH—OH + Br
Base Acid (stronger acid) Conjugate acid Conjugate
K,=10° (weaker acid) base

4.29

K,=10""

When the reaction proceeds as drawn, the stronger acid (hydrogen bromide) is on the left, the
weaker acid (isopropyl alcohol) is on the right, and the equilibrium lies to the right.
(b) Hydroxide is a strong base; methyloxonium ion is a strong acid.

H H
VR / K> 1 . ./
HO: + HQY — = HOH  + 0]
CH, CH,
Hydroxide ion Methyloxonium Water Methanol
(base) ion (acid) (conjugate acid)  (conjugate base)

(a) This problem reviews the relationship between logarithms and exponential numbers. We need
to determine K, given pK,. The equation that relates the two is

pKa = _10g10 Ka
Therefore
K, =107
— 10348

=33xX107*
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(b) As described in part (a), K, = 107 P, therefore K, for vitamin C is given by the expression:
K = 10*4.17
=6.7x107°

(c) Similarly, K, = 1.8 X 10* for formic acid (pK, 3.75).
(d) K,=6.5X107? for oxalic acid (pK, 1.19).

In ranking the acids in order of decreasing acidity, remember that the larger the equilibrium constant
K, the stronger the acid; and the lower the pK, value, the stronger the acid.

Acid K, pK,
Oxalic (strongest) 6.5 X 1072 1.19
Aspirin 33x1074 3.48
Formic acid 1.8 x 107 3.75
Vitamin C (weakest) 6.7 X 1073 4.17

4.30 Because the pK, of CH,SH (11) is smaller than that of CH,OH (16), CH,SH is the stronger acid of
the two. Its conjugate base (as in KSCHj;) is therefore weaker than the conjugate base of CH,OH
(as in KOCH,).

4.31 This problem illustrates the reactions of a primary alcohol with the reagents described in the chapter.

(@) CH;CH,CH,CH,OH + NaNH, CH,CH,CH,CH,0 Na® + NH,

Sodium butoxide

HBr
heat

(b) CH,CH,CH,CH,0H CH,CH,CH,CH,Br

1-Bromobutane

NaBr, H,SO,
—_—
heat

(¢) CH,CH,CH,CH,0OH CH,CH,CH,CH,Br

1-Bromobutane

PBr,

(d) CH,CH,CH,CH,OH ——— CH,CH,CH,CH,Br
1-Bromobutane

SOCl
(¢) CH,CH,CH,CH,0H ——— CH,CH,CH,CH,CI

1-Chlorobutane

432 (a) This reaction was used to convert the primary alcohol to the corresponding bromide in 60%

yield.
PBr,
CH,CH,OH W CH,CH,Br

(b) Thionyl chloride treatment of this secondary alcohol gave the chloro derivative in 59% yield.

CH, O CH, O
COCH,CH;  soc, COCH,CH,
pyridine

OH Cl
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(c) The starting material is a tertiary alcohol and reacted readily with hydrogen chloride to form
the corresponding chloride in 67% yield.

Br C|:H3 Br (|:H3
C—OH CcC—CCl
| _Ha |
CH, CH,

(d) Both primary alcohol functional groups were converted to primary bromides; the yield was

88%.
CH,CH,OH CH,CH,Br
HBr
heat

HOCH,CH, BrCH,CH;

(e)  This molecule is called adamantane. It has six equivalent CH, groups and four equivalent CH
groups. Bromination is selective for tertiary hydrogens, so a hydrogen of one of the CH
groups is replaced. The product shown was isolated in 76% yield.

Br,, light
—_—
100°C Br
C,H, Br

107715

4.33 The order of reactivity of alcohols with hydrogen halides is tertiary > secondary > primary >

methyl.
ROH + HBr RBr + H,0
Reactivity of Alcohols with Hydrogen Bromide:
Part More reactive Less reactive
(@) CH3$HCH2CH3 CH,CH,CH,CH,OH
OH
2-Butanol: 1-Butanol:
secondary primary
(b) CH3?HCH2CH3 CH3CH2C|HCH20H
OH CH,
2-Butanol: 2-Methyl-1-butanol:
secondary primary
() (CH3)2(|2CH2CH3 CH3?HCH2CH3
OH OH
2-Methyl-2-butanol: 2-Butanol:
tertiary secondary

(continued)
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Part More reactive Less reactive
(d) CH3C|HCHZCH3 CH3C|HCH2CH3
OH CH,
2-Butanol 2-Methylbutane:
not an alcohol; does
not react with HBr
(e) CH, OH H OH
1—Methylcyglopentan01: Cyclohexanol:
tertiary secondary
f) CH, OH H, OH
N H
CH,
1-Methylcyclopentanol: trans-2-Methylcyclopentanol:
tertiary secondary
(®) CH,CH
OH
CH, @?HCH—*
OH
1-Cyclopentylethanol:
1-Ethylcyclopentanol: secondary
tertiary

4.34 The unimolecular step in the reaction of cyclohexanol with hydrogen bromide to give cyclohexyl
bromide is the dissociation of the oxonium ion to a carbocation.

Q—H + H—O—H

Cyclohexyl cation Water

H
\

|
O
H

Cyclohexyloxonium ion

4.35 The nucleophile that attacks the oxonium ion in the reaction of 1-hexanol with hydrogen bromide is
bromide ion.

H

T / ..
Bre + CH3(CH2)4CH2£9: CH,(CH,),CH,Br + H—0—H

N
H

Bromide ion Hexyloxonium ion 1-Bromohexane Water

436 (a) Boththe methyl group and the hydroxyl group are equatorial in the most stable conformation
of trans-4-methylcyclohexanol.

He. /o

trans-4-Methylcyclohexanol
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81
(b) The positively charged carbon in the carbocation intermediate is spz-hybridized, and is planar.
H
n
Hﬁ%
Carbocation intermediate
(c)

Bromide ion attacks the carbocation from both above and below, giving rise to two stereo-
isomers, cis- and trans-1-bromo-4-methylcyclohexane.

Br

Hﬁ% ne/ /) Br

cis-1-Bromo-4-methylcyclohexane trans-1-Bromo-4-methylcyclohexane

4.37 Examine the equations to ascertain which bonds are made and which are broken. Then use the bond

dissociation energies in Table 4.3 to calculate AH® for each reaction.

(@) (CH;),CH—OH + H—F

(CH,),CH—F + H—OH

385 kJ/mol 568 kJ/mol

439 kJ/mol 497 kJ/mol
(92 kcal/mol) (136 kcal/mol)

(105 kcal/mol) (119 kcal/mol)

Bond breaking: 953 kJ/mol (228 kcal/mol) Bond making: 936 kJ/mol (224 kcal/mol)

AH® = energy cost of breaking bonds — energy given off in making bonds
= 953 kJ/mol — 936 kJ/mol (228 kcal/mol — 224 kcal/mol)

= +17 kJ/mol (+4 kcal/mol)
The reaction of isopropyl alcohol with hydrogen fluoride is endothermic.

() (CH,;,CH—OH + H—CI

(CH,),CH—Cl + H—OH
385 kJ/mol 431 kJ/mol

339 kJ/mol 497 kJ/mol
(92 kcal/mol) (103 kcal/mol)

(81 kcal/mol) (119 kcal/mol)

Bond breaking: 816 kJ/mol (195 kcal/mol) Bond making: 836 kJ/mol (200 kcal/mol)

AH® = energy cost of breaking bonds — energy given off in making bonds

816 kJ/mol — 836 kJ/mol (195 kcal/mol — 200 kcal/mol)
= —20 kJ/mol (—5 kcal/mol)

The reaction of isopropyl alcohol with hydrogen chloride is exothermic.
(c) CH3C|HCH3 + H—Cl —_— CH3C|HCH3 + H—H

H Cl

339 kJ/mol 435 kJ/mol
(81 kcal/mol) (104 kcal/mol)

397 kJ/mol 431 kJ/mol
(95 kcal/mol) (103 kcal/mol)

Bond breaking: 828 kJ/mol (198 kcal/mol) Bond making: 774 kJ/mol (185 kcal/mol)
AH° = energy cost of breaking bonds — energy given off in making bonds

828 kJ/mol — 774 kJ/mol (198 kcal/mol — 185 kcal/mol)
= +54 kJ/mol (+13 kcal/mol)

The reaction of propane with hydrogen chloride is endothermic.

4.38 In the statement of the problem you are told that the starting material is 2,2-dimethylpropane, that

the reaction is one of fluorination, meaning that F, is a reactant, and that the product is (CF;),C. You
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need to complete the equation by realizing that HF is also formed in the fluorination of alkanes. The
balanced equation is therefore:

(CH,),C + 12F,

(CF,),C + 12HF

The reaction is free-radical chlorination, and substitution occurs at all possible positions that bear a
replaceable hydrogen. Write the structure of the starting material, and identify the nonequivalent
hydrogens.

LT
c1—(|:—$—CH3
F H

1,2-Dichloro-1, 1-difluoropropane

The problem states that one of the products is 1,2,3-trichloro-1,1-difluoropropane. This compound
arises by substitution of one of the methyl hydrogens by chlorine. We are told that the other product
is an isomer of 1,2,3-trichloro-1,1-difluoropropane; therefore, it must be formed by replacement of
the hydrogen at C-2.

F Cl F
Cl—?—$—CH2C1 Cl—C—C—CH;,
F H F Cl

1,2,3-Trichloro-1,1-difluoropropane 1,2,2-Trichloro-1,1-difluoropropane

Free-radical chlorination leads to substitution at each carbon that bears a hydrogen. This problem es-
sentially requires you to recognize structures that possess various numbers of nonequivalent hydro-
gens. The easiest way to determine the number of constitutional isomers that can be formed by chlo-
rination of a particular compound is to replace one hydrogen with chlorine and assign an IUPAC
name to the product. Continue by replacing one hydrogen on each carbon in the compound, and
compare names to identify duplicates.

(a) 2,2-Dimethylpropane is the CsH,, isomer that gives a single monochloride, since all the hydro-
gens are equivalent.

CH, CH,
CH3+CH3 hzl;t CH3C:CH2C1
CH, CH,
2,2-Dimethylpropane 1-Chloro-2,2-dimethylpropane

(b)) The CiH,, isomer that has three nonequivalent sets of hydrogens is pentane. It yields three
isomeric monochlorides on free-radical chlorination.

— CICH,CH,CH,CH,CH,
1-Chloropentane
Cl

CH,CH,CH,CH,CH, *+— CH,CHCH,CH,CH,
Pentane (ljl

2-Chloropentane

. CH3CH2(|JHCH2CH3

Cl

3-Chloropentane
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(c) 2-Methylbutane forms four different monochlorides.

oo ClCH2C|JHCH2CH3

CH,
1-Chloro-2-methylbutane

Cl
CH3?HCH2CH3 S (CH3)2$CH2CH3

CH, Cl

2-Chloro-2-methylbut
2-Methylbutane oro-c-methylbutane

- (CH3)2CH?HCH3

Cl
2-Chloro-3-methylbutane

> (CH,),CHCH,CH,CI
1-Chloro-3-methylbutane

(d) For only two dichlorides to be formed, the starting alkane must have a structure that is rather
symmetrical; that is, one in which most (or all) of the hydrogens are equivalent. 2,2-Di-
methylpropane satisfies this requirement.

?H3 cltH3 CH,
2C1,
CH3(|ICH3 o CH3C|CHC12 + CICH,CCH,CI
CH, CH, CH,
2,2-Dimethylpropane 1,1-Dichloro-2,2- 1,3-Dichloro-2,2-
dimethylpropane dimethylpropane

441 (a) Heptane has five methylene groups, which on chlorination together contribute 85% of the total
monochlorinated product.

CH,(CH,);CH,

CH,(CH,);CH,Cl + (2-chloro + 3-chloro + 4-chloro)

15% 85%

Since the problem specifies that attack at each methylene group is equally probable, the five
methylene groups each give rise to 85/5, or 17%, of the monochloride product.

Since C-2 and C-6 of heptane are equivalent, we calculate that 2-chloroheptane will con-
stitute 34% of the monochloride fraction. Similarly, C-3 and C-5 are equivalent, and so there
should be 34% 3-chloroheptane. The remainder, 17%, is 4-chloroheptane.

These predictions are very close to the observed proportions.

Calculated, % Observed, %
2-Chloro 34 35
3-Chloro 34 34
4-Chloro 17 16

(b) There are a total of 20 methylene hydrogens in dodecane, CH,;(CH,),,CH;. The 19%
2-chlorododecane that is formed arises by substitution of any of the four equivalent methyl-
ene hydrogens at C-2 and C-11. The total amount of substitution of methylene hydrogens must

therefore be:

?X 19% = 95%
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The remaining 5% corresponds to substitution of methyl hydrogens at C-1 and C-12. The
proportion of 1-chlorododecane in the monochloride fraction is 5%.

442 (a) Two of the monochlorides derived from chlorination of 2,2.4-trimethylpentane are primary

chlorides:
CH, CH,
CICH,CCH,CHCH, CH,CCH,CHCH,CI
CH, CH, CH, CH,
1-Chloro-2,2 4-trimethylpentane 1-Chloro-2,4,4-trimethylpentane

The two remaining isomers are a secondary chloride and a tertiary chloride:

CH, CH, Cl
CH3(|I—CHCHCH3 CH,CCH,CCH,
CH, Cl CH, CH, CH,
3-Chloro-2,2 4-trimethylpentane 2-Chloro-2,4 4-trimethylpentane

(b) Substitution of any one of the nine hydrogens designated as x in the structural diagram yields
1-chloro-2,2.4-trimethylpentane. Substitution of any one of the six hydrogens designated as y
gives 1-chloro-2.,4,4-trimethylpentane.

X

i
CH3CCH2C|HCH§'
CH, CH,

X y

Assuming equal reactivity of a single x hydrogen and a single y hydrogen, the ratio of the two
isomers is then expected to be 9: 6. Since together the two primary chlorides total 65% of the
monochloride fraction, there will be 39% 1-chloro-2,2,4-trimethylpentane (substitution of x)
and 26% 1-chloro-2,4,4-trimethylpentane (substitution of y).

4.43 The three monochlorides are shown in the equation

CH,CH,CH,CH,CH, — = CH,CH,CH,CH,CH,Cl + CH3|CHCH2CH2CH3 + CH3CH2(|IHCH2CH3

light
Cl Cl

Pentane 1-Chloropentane 2-Chloropentane 3-Chloropentane

Pentane has six primary hydrogens (two CH; groups) and six secondary hydrogens (three CH,
groups). Since a single secondary hydrogen is abstracted three times faster than a single primary
hydrogen and there are equal numbers of secondary and primary hydrogens, the product mixture
should contain three times as much of the secondary chloride isomers as the primary chloride. The
primary chloride 1-chloropentane, therefore, is expected to constitute 25% of the product mixture.
The secondary chlorides 2-chloropentane and 3-chloropentane are not formed in equal amounts.
Rather, 2-chloropentane may be formed by replacement of a hydrogen at C-2 or at C-4, whereas
3-chloropentane is formed only when a C-3 hydrogen is replaced. The amount of 2-chloropentane is
therefore 50%, and that of 3-chloropentane is 25%. We predict the major product to be 2-chloropen-
tane, and the predicted proportion of 50% corresponds closely to the observed 46%.
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4.44 The equation for the reaction is

H H

> + > +  HCl

H Cl
Cyclopropane Chlorine Cyclopropyl chloride ~ Hydrogen chloride

The reaction begins with the initiation step in which a chlorine molecule dissociates to two chlorine

atoms.
Cfl\—[zjl Cl- + -Cl:
Chlorine 2 Chlorine atoms

A chlorine atom abstracts a hydrogen atom from cyclopropane in the first propagation step.

DX—4" ¢ ——  [>Hu o+ Bk
H
Cyclopropane Chlorine atom Cyclopropyl radical ~ Hydrogen chloride

Cyclopropyl radical reacts with Cl, in the next propagation step.

H + :C1—Ck .
5 b (;13

+ Cr

Cyclopropyl radical Chlorine Cyclopropyl chloride Chlorine atom

445 (a) Acid-catalyzed hydrogen—deuterium exchange takes place by a pair of Brgnsted acid—base
reactions.

D

TN + |+ ..
R—O—H + Dt}).D2 R—0O—H + D,0:

Base Acid Conjugate Conjugate
acid base
D H
| " AT, . | "
R—Q5H + :0D, R—0O—D + D—Q=D
Acid Base Conjugate Conjugate

base acid

(b) Base-catalyzed hydrogen—deuterium exchange occurs by a different pair of Brgnsted
acid-base equilibria.

R—Q—H + :QD R—Q: + DQH

Acid Base Conjugate Conjugate
base acid

e A e . e _
R—0: + D—OD R—0O—D + DQ:

Base Acid Conjugate Conjugate
acid base
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SELF-TEST

PART A

A-1.

A-2.

A-3.

A-S.

A-6.

A-7.

A-8.

A-9.

A-10.

A-11.

ALCOHOLS AND ALKYL HALIDES

Give the correct substitutive [UPAC name for each of the following compounds:

(a)

CH,
CH,OH

(b)) CH,CH,CHCH,CHCH,

Z,

Br CH,CH,

Draw the structures of the following substances:

(@)
(b)

2-Chloro-1-iodo-2-methylheptane
cis-3-Isopropylcyclohexanol

Give both a functional class and a substitutive IUPAC name for each of the following
compounds:

(@)

\/OE)\ () /ﬁ><a

What are the structures of the conjugate acid and the conjugate base of CH,OH?

Supply the missing component for each of the following reactions:

(@)

)
(@)

(b)

(@)

()
(0

socl,
CH,CH,CH,OH :
]|3r
? HEr CH,CH,C(CH,),

Write the products of the acid-base reaction that follows, and identify the stronger acid
and base and the conjugate of each. Will the equilibrium lie to the left (K < 1) or to the
right (K > 1)? The approximate pK, of NH, is 36; that of CH,CH,OH is 16.

CH,CH,0™ + NH,

Draw a representation of the transition state of the elementary step of the reaction in
part (a).

How many different free radicals can possibly be produced in the reaction between
chlorine atoms and 2,4-dimethylpentane?

Write their structures.

Which is the most stable? Which is the least stable?

Write a balanced chemical equation for the reaction of chlorine with the pentane isomer that
gives only one product on monochlorination.

Write the propagation steps for the light-initiated reaction of bromine with methylcyclo-
hexane.

Using the data in Table B-1 of this Study Guide, calculate the heat of reaction (AH®) for
the light-initiated reaction of bromine (Br,) with 2-methylpropane to give 2-bromo-2-
methylpropane and hydrogen bromide.

(@)
(b)

Write out each of the elementary steps in the reaction of fert-butyl alcohol with
hydrogen bromide. Use curved arrows to show electron movement in each step.
Draw the structure of the transition state representing the unimolecular dissociation of
the alkyloxonium ion in the preceding reaction.


http://www.mhhe.com/physsci/chemistry/carey/student/olc
http://www.mhhe.com

ALCOHOLS AND ALKYL HALIDES 87

(¢) How does the mechanism of the reaction between 1-butanol and hydrogen bromide
differ from the reaction in part (a)?

A-12. (Choose the correct response for each part.) Which species or compound:

(a) Reacts faster with sodium bromide and sulfuric acid?

2-methyl-3-pentanol or 3-methyl-3-pentanol
(b) Isastronger base?
KOC(CH,), or HOC(CH,),
(¢) Reacts more vigorously with cyclohexane?
Fluorine or iodine
(d) Has an odd number of electrons?
Ethoxide ion or ethyl radical
(e) Undergoes bond cleavage in the initiation step in the reaction by which methane is
converted to chloromethane?
CH, or Cl,

PART B
B-1. A certain alcohol has the functional class [IUPAC name 1-ethyl-3-methylbutyl alcohol.

What is its substitutive name?

(a) 1-Ethyl-3-methyl-1-butanol (d)  2-Methyl-4-hexanol

(b) 2-Methyl-1-hexanol (e)  5-Methyl-3-hexanol

(¢)  3-Methyl-1-hexanol
B-2. Rank the following substances in order of increasing boiling point (lowest — highest):

CH,CH,CH,CH,OH (CH;),CHOCH;, (CH,),COH (CH,),C
1 2 3 4

(@ 1<3<2<4 () 4<2<3<1 () 4<3<2<1

(b)) 2<4<3<1 d 2<3<1<4
B-3. Which one of the following reacts with HBr at the fastest rate?

W [TTH o [T @ e [T oM

CH,
OH OH
CH

o [T @ [

B-4. What is the decreasing stability order (most stable — least stable) of the following carbo-

cations?
- )\ )\/ * -
SN SN ¥ O
1 2 3 4 5
(@ 3>2>1>4>5 () 3>2=5>1=~4

b) 1=4>2~5>3 d 3>1=~4>2=~5
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B-5.

B-6.

B-9.

B-10.

B-11.

B-12.
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Rank the bond dissociation energies (BDEs) of the bonds indicated with the arrows from
smallest to largest.

H
(@ 1<2<3 d 1<3<2 1 [} 2
b)) 3<2<1 () 3<1<2 D CH,
() 2<3<1 f{‘\

3
What are the chain-propagating steps in the free-radical chlorination of methane?
Cl, 2Cl- 4. H- + Cl, HCl + CI-

Cl- + CH, CH,Cl + H- 5. -CH; + Cl, CH,CI + CI-
Cl- + CH, ‘CH; + HC1 6. +CH, + CH, CH, + -CH,
(@ 2,4 b 1,2 (© 3,5 d 1,35

(e) A combination different from those listed

Which of the following is least able to serve as a nucleophile in a chemical reaction?

(a) Br- (b)) OH™ (¢) NH, (d) CH,*

Thiols are alcohol analogs in which the oxygen has been replaced by sulfur (e.g., CH;SH).
Given the fact that the S—H bond is less polar than the O—H bond, which of the following
statements comparing thiols and alcohols is correct?

(a) Hydrogen bonding forces are weaker in thiols.

(b) Hydrogen bonding forces are stronger in thiols.

(c) Hydrogen bonding forces would be the same.

(d) No comparison can be made without additional information.

Rank the transition states that occur during the following reaction steps in order of increas-
ing stability (least — most stable):

1. CH,—OH,
2. (CH,,C—OH,
3. (CH,),CH—OH,

CH,* + H,0
(CH,);C* + H,0
(CH,),CH* + H,0

@ 1<2<3 (b)) 2<3<1 () 1<3<2 @ 2<1<3

Using the data from Appendix B (Table B-1), calculate the heat of reaction AH® for the
following:

CH,CH,- + HBr

CH,CH, + Br-

(@) +69kJ/mol (+16.5 kcal/mol)
() —69 kJ/mol (—16.5 kcal/mol)
(¢) +44kJ/mol (+10.5 kcal/mol)
(d) —44XkJ/mol (—10.5 kcal/mol)

An alkane with a molecular formula C(H,, reacts with chlorine in the presence of light and
heat to give four constitutionally isomeric monochlorides of molecular formula C;H,;CL.
What is the most reasonable structure for the starting alkane?

(a) CH,CH,CH,CH,CH,CH, (d) (CH,);CCH,CH,
() (CH,),CHCH,CH,CH, (¢e) (CH,;),CHCH(CH,),
(¢) CH,CH(CH,CH,),
The species shown in the box represents of the reaction between isopropyl alcohol
and hydrogen bromide.
5+ 5+
(a) the alkyloxonium ion intermediate (CH;),CH------ OH,

(b) the transition state of the bimolecular proton transfer step
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B-13.

B-14.

B-15.

B-16.

(c) the transition state of the capture of the carbocation by a nucleophile
(d) the carbocation intermediate
(e) the transition state of the unimolecular dissociation step

For the remaining four questions, consider the following free-radical reaction:

light
+ X, £

monohalogenation product
Light is involved in which of the following reaction steps?

(a) Initiation only

(b) Propagation only

(c)  Termination only

(d) Initiation and propagation

Which of the following statements about the reaction is not true?

(a) Halogen atoms are consumed in the first propagation step.

(b) Halogen atoms are regenerated in the second propagation step.
(c) Hydrogen atoms are produced in the first propagation step.

(d) Chain termination occurs when two radicals react with each other.

How many monohalogenation products are possible. (Do not consider stereoisomers.)
(@ 2 (b 3 (o 4 d 5

Which halogen (X,) will give the best yield of a single monohalogenation product?
(@) F, b)) Cl, (¢) Br, d 1,

89
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CHAPTER 5

STRUCTURE AND PREPARATION OF ALKENES:
ELIMINATION REACTIONS

SOLUTIONS TO TEXT PROBLEMS

51 ()

()

(d)

90

Writing the structure in more detail, we see that the longest continuous chain contains four
carbon atoms.

CH,4
4 3 2 1
CH3—(|J—CH=CH2
CH,
The double bond is located at the end of the chain, and so the alkene is named as a derivative
of 1-butene. Two methyl groups are substituents at C-3. The correct [IUPAC name is 3,3-
dimethyl-1-butene.

Expanding the structural formula reveals the molecule to be a methyl-substituted derivative of
hexene.

1 2 3 4 5 6
CH3—C|=CHCH2CH2CH3
CH,

2-Methyl-2-hexene

In compounds containing a double bond and a halogen, the double bond takes precedence in
numbering the longest carbon chain.

1 2 3 4 5
CH2=CHCH2(|IHCH3
Cl

4-Chloro-1-pentene
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5.5

STRUCTURE AND PREPARATION OF ALKENES: ELIMINATION REACTIONS 9]

(e) When a hydroxyl group is present in a compound containing a double bond, the hydroxyl
takes precedence over the double bond in numbering the longest carbon chain.

5 4 3 2 1
CH2=CHCH2C|HCH3
OH

4-Penten-2-ol

There are three sets of nonequivalent positions on a cyclopentene ring, identified as a, b, and ¢ on
the cyclopentene structure shown:

Thus, there are three different monochloro-substituted derivatives of cyclopentene. The carbons that
bear the double bond are numbered C-1 and C-2 in each isomer, and the other positions are num-
bered in sequence in the direction that gives the chlorine-bearing carbon its lower locant.

Cl
Cl, 5 3 5
2 1
- D Dwa
2 1 2
3 5 3
1-Chlorocyclopentene 3-Chlorocyclopentene 4-Chlorocyclopentene

(b) The alkene is a derivative of 3-hexene regardless of whether the chain is numbered from
left to right or from right to left. Number it in the direction that gives the lower number to the

substituent.
/S\/E/ !
7
4 2

3-Ethyl-3-hexene

6

(c¢) There are only two sp*-hybridized carbons, the two connected by the double bond. All other
carbons (six) are sp’-hybridized.
(d) There are three sp’—sp’ o bonds and three sp°-sp® o bonds.

Consider first the CsH,, alkenes that have an unbranched carbon chain:

/\/\K\//\/\

1-Pentene cis-2-Pentene trans-2-Pentene

There are three additional isomers. These have a four-carbon chain with a methyl substituent.

Ao K

2-Methyl-1-butene 2-Methyl-2-butene 3-Methyl-1-butene

First, identify the constitution of 9-tricosene. Referring back to Table 2.4 in Section 2.8 of the text,
we see that tricosane is the unbranched alkane containing 23 carbon atoms. 9-Tricosene, therefore,
contains an unbranched chain of 23 carbons with a double bond between C-9 and C-10. Since the
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problem specifies that the pheromone has the cis configuration, the first 8 carbons and the last 13
must be on the same side of the C-9—-C-10 double bond.

CH3(CH2)7\C_C/(CH2)12CH3
/
H H

cis-9-Tricosene

(b) One of the carbons of the double bond bears a methyl group and a hydrogen; methyl is of
higher rank than hydrogen. The other doubly bonded carbon bears the groups —CH,CH,F
and —CH,CH,CH,CHj;. At the first point of difference between these two, fluorine is of
higher atomic number than carbon, and so —CH,CH,F is of higher precedence.

Higher CH3\C _C/CH2CH2F Higher

Lower H/ \CH2CH2CH2CH3 Lower

Higher ranked substituents are on the same side of the double bond; the alkene has the Z con-
figuration.

(¢)  One of the carbons of the double bond bears a methyl group and a hydrogen; as we have seen,
methyl is of higher rank. The other doubly bonded carbon bears —CH,CH,OH and —C(CH,),.
Let’s analyze these two groups to determine their order of precedence.

—CH,CH,OH —C(CH,),
—C(C,H,H) —C(C,C,0)
Lower priority Higher priority

We examine the atoms one by one at the point of attachment before proceeding down the
chain. Therefore, —C(CH,), outranks —CH,CH,OH.

Higher CH3\C_C/CH2CH20H Lower
/ N )
Lower H C(CH,;), Higher

Higher ranked groups are on opposite sides; the configuration of the alkene is E.
(d) The cyclopropyl ring is attached to the double bond by a carbon that bears the atoms (C, C, H)
and is therefore of higher precedence than an ethyl group —C(C, H, H).

Higher Q H Lower
/

Lower CH3CH2/ \CH3 Higher

Higher ranked groups are on opposite sides; the configuration of the alkene is E.

A trisubstituted alkene has three carbons directly attached to the doubly bonded carbons. There are
three trisubstituted C,H,, isomers, two of which are stereoisomers.

CH, CH, CH,CH,

CH,
N, S
C=

N JCHCH;  CH,

C=C C=C C

/7N /7N /7N
CH,; H H CH,CH, H CH,

2-Methyl-2-pentene (E)-3-Methyl-2-pentene (Z)-3-Methyl-2-pentene
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5.8 The most stable C.H,, alkene has a tetrasubstituted double bond:

CH,  CH,
L=
CH; CH,

2,3-Dimethyl-2-butene

5.9 Apply the two general rules for alkene stability to rank these compounds. First, more highly substi-
tuted double bonds are more stable than less substituted ones. Second, when two double bonds are
similarly constituted, the trans stereoisomer is more stable than the cis. The predicted order of de-
creasing stability is therefore:

CH CH CH H CH CH,CH H CH,CH,CH
3\ Vs 3 3\ Vs 3\ 4 2 3 N v 2 2 3
SN SN SN SN
CH; H H CH,CH, H H H H
2-Methyl-2-butene (E)-2-Pentene (Z)-2-Pentene 1-Pentene
(trisubstituted): (disubstituted) (disubstituted) (monosubstituted):
most stable least stable

5.10 Begin by writing the structural formula corresponding to the IUPAC name given in the problem. A
bond-line depiction is useful here.

3,4-Di-tert-butyl-2,2,5,5-tetramethyl-3-hexene

The alkene is extremely crowded and destabilized by van der Waals strain. Bulky fert-butyl groups
are cis to one another on each side of the double bond. Highly strained compounds are often quite
difficult to synthesize, and this alkene is a good example.

5.11 Use the zigzag arrangement of bonds in the parent skeleton figure to place E and Z bonds as appro-
priate for each part of the problem. From the sample solution to parts (a) and (b), the ring carbons
have the higher priorities. Thus, an E double bond will have ring carbons arranged \ and a

Z double bond \ /.

1 H
() (e)
*"H
CH,
(Z)-3-Methylcyclodecene (Z)-5-Methylcyclodecene
H
2
1 3
@ Q{@ ()
4
2
1
H CH, CH,
(E)-3-Methylcyclodecene (E)-5-Methylcyclodecene

5.12  Write out the structure of the alcohol, recognizing that the alkene is formed by loss of a hydrogen
and a hydroxyl group from adjacent carbons.
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(b, c) Both I-propanol and 2-propanol give propene on acid-catalyzed dehydration.

B a + + B a B
CH,CH,CH,OH ——'—> CH,CH=CH, «~— — CH3C|IHCH3
OH

1-Propanol Propene 2-Propanol

(d) Carbon-3 has no hydrogens in 2,3,3-trimethyl-2-butanol. Elimination can involve only the
hydroxyl group at C-2 and a hydrogen at C-1.

No hydrogens on this 8 carbon

CH, CH, CH, CH,
HC—Cc—C<cn, —X . pe—c—c—ch,
HO CH, C|H3
2,3,3-Trimethyl-2-butanol 2,3,3-Trimethyl-1-butene

5.13 (b) Elimination can involve loss of a hydrogen from the methyl group or from C-2 of the ring in
1-methylcyclohexanol.

H,C. OH CH, CH,
—H,0
—_— +
1-Methylcyclohexanol Methylenecyclohexane 1-Methylcyclohexene
(a disubstituted alkene; (a trisubstituted alkene;
minor product) major product)

According to the Zaitsev rule, the major alkene is the one corresponding to loss of a hydrogen
from the alkyl group that has the smaller number of hydrogens. Thus hydrogen is removed
from the methylene group in the ring rather than from the methyl group, and 1-methylcyclo-
hexene is formed in greater amounts than methylenecyclohexane.

(c) The two alkenes formed are as shown in the equation.

OH
7H°O @ m
= +
H H
Compound has a Compound has a
trisubstituted tetrasubstituted
double bond double bond;

more stable

The more highly substituted alkene is formed in greater amounts, as predicted by Zaitsev’s
rule.

5.14 2-Pentanol can undergo dehydration in two different directions, giving either 1-pentene or
2-pentene. 2-Pentene is formed as a mixture of the cis and trans stereoisomers.

CH, CH,CH, CH, H
N S N, /S
CH,=CHCH,CH,CH, + Cc=cC + c=cC
/7N /7N
H H H CH,CH,

heat

CH3(|3HCH2CH2CH3
OH

2-Pentanol 1-Pentene cis-2-Pentene trans-2-Pentene
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515 (b

()

The site of positive charge in the carbocation is the carbon atom that bears the hydroxyl group
in the starting alcohol.
H,C. OH CH.

—_— + H,0
1-Methylcyclohexanol
Water may remove a proton from the methyl group, as shown in the following equation:

H,0: H—CH, CH,

HO* +

Methylenecyclohexane
Loss of a proton from the ring gives the major product 1-methylcyclohexene.

CH, CH,
~ H
H,0* +

HO: H
H

1-Methylcyclohexene

Loss of the hydroxyl group under conditions of acid catalysis yields a tertiary carbocation.

_HSO,

Water may remove a proton from an adjacent methylene group to give a trisubstituted alkene.

I N H

H,0:

—_— + H,0*

:ulll

Removal of the methine proton gives a tetrasubstituted alkene.

+
H__:OH,

5.16 In writing mechanisms for acid-catalyzed dehydration of alcohols, begin with formation of the
carbocation intermediate:

CH, CH,
O e O
H —H,0
OH H

2,2-Dimethylcyclohexanol 2,2-Dimethylcyclohexyl cation
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This secondary carbocation can rearrange to a more stable tertiary carbocation by a methyl group

shift.
CH, CH,
CH,
) 3
CH,
H H
2,2-Dimethylcyclohexyl cation 1,2-Dimethylcyclohexyl cation
(secondary) (tertiary)

Loss of a proton from the 1,2-dimethylcyclohexyl cation intermediate yields 1,2-dimethylcyclo-

hexene.
CH, CH,
_HJr
\ AT .o > O[ + H30+
[ IH :OH, CH,

CH,
1,2-Dimethylcyclohexyl cation 1,2-Dimethylcyclohexene

517 (b) All the hydrogens of fert-butyl chloride are equivalent. Loss of any of these hydrogens along
with the chlorine substituent yields 2-methylpropene as the only alkene.

C|H3 HC
CH3C|C1 — C=CH,
CH, H,C
tert-Butyl chloride 2-Methylpropene

(c)  All the B8 hydrogens of 3-bromo-3-ethylpentane are equivalent, so that -elimination can give
only 3-ethyl-2-pentene.

B
, CH,CH, CH,CH,
CH,CH,—C—Br CH,CH=C
5 CH,CH, CH,CH,
3-Bromo-3-ethylpentane 3-Ethyl-2-pentene

(d) There are two possible modes of -elimination from 2-bromo-3-methylbutane. Elimination in
one direction provides 3-methyl-1-butene; elimination in the other gives 2-methyl-2-butene.

B B
CH3(|IHCH(CH3)2 CH,=CHCH(CH,), + CH,CH=C(CH,),
Br
2-Bromo-3-methylbutane 3-Methyl-1-butene 2-Methyl-2-butene

(monosubstituted) (trisubstituted)

The major product is the more highly substituted alkene, 2-methyl-2-butene. It is the more
stable alkene and corresponds to removal of a hydrogen from the carbon that has the fewer
hydrogens.

(e) Regioselectivity is not an issue here, because 3-methyl-1-butene is the only alkene that can be
formed by B-elimination from 1-bromo-3-methylbutane.

B
BrCH,CH,CH(CH,),

CH,=CHCH(CH,),

1-Bromo-3-methylbutene 3-Methyl-1-butene
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(f) Two alkenes may be formed here. The more highly substituted one is 1-methylcyclohexene,
and this is predicted to be the major product in accordance with Zaitsev’s rule.

B
B B
- 5 +
1-Iodo-1-methylcyclohexane Methylenecyclohexane 1-Methylcyclohexene
(disubstituted) (trisubstituted;

major product)

5.18 Elimination in 2-bromobutane can take place between C-1 and C-2 or between C-2 and C-3. There
are three alkenes capable of being formed: 1-butene and the stereoisomers cis-2-butene and trans-

2-butene.
H.C CH, HC H
B B AN / AN /
CH,CHCH,CH, CH,=CHCH,CH, + c=C + c=cC
3 : : /TN 7 e
Br H H H 5
2-Bromobutane 1-Butene cis-2-Butene trans-2-Butene

As predicted by Zaitsev’s rule, the most stable alkene predominates. The major product is trans-
2-butene.

5.19 An unshared electron pair of the base methoxide (CH;0™) abstracts a proton from carbon. The pair
of electrons in this C—H bond becomes the 7w component of the double bond of the alkene. The pair
of electrons in the C—CI bond becomes an unshared electron pair of chloride ion.

CH,0:=
H CH,
Iy | . .
H—C—Cl—CH3 CH,0—H + H,C=C(CH,), + :Cl:
H oGP

5.20 The most stable conformation of cis-4-fert-butylcyclohexyl bromide has the bromine substituent in
an axial orientation. The hydrogen that is removed by the base is an axial proton at C-2. This
hydrogen and the bromine are anti periplanar to each other in the most stable conformation.

CB’r:
(CH,),C b
H
(CH3)3C—Q:/

521 (a) 1-Heptene is CH,—=CH(CH,),CH; .
(b)  3-Ethyl-2-pentene is CH;CH=C(CH,CH,), .

(¢) cis-3-Octene is CH3CH2\ /CHZCH2CH2CH3
SN
H H
(d) trans-1,4-Dichloro-2-butene is ClCHz\ /H
C=C
/

H NCH,CI
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(€)  (2)-3-Methyl-2-hexene is HC, _CH,CH,CH,

C=C
H/ \CH3
(f) (E)-3-Chloro-2-hexene is H3C\ /CH2CH2CH3
AN
H Cl
(g) 1-Bromo-3-methylcyclohexene is QBI
H,C
(h)  1-Bromo-6-methylcyclohexene is CH,
Br
(i)  4-Methyl-4-penten-2-ol is (|3H3
CH3?HCH2C=CH2
OH
(j) Vinylcycloheptane is ©<=
H
(k)  Anallyl group is —CH,CH==CH,. 1,1-Diallylcyclopropane is //
\
CH,
(I) An isopropenyl substituent is —C==CH,. trans-1-Isopropenyl-3-methylcyclohexane is
therefore
CH3
CH,
CH;

5.22  Alkenes with tetrasubstituted double bonds have four alkyl groups attached to the doubly bonded
carbons. There is only one alkene of molecular formula C;H,, that has a tetrasubstituted double
bond, 2,3-dimethyl-2-pentene.

H
N
AN
H,C CH,CH,
2,3-Dimethyl-2-pentene

523 (a) The longest chain that includes the double bond in (CH,CH,),C=CHCH, contains five
carbon atoms, and so the parent alkene is a pentene. The numbering scheme that gives the

double bond the lowest number is
B
H

The compound is 3-ethyl-2-pentene.


http://www.mhhe.com/physsci/chemistry/carey/student/olc
http://www.mhhe.com

STRUCTURE AND PREPARATION OF ALKENES: ELIMINATION REACTIONS 99

(b) Write out the structure in detail, and identify the longest continuous chain that includes the

double bond.
1 2 5 6
CHCH, , , CH,CH,
=€
CH,CH; “CH,CH,

The longest chain contains six carbon atoms, and the double bond is between C-3 and C-4.
The compound is named as a derivative of 3-hexene. There are ethyl substituents at C-3 and
C-4. The complete name is 3,4-diethyl-3-hexene.

(c)  Write out the structure completely.

H3C\é CH,
nd Ny

3 r—
H/ \Cl

The longest carbon chain contains four carbons. Number the chain so as to give the lowest
numbers to the doubly bonded carbons, and list the substituents in alphabetical order. This
compound is 1,1-dichloro-3,3-dimethyl-1-butene.

(d) The longest chain has five carbon atoms, the double bond is at C-1, and there are two methyl
substituents. The compound is 4,4-dimethyl-1-pentene.

/2\>1<

1 3 5

(e) We number this trimethylcyclobutene derivative so as to provide the lowest number for the
substituent at the first point of difference. We therefore number

H,C H,C
4 3 33 4
H, Cag rather than Hscall
1 2 2 1
H,C H,C

The correct IUPAC name is 1,4,4-trimethylcyclobutene, not 2,3,3-trimethylcyclobutene.
(f) The cyclohexane ring has a 1,2-cis arrangement of vinyl substituents. The compound is
cis-1,2-divinylcyclohexane.

(=»

esill)

(g) Name this compound as a derivative of cyclohexene. It is 1,2-divinylcyclohexene.

C

524 (a) Go to the end of the name, because this tells you how many carbon atoms are present in the
longest chain. In the hydrocarbon name 2,6,10,14-tetramethyl-2-pentadecene, the suffix
“2-pentadecene” reveals that the longest continuous chain has 15 carbon atoms and that there
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is a double bond between C-2 and C-3. The rest of the name provides the information that
there are four methyl groups and that they are located at C-2, C-6, C-10, and C-14.

)\/\/k/\/k/\/K

2,6,10,14-Tetramethyl-2-pentadecene

Anallyl group is CH,—=CHCH,— . Allylisothiocyanate is therefore CH,—~CHCH,N=C=S.

The E configuration means that the higher priority groups are on opposite sides of the double
bond.

Higher CH3CH2\ H Lower
C=C

/ AN
Lower H CH,CH,CH,CH,CH,OH Higher

(E)-6-Nonen-1-ol
Geraniol has two double bonds, but only one of them, the one between C-2 and C-3, is capa-
ble of stereochemical variation. Of the groups at C-2, CH,OH is of higher priority than H. At

C-3, CH,CH, outranks CH,. Higher priority groups are on opposite sides of the double bond
in the E isomer; hence geraniol has the structure shown.

(CH,),C=CHCH,CH H
3)2 2 2\ /
SN
H,C CH,OH
Geraniol

Since nerol is a stereoisomer of geraniol, it has the same constitution and differs from gera-
niol only in having the Z configuration of the double bond.

(CH;),C—CHCH,CH, CH,OH
C=C
/ AN
H,C H
Nerol

Beginning at the C-6, C-7 double bond, we see that the propyl group is of higher priority than
the methyl group at C-7. Since the C-6, C-7 double bond is E, the propyl group must be on the
opposite side of the higher priority group at C-6, where the CH, fragment has a higher prior-
ity than hydrogen. We therefore write for the stereochemistry of the C-6, C-7 double bond as:

10 9 8

Higher CH,CH,CH, H Lower
) NI 6/
/C=C\ 5
Lower H,;C CHz_ Higher
E

At C-2, CH,OH is of higher priority than H; and at C-3, CH,CH,C— is of higher priority than
CH,CH;. The double-bond configuration at C-2 is Z. Therefore

65 4 1
Higher —CCHZCH2\3 5 /CHZOH Higher
C=C\
Lower CH3CH2 H Lower
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Combining the two partial structures, we obtain for the full structure of the codling moth’s sex
pheromone
CH,CH,CH, H
) AN /
TN
H,C CH,CH, CH,OH

/
CH,CH, H

The compound is (2Z,6F)-3-ethyl-7-methyl-2,6-decadien-1-ol.
(e) The sex pheromone of the honeybee is (E)-9-oxo-2-decenoic acid, with the structure

|
Higher CH.,C(CH,),CH H Lower
3 ( 2)4 Z\C_C/

Lower H/ \COZH Higher

(f) Looking first at the C-2, C-3 double bond of the cecropia moth’s growth hormone

CH,CH, CH,CH, CH,
3 CO,CH
H3 C O 7\ ¢ A 5 2 3
H H
we find that its configuration is E, since the higher priority groups are on opposite sides of the
double bond.
1
Lower H3C\ s /COZCH3 Higher
s 4 ST
Higher —CH,CH, H Lower

The configuration of the C-6, C-7 double bond is also E.

5 4

Lower CH3CH2\ ; 6 /CH2CH2— Higher
0 9 8 /C_C\

Higher C—CH,CH, H Lower

5.26 We haven’t covered, and won’t cover, how to calculate the size of a dipole moment, but we can de-
cide whether a compound has a dipole moment or not. Only compound B has dipole moment. The
individual bond dipoles in A, C, and D cancel; therefore, none of these three has a dipole moment.

HC<\ /; CH, HC<\ /;CH Cl{\& /;CH Cl{\& )/;Cl
HC{/ \>CH Cl{/( \Cl HC7 5\\4\C1 Cl{/( 3\>C1

A(u=0D) B (has a dipole moment) C(n=0D) D(u=0D)

5.27 The alkenes are listed as follows in order of decreasing heat of combustion:

(e) 2.4,4-Trimethyl-2-pentene; 5293 kJ/mol (1264.9 kcal/mol). Highest
)\>< heat of combustion because it is CgH,,; all others are C;H,,.

(@ A~~~ 1-Heptene; 4658 kl/mol (1113.4 kcal/mol). Monosubstituted double
bond; therefore least stable C;H,, isomer.
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T
am

(Z2)-4,4-Dimethyl-2-pentene; 4650 kJ/mol (1111.4 kcal/mol). Disubsti-
tuted double bond, but destabilized by van der Waals strain.

2,4-Dimethyl-1-pentene; 4638 kJ/mol (1108.6 kcal/mol). Disubstituted
double bond.

2,4-Dimethyl-2-pentene; 4632 kJ/mol (1107.1 kcal/mol). Trisubstituted
double bond.

SE

1-Methylcyclohexene is more stable; it contains a trisubstituted double bond, whereas
3-methylcyclohexene has only a disubstituted double bond.

CH, CH,
©/ more stable than ©/

1-Methylcyclohexene 3-Methylcyclohexene

Both isopropenyl and allyl are three-carbon alkenyl groups: isopropenyl is CH2=C|CH3, allyl

is CH,=—CHCH,—.
CH
// 2
Q*C\ Q*CH2CH=CH2
CH,

Isopropenylcyclopentane Allylcyclopentane

Isopropenylcyclopentane has a disubstituted double bond and so is predicted to be more sta-
ble than allylcyclopentane, in which the double bond is monosubstituted.

A double bond in a six-membered ring is less strained than a double bond in a four-membered
ring; therefore bicyclo[4.2.0]oct-3-ene is more stable.

@:‘ more stable than Ojl

Bicyclo[4.2.0]oct-3-ene Bicyclo[4.2.0]oct-7-ene

Cis double bonds are more stable than trans double bonds when the ring is smaller than
11-membered. (Z)-Cyclononene has a cis double bond in a 9-membered ring, and is thus more
stable than (E)-cyclononene.

Ci> more stable than @

(Z)-Cyclononene (E)-Cyclononene

Trans double bonds are more stable than cis when the ring is large. Here the rings are 18-mem-
bered, so that (E)-cyclooctadecene is more stable than (Z)-cyclooctadecene.

H

more stable than

(E)-Cyclooctadecene (Z)-Cyclooctadecene
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CH3(|ZHCH2CH2CH2CH3
Br

2-Bromohexane

STRUCTURE AND PREPARATION OF ALKENES: ELIMINATION REACTIONS

(@)

(b)

103

Carbon atoms that are involved in double bonds are sp*-hybridized, with ideal bond angles of
120°. Incorporating an sp*-hybridized carbon into a three-membered ring leads to more angle
strain than incorporation of an sp’-hybridized carbon. 1-Methylcyclopropene has two sp*
hybridized carbons in a three-membered ring and so has substantially more angle strain than
methylenecyclopropane.

[>—cH,

1-Methylcyclopropene

[>=cH,

Methylenecyclopropane

The higher degree of substitution at the double bond in 1-methylcyclopropene is not sufficient
to offset the increased angle strain, and so 1-methylcyclopropene is less stable than methyl-
enecyclopropane.

3-Methylcyclopropene has a disubstituted double bond and two sp>-hybridized carbons in its
three-membered ring. It is the least stable of the isomers.

[>—cH,

3-Methylcyclopropene

In all parts of this exercise, write the structure of the alkyl halide in sufficient detail to identify the
carbon that bears the halogen and the B-carbon atoms that bear at least one hydrogen. These are the
carbons that become doubly bonded in the alkene product.

(a)

(b)

()

B B
CH3CH2(|JHCH2CH2CH3 —

base
E2

1-Bromohexane can give only 1-hexene under conditions of E2 elimination.

base

B
BrCH,CH,CH,CH,CH,CH, =

CH,=CHCH,CH,CH,CH,

1-Bromohexane 1-Hexene (only alkene)

2-Bromohexane can give both 1-hexene and 2-hexene on dehydrobromination. The 2-hexene
fraction is a mixture of cis and trans stereoisomers.

H,C
CH,=CHCH,CH,CH,CH, +

CH,CH,CH, H,C H
No—e” LN

/7N
H

C=C

/ AN
H H CH,CH,CH,

1-Hexene cis-2-Hexene trans-2-Hexene
Both a cis—trans pair of 2-hexenes and a cis—trans pair of 3-hexenes are capable of being

formed from 3-bromohexane.

CH,CH,CH,

H
/

/
c=c{_
CH,CH,CH,

H,C
N
+
/
base H
E2

cis-2-Hexene trans-2-Hexene

base
E2

Br

CH,CH, CH,CH, H
e :
/7N

H H

CH,CH,

+ e=c
N

H CH,CH,

3-Bromohexane

cis-3-Hexene trans-3-Hexene
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(d) Dehydrobromination of 2-bromo-2-methylpentane can involve one of the hydrogens of either
a methyl group (C-1) or a methylene group (C-3).

CH, CH,
CH3(|3CH2CH2CH3 — e, CH2=C< + (CH,),C=CHCH,CH,
A CH,CH,CH,
2-Bromo-2-methylpentane 2-Methyl-1-pentene 2-Methyl-2-pentene

Neither alkene is capable of existing in stereoisomeric forms, and so these two are the only
products of E2 elimination.

(¢e)  2-Bromo-3-methylpentane can undergo dehydrohalogenation by loss of a proton from either
C-1 or C-3. Loss of a proton from C-1 gives 3-methyl-1-pentene.

Base:"\H CH, CH,
\’C_}E‘—CH(leCHZCHS — ¢ »  CH,=CHCHCH,CH,
b
2-Bromo-3-methylpentane 3-Methyl-1-pentene

Loss of a proton from C-3 gives a mixture of (E)- and (Z)-3-methyl-2-pentene.

CH, H,C CH, H,C CH,CH,
CH3C|HCHCH2CH3 —e >c=c< + >c=c<
Br H CH,CH, H CH,
2-Bromo-3-methylpentane (E)-3-Methyl-2-pentene (Z)-3-Methyl-2-pentene

(f) Three alkenes are possible from 3-bromo-2-methylpentane. Loss of the C-2 proton gives
2-methyl-2-pentene.

Base? ¥
ﬁI\ CH,
CH,—C—~—CHCH,CH, =2 C=CHCH,CH,
CH, B CH;
3-Bromo-2-methylpentane 2-Methyl-2-pentene

Abstraction of a proton from C-4 can yield either (E)- or (Z)-4-methyl-2-pentene.

Hp:Base
CH,;),CH H CH,),CH CH
(CH)CHCH—Q':HCH —2 o Ne—c” +( > Ne—c” 3
T : 7 e /TN
Br H ; H H
3-Bromo-2-methylpentane (E)-4-Methyl-2-pentene (Z)-4-Methyl-2-pentene

(g) Proton abstraction from the C-3 methyl group of 3-bromo-3-methylpentane yields 2-ethyl-

1-butene.
Base:/\iI
o
CH3CH2C|CH2CH3 —E L
= CH,CH, CH,CH,

3-Bromo-3-methylpentane 2-Ethyl-1-butene
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Stereoisomeric 3-methyl-2-pentenes are formed by proton abstraction from C-2.

Base:/\f_I CH

CH3—C|;1(|ZC;—IQCH3 & H3C\C=C/ o + HBC\(::c/ e
C}|3r 0 \CH2CH3 H/ \CH3

3-Bromo-3-methylpentane (E)-3-Methyl-2-pentene (Z)-3-Methyl-2-pentene

(h)  Only 3,3-dimethyl-1-butene may be formed under conditions of E2 elimination from
3-bromo-2,2-dimethylbutane.

‘Bas
CH, { - CH,

| /
CH,—C—CH-LCH, k2

|
CH, B CH,

|
CH,—C—CH=CH,

3-Bromo-2,2-dimethylbutane 3,3-Dimethyl-1-butene

5.31 (a) The reaction that takes place with 1-bromo-3,3-dimethylbutane is an E2 elimination involving
loss of the bromine at C-1 and abstraction of the proton at C-2 by the strong base potassium
tert-butoxide, yielding a single alkene.

(CH,),CO:
|
(CHs)gccT{\—CH2 . £ (CH,),CCH=CH,
X
Br
1-Bromo-3,3-dimethylbutane 3,3-Dimethyl-1-butene

(b) Two alkenes are capable of being formed in this 3-elimination reaction.

CBH3 Cl CH, CH;
BH HB NaOCH,CH,
H H ehanol *
70°C
1-Methylcyclopentyl chloride Methylenecyclopentane 1-Methylcyclopentene

The more highly substituted alkene is 1-methylcyclopentene; it is the major product of this
reaction. According to Zaitsev’s rule, the major alkene is formed by proton removal from the
B carbon that has the fewest hydrogens.

(c) Acid-catalyzed dehydration of 3-methyl-3-pentanol can lead either to 2-ethyl-1-butene or to a
mixture of (E)- and (Z)-3-methyl-2-pentene.

B
P ?} 150 CH, H,C CH H,C CH,CH
2 3 3
CH{CH,CCH,CH, — > A N Neo” L N
7N / AN / N
OH CH,CH, CH,CH, H CH,CH, H CH,
3-Methyl-3-pentanol 2-Ethyl-1-butene (E)-3-Methyl-2-pentene (Z)-3-Methyl-2-pentene

The major product is a mixture of the trisubstituted alkenes, (E)- and (Z)-3-methyl-2-
pentene. Of these two stereoisomers the E isomer is slightly more stable and is expected to
predominate.
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(d) Acid-catalyzed dehydration of 2,3-dimethyl-2-butanol can proceed in either of two directions.

, CH, CH, oo /CH3
CH,—C—CHCH, o CH,=C{ + (CH,),C=C(CH,),
(|)H ~H,0 CH(CH,),
2,3-Dimethyl-2-butanol 2,3-Dimethyl-1-butene 2,3-Dimethyl-2-butene
(disubstituted) (tetrasubstituted)

The major alkene is the one with the more highly substituted double bond, 2,3-dimethyl-2-
butene. Its formation corresponds to Zaitsev’s rule in that a proton is lost from the 8 carbon
that has the fewest hydrogens.

(e) Only a single alkene is capable of being formed on E2 elimination from this alkyl iodide.
Stereoisomeric alkenes are not possible, and because all the 8 hydrogens are equivalent,
regioisomers cannot be formed either.

I
B | B NaOCH,CH,
CH3CHCH?HCH3 ———> (CH,),C=CHCH(CH,),
70°C
CH, CH,
3-Iodo-2,4-dimethylpentane 2,4-Dimethyl-2-pentene

(f) Despite the structural similarity of this alcohol to the alkyl halide in the preceding part of this
problem, its dehydration is more complicated. The initially formed carbocation is secondary
and can rearrange to a more stable tertiary carbocation by a hydride shift.

OH H
CH CHCllHCHCH . CH clz‘éHCHCH hydride . H,CCH,CHCH
3 3 H,0 3 3 shift 3 | 2 | 3
CH, CH, CH, CH, CH, CH,
2,4-Dimethyl-3-pentanol Secondary carbocation Tertiary carbocation
(less stable) (more stable)

The tertiary carbocation, once formed, can give either 2,4-dimethyl-1-pentene or
2,4-dimethyl-2-pentene by loss of a proton.

CH,CCH,CHCH, H2C=(|ZCH2CH(CH3)2 + (CH,),C=CHCH(CH,),
CH, CH, CH,
2,4-Dimethyl-1-pentene 2,4-Dimethyl-2-pentene
(disubstituted) (trisubstituted)

The proton is lost from the methylene group in preference to the methyl group. The major
alkene is the more highly substituted one, 2,4-dimethyl-2-pentene.

5.32 In all parts of this problem you need to reason backward from an alkene to an alkyl bromide of mo-
lecular formula C;H,;Br that gives only the desired alkene under E2 elimination conditions. Recall
that the carbon—carbon double bond is formed by loss of a proton from one of the carbons that be-
comes doubly bonded and a bromine from the other.

(a) Cycloheptene is the only alkene formed by an E2 elimination reaction of cycloheptyl bromide.

Br

base
E2

Cycloheptyl bromide Cycloheptene
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(b) (Bromomethyl)cyclohexane is the correct answer. It gives methylenecyclohexane as the only
alkene under E2 conditions.

H b.
Oty 5 COro
CHZ@I‘

(Bromomethyl)cyclohexane Methylenecyclohexane

1-Bromo-1-methylcyclohexane is not correct. It gives a mixture of 1-methylcyclohexene and
methylenecyclohexane on elimination.

Br .
ase
O = Oran o Oron
CH,

1-Bromo-1-methylcyclohexane Methylenecyclohexane 1-Methylcyclohexene

(¢) In order for 4-methylcyclohexene to be the only alkene, the starting alkyl bromide must be
1-bromo-4-methylcyclohexane. Either the cis or the trans isomer may be used, although the
cis will react more readily, as the more stable conformation (equatorial methyl) has an axial

bromine.
H H(CH.,)
H
CHG) b OCH3
Br
cis- or trans-1-Bromo-4-methylcyclohexane 4-Methylcyclohexene

1-Bromo-3-methylcyclohexane is incorrect; its dehydrobromination yields a mixture of 3-
methylcyclohexene and 4-methylcyclohexene.

Br CH,(H)
H(CHy) -t <j>—CH3 + <:>—CH3
)
H
H
1-Bromo-3-methylcyclohexene 3-Methylcyclohexene 4-Methylcyclohexene

(d) The bromine must be at C-2 in the starting alkyl bromide for a single alkene to be formed on

E2 elimination.
CH3 base |;><CH3
E2
H CH, CH,

A
Base: H I’Q
U T

2-Bromo-1,1-dimethylcyclopentane 3,3-Dimethylcyclopentene

If the bromine substituent were at C-3, a mixture of 3,3-dimethyl- and 4,4-dimethylcyclopen-
tene would be formed.

X e O O
E2
Br CH, CH, CH,

3-Bromo-1,1-dimethylcyclopentane 3,3-Dimethylcyclopentene 4,4-Dimethylcyclopentene
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(e) The alkyl bromide must be primary in order for the desired alkene to be the only product of

E2 elimination.
Q—CHﬁHzBr — E>—CH=CH2

2-Cyclopentylethyl bromide Vinylcyclopentane

If 1-cyclopentylethyl bromide were used, a mixture of regioisomeric alkenes would be
formed, with the desired vinylcyclopentane being the minor component of the mixture.

Q—?HCH3 b E>=CHCH3 + O—CH=CH2

Br

1-Cyclopentylethyl bromide Ethylidenecyclopentane Vinylcyclopentane
(major product) (minor product)

(f) Either cis- or trans-1-bromo-3-isopropylcyclobutane would be appropriate here.

H  cH(cH,), CH(CH,),
H base E(
_—
H E2
Br H
cis- or trans-1-Bromo-3-isopropylcyclobutane 3-Isopropylcyclobutene

(g) The desired alkene is the exclusive product formed on E2 elimination from 1-bromo-1-tert-

butylcyclopropane.
H
H C(CH3)3 base
—m >—C(CH,),
H Br ‘
H
1-Bromo- 1-tert-butylcyclopropane 1-tert-Butylcyclopropene

5.33 (a) Both l-bromopropane and 2-bromopropane yield propene as the exclusive product of E2

elimination.
CH,CH,CH,Br  or CH3?HCH3 e CH,CH=CH,
Br
1-Bromopropane 2-Bromopropane Propene

(b) Isobutene is formed on dehydrobromination of either fert-butyl bromide or isobutyl bromide.

base
E2

(CH;);CBr or  (CH;),CHCH,Br (CH,),C=CH,

tert-Butyl bromide Isobutyl bromide 2-Methylpropene

(c) A tetrabromoalkane is required as the starting material to form a tribromoalkene under
E2 elimination conditions. Either 1,1,2,2-tetrabromoethane or 1,1,1,2-tetrabromoethane is
satisfactory.

base

Br,CHCHBEr, or BrCH,CBr, 0

BrCH==CBr,

1,1,2,2-Tetrabromoethane 1,1,1,2-Tetrabromoethane 1,1,2-Tribromoethene
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(d) The bromine substituent may be at either C-2 or C-3.
Br H H
H CH3 CH3 base
or Br TR
H CH,4 CH,

2-Bromo-1,1-dimethylcyclobutane  3-Bromo-1,1-dimethylcyclobutane

CH,
C :CH3

3,3-Dimethylcyclobutene

5.34 (a) The isomeric alkyl bromides having the molecular formula C;H,,Br are:
CH,CH,CH,CH,CH,Br CH3CH2CH2$HCH3 CH3CH2C|HCH2CH3
Br Br

1-Bromopentane 2-Bromopentane 3-Bromopentane

CH,CH—CHCH,
CH,; Br

CH3CH2C|HCH2Br CH3(|ZHCH2CH2Br

CH, CH,
1-Bromo-2-methylbutane

1-Bromo-3-methylbutane 2-Bromo-3-methylbutane

]|3r ClH3
CH3(|3CH2CH3 CH3C|CH2Br
CH, CH,

2-Bromo-2-methylbutane 1-Bromo-2,2-dimethylpropane

(b) The order of reactivity toward E1 elimination parallels carbocation stability and is tertiary >
secondary > primary. The tertiary bromide 2-bromo-2-methylbutane will undergo E1 elimi-
nation at the fastest rate.

(c)  1-Bromo-2,2-dimethylpropane has no hydrogens on the 8 carbon and so cannot form an
alkene by an E2 process.

CH3 B carbon has no hydrogens
CH3(|3—CH2Br
CH,

The only available pathway is E1 with rearrangement.
(d) Only the primary bromides will give a single alkene on E2 elimination.

CH,CH,CH,CH,CH,Br ";e CH,CH,CH,CH=CH,
1-Bromopentane 1-Pentene
CH3CH2?HCH2Br b CH3CH2C|?=CH2

CH, CH,
1-Bromo-2-methylbutane 2-Methyl-1-butene
CH3(|ZHCH2CH2Br e CH3(|IHCH=CH2

CH, CH,

1-Bromo-3-methylbutane 3-Methyl-1-butene
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(e) Elimination in 3-bromopentane will give the stereoisomers (E)- and (Z)-2-pentene.
CH, CH, CH,CH,
CH3CH2$HCH2CH3 e — + o=
Br CH,CH,
3-Bromopentane (E)-2-Pentene (Z)-2-Pentene
(f) Three alkenes can be formed from 2-bromopentane.
CH,CH, CH,; CH,CH,
CH3CH2CH2C|HCH3 e CH,CH,CH,CH=CH, + — + —
Br CH,
2-Bromopentane 1-Pentene (Z)-2-Pentene (E)-2-Pentene
5.35 (a) Theisomeric C;H,,0O alcohols are:
CH,CH,CH,CH,CH,O0H CH3CH2CH2C|HCH3 CH3CH2C|HCH2CH3
OH OH
1-Pentanol 2-Pentanol 3-Pentanol
CH3CH2C|HCH20H CH3$HCH2CH20H CH,CH—CHCH,
CH, CH, CH, OH
2-Methyl-1-butanol 3-Methyl-1-butanol 3-Methyl-2-butanol
CH3C|CH2CH3 CH3C|CH20H
CH, CH,
2-Methyl-2-butanol 2,2-Dimethyl-1-propanol

(b) The order of reactivity in alcohol dehydration parallels carbocation stability and is tertiary >

secondary > primary. The only tertiary alcohol in the group is 2-methyl-2-butanol. It will

dehydrate fastest.
(c) The most stable C;H,, carbocation is the tertiary carbocation.

+
CH3(|3CH2CH3
CH,
1,1-Dimethylpropyl cation

(d) A proton may be lost from C-1 or C-3:

CH, CH, CH,

l
H,C=CCH,CH, + CH,C=CHCH,

CH;CCH,CH,

1,1-Dimethylpropyl
cation

2-Methyl-1-butene
(minor alkene)

2-Methyl-2-butene
(major alkene)
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(e) For the 1,1-dimethylpropyl cation to be formed by a process involving a hydride shift, the
starting alcohol must have the same carbon skeleton as the 1,1-dimethylpropyl cation.

H H
CH3C+|—ICH2CH3 has same carbon skeleton as HOCHZ?CHZCH3 and CH,C—CHCH,

CH, CH, CH, OH
H H
| HY +‘> /— | +
HOCH2(|?CH2CH3 Hg—CHz—ﬁZCHZCH3 CH3—C|CH2CH3
CH, CH, CH,
2-Methyl-1-butanol
H H

| H* |\4+ +
CH,C—CHCH; ——5— CH3—$—CHCH3 CH,—C—CH,CH,

CH, OH CH, CH,

3-Methyl-2-butanol

Although the same carbon skeleton is necessary, it alone is not sufficient; the alcohol must
also have its hydroxyl group on the carbon atom adjacent to the carbon that bears the migrat-
ing hydrogen. Thus, 3-methyl-1-butanol cannot form a tertiary carbocation by a single hy-
dride shift. It requires two sequential hydride shifts.

H H H
Ht — +/ I~ +
CH,CHCH,CH,OH CH3(|ZHCH—CH21 . CH3C|—CHCH3 CH3(|JCH2CH3
CH, CH, H CH, CH,

3-Methyl-1-butanol

(f) 2,2-Dimethyl-1-propanol can yield a tertiary carbocation by a process involving a methyl

shift.
CH, CH, H
H | +/ +
CH3$—CHZOH CH3C| CH, 0 CH3?—CH2CH3
CH, CH, H CH,

2,2-Dimethyl-1-propanol

5.36 (a) Heating an alcohol in the presence of an acid catalyst (KHSO,) leads to dehydration with
formation of an alkene. In this alcohol, elimination can occur in only one direction to give a
mixture of cis and trans alkenes.

Br Br

KHSO,
O?HCH2CH3 — OCH=CHCH3

OH

Cis—trans mixture
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(b)  Alkyl halides undergo E2 elimination on being heated with potassium fert-butoxide.

KOC(CHj,),

(CH;);COH
heat

ICH,CH(OCH,CH,), H,C=C(OCH,CH,),

(c) The exclusive product of this reaction is 1,2-dimethylcyclohexene.

H
< CH
CH;, NaOCH,CH, 3
—_—
Br CH,CH,0H
. heat CH
CH, 3
1-Bromo-trans-1,2- 1,2-Dimethylcyclohexene
dimethylcyclohexane (100%)

(d) Elimination can occur only in one direction, to give the alkene shown.

KOC(CH;),
(CH,);COH
(CH,),CCl heat H2C=C\
CH,

(e) The reaction is a conventional one of alcohol dehydration and proceeds as written in 76—78%

yield.
HO_ CN CN
KHSO,
130-150°C
CH,0 (-H,0) CH,0

(f) Dehydration of citric acid occurs, giving aconitic acid.

OH
| H,S0,
HO,CCH,—C—CH,CO,H —> - HO,CCH=CCH,CO,H
CO,H CO,H
Citric acid Aconitic acid

(g) Sequential double dehydrohalogenation gives the diene.

H,C_ CH, H,C_ CH, H,C_ CH,

KOC(CH,), KOC(CH,), /
DMSO DMSO
CH, CH,
Cl Cl

Bornylene (83%)
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(h)  This example has been reported in the chemical literature, and in spite of the complexity of the
starting material, elimination proceeds in the usual way.

. .
0 @)
Q Q
- -

(84%)

(i)  Again, we have a fairly complicated substrate, but notice that it is well disposed toward E2
elimination of the axial bromine.

CH,OCH,
CH,OCH, 0
CH,0 Q KOH CHLO-1
CH,0O heat 3 /
CH,0
Br CH,O OCH,

(j) In the most stable conformation of this compound, chlorine occupies an axial site, and so it is
ideally situated to undergo an E2 elimination reaction by way of an anti arrangement in the
transition state.

CH CH
Cl 3 2
NaOCH,
(CH%C%C& cHon ¥
C(CHy), C(CHy),
4-tert-Butyl- 4-tert-Butyl-

1-methylcyclohexene (95%) (methylene)cyclohexane (5%)

The minor product is the less highly substituted isomer, in which the double bond is exocyclic
to the ring.

5.37 First identify the base as the amide ion (H,N ™) portion of potassium amide (KNH,). Amide ion is a
strong base and uses an unshared electron pair to abstract a proton from S carbon of the alkyl halide.
The pair of electrons in the C—H bond becomes the 7 component of the double bond as the C—Br
bond breaks. The electrons in the C—Br bond become an unshared electron pair of bromide ion.

HNE
'
(CH3CH2)2C/.lCH2
N
:Br:

H,N—H + (CH,CH,),C=CH, + :Br:-

5.38 The problem states that the reaction is first order in (CH,);CCl (fert-butyl chloride) and first order in
NaSCH,CHj; (sodium ethanethiolate). It therefore exhibits the kinetic behavior (overall second
order) of a reaction that proceeds by the E2 mechanism. The base that abstracts the proton from car-

bon is the anion CH,CH,S".
CH,CH,S:"
B
H_(lj_? CH, CH,CH,S—H + H,C=C(CH,), + :Cl:

H :CI:
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The two starting materials are stereoisomers of each other, and so it is reasonable to begin by ex-
amining each one in more stereochemical detail. First, write the most stable conformation of each
isomer, keeping in mind that isopropyl is the bulkiest of the three substituents and has the greatest
preference for an equatorial orientation.

H
~CH(CH,), H
CH(CH,),
H,C cl
H,C Cl H
Menthyl chloride Most stable conformation of menthyl chloride:
none of the three 8 protons is anti to chlorine
H
CH(CH,), H
CH(CH,),
1,. H3C
H,C cl
: Cl
Neomenthyl chloride Most stable conformation of neomenthyl chloride:

each 3 carbon has a proton that is anti to chlorine

The anti periplanar relationship of halide and proton can be achieved only when the chlorine is axial;
this corresponds to the most stable conformation of neomenthyl chloride. Menthyl chloride, on the
other hand, must undergo appreciable distortion of its ring to achieve an anti periplanar
Cl—C—C—H geometry. Strain increases substantially in going to the transition state for E2 elim-
ination in menthyl chloride but not in neomenthyl chloride. Neomenthyl chloride undergoes E2
elimination at the faster rate.

The proton that is removed by the base must be anti to bromine. Thus, the alkyl groups must be
gauche to one another in the conformation that leads to cis-4-nonene and anti to one another in the
one that leads to trans-4-nonene.

.o 67
CH;CH,—0:
H H H
H CH,CH,CH,CH, H:®:CH2CH2CH2CH3 ) CH.CH.CH,
H CH,CH,CH, H " CH,CH,CH, H
Br B~ ’ CH,CH,CH,CH,
Gauche conformation of 5-bromononane E2 transition state cis-4-Nonene
H
CH,CH,CH,CH, H
H CH,CH,CH,
Br
Anti conformation of 5-bromononane
CH,CH,—0:""
H H
H,.CH,CH,CH !
CH,CH,CH,C 2:®:H ‘/27CH2CH2CH3
H -/ CH,CH,CH, CH,CH,CH,CH,
Br’~ H

E2 transition state trans-4-Nonene
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The alkyl groups move closer together (van der Waals strain increases) as the transition state for for-
mation of cis-4-nonene is approached. No comparable increase in strain is involved in going to the
transition state for formation of the trans isomer.

Begin by writing chemical equations for the processes specified in the problem. First consider re-
arrangement by way of a hydride shift:

H
|— H /H
cnc—en, C CH,CCH, + :0°
| \H | \H
CH, CH,
Isobutyloxonium ion Tertiary cation Water
Rearrangement by way of a methyl group shift is as follows:
H H
| M | A
CH,C—CH,—0: ——> CH,;CCH,CH, + :0:
— AN + N
CH, H H
Isobutyloxonium ion Secondary cation Water

A hydride shift gives a tertiary carbocation; a methyl migration gives a secondary carbocation. It is
reasonable to expect that rearrangement will occur so as to produce the more stable of these two car-
bocations because the transition state has carbocation character at the carbon that bears the migrat-
ing group. We predict that rearrangement proceeds by a hydride shift rather than a methyl shift, since
the group that remains behind in this process stabilizes the carbocation better.

Rearrangement proceeds by migration of a hydrogen or an alkyl group from the carbon atom adja-
cent to the positively charged carbon.

(a) A propyl cation is primary and rearranges to an isopropyl cation, which is secondary, by mi-
gration of a hydrogen with its pair of electrons.

H
|—\+ +
CH,CH—CH, CH,CHCH,
Propyl cation Isopropyl cation
(primary, less stable) (secondary, more stable)

(b) A hydride shift transforms the secondary carbocation to a tertiary one.

H
|\+ +
CH,C—CHCH, _— CH3(|:CH2CH3

CH, CH,
1,2-Dimethylpropyl cation 1,1-Dimethylpropyl cation
(secondary, less stable) (tertiary, more stable)

This hydride shift occurs in preference to methyl migration, which would produce the same
secondary carbocation. (Verify this by writing appropriate structural formulas.)
(c) Migration of a methyl group converts this secondary carbocation to a tertiary one.

CH, CH,
I~ +
CH,;C—CHCH;,4 —_— CH3(|:—CHCH3
CH, CH,

1,2,2-Trimethylpropyl cation 1,1,2-Trimethylpropyl cation
(secondary, less stable) (tertiary, more stable)
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(d) The group that shifts in this case is the entire ethyl group.

CH,CH,
T\ +
CH,CH,C—CH, CH,CH,C—CH,CH,CH,
CH,CH, CH,CH,
2,2-Diethylbutyl cation 1,1-Diethylbutyl cation
(primary, less stable) (tertiary, more stable)

(e) Migration of a hydride from the ring carbon that bears the methyl group produces a tertiary

carbocation.
- H
R, D
CH,

2-Methylcyclopentyl cation 1-Methylcyclopentyl cation
(secondary, less stable) (tertiary, more stable)

5.43 (a) Note that the starting material is an alcohol and that it is treated with an acid. The product is
an alkene but its carbon skeleton is different from that of the starting alcohol. The reaction is
one of alcohol dehydration accompanied by rearrangement at the carbocation stage. Begin by
writing the step in which the alcohol is converted to a carbocation.

—Hzo
C(CH3)3

C(CHy),

The carbocation is tertiary and relatively stable. Migration of a methyl group from the ferz-butyl
substituent, however, converts it to an isomeric carbocation, which is also tertiary.

C CH, CH

CH,
CH CH3

Loss of a proton from this carbocation gives the observed product.

CH, _-H CH

| e

CQ_\ C\
CH,~—H CH,

CH,

(b) Here also we have an alcohol dehydration reaction accompanied by rearrangement. The
initially formed carbocation is secondary.

HOH

—>
—-H,0
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This cation can rearrange to a tertiary carbocation by an alkyl group shift.

H
“

Loss of a proton from the tertiary carbocation gives the observed alkene.

(c) The reaction begins as a normal alcohol dehydration in which the hydroxyl group is proto-
nated by the acid catalyst and then loses water from the oxonium ion to give a carbocation.

N
OH KHSO, ( OH, —-H,0 - H
H H
CH, Y CHs cu, Y ¢ cu, Yt
CH, CH, CH,

4-Methylcamphenilol Secondary carbocation

We see that the final product, 1-methylsantene, has a rearranged carbon skeleton corre-
sponding to a methyl shift, and so we consider the rearrangement of the initially formed sec-
ondary carbocation to a tertiary ion.

H methyl shift H -H" CH
/) CH,
CH, YCH, CH, CH,
CH, CH, CH,

Tertiary carbocation 1-Methylsantene

Deprotonation of the tertiary carbocation yields 1-methylsantene.

5.44 The secondary carbocation can, as we have seen, rearrange by a methyl shift (Problem 5.16). It can
also rearrange by migration of one of the ring bonds.

H

£ H
- .
CH; C—CH,
CH, |
CH,
Secondary carbocation Tertiary carbocation

The tertiary carbocation formed by this rearrangement can lose a proton to give the observed

byproduct.
CH
. = D=
+
— AN
? CH, CH,

CH,

Isopropylidenecyclopentane
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5.45 Let’s do both part (@) and part () together by reasoning mechanistically. The first step in any acid-
catalyzed alcohol dehydration is proton transfer to the OH group.

CH, CH; H

H,S0,

| .. | /
CH3CH2CH2CH2C|CH2—QH CH3CH2CH2CH2C|CH2—(+)<

CH, CH, H
But notice that because this alcohol does not have any hydrogens on its 8 carbon, it cannot dehy-

drate directly. Any alkenes that are formed must arise by rearrangement processes. Consider, for
example, migration of either of the two equivalent methyl groups at C-2.

CH; H H
TN +/ + /
CH3CH2CH2CH2$—CH2—\}O< CH3CH2CH2CH2?CH2CH3 + :O<
CH, H CH, H

The resulting carbocation can lose a proton in three different directions.

—-H"

CH3CH2CH2CH2?CH2CH3
CH,

CH3CH2CH2CH=C|CH2CH3 + CH3CH2CH2CH2ﬁCH2CH3 + CHSCHZCHZCH2C|I=CHCH3

CH, CH, CH,
3-Methyl-3-heptene 2-Ethyl-1-hexene 3-Methyl-2-heptene
(mixture of E and Z) (mixture of E and Z)

The alkene mixture shown in the preceding equation constitutes part of the answer to part (b). None
of the alkenes arising from methyl migration is 2-methyl-2-heptene, the answer to part (a), however.

What other group can migrate? The other group attached to the 8 carbon is a butyl group. Con-
sider its migration.

P s a
CH3CH2CH2CH2—C|—CH2—\§)< ——  'CCHCH.CH.CH.CH, + :0}
CH, H CH, H

Loss of a proton from the carbocation gives the alkene in part (a).

CH3\ CH3\
*CCH,CH,CH,CH,CH, - C—CHCH,CH,CH,CH,
CH; CH,

2-Methyl-2-heptene

A proton can also be lost from one of the methyl groups to give 2-methyl-1-heptene. This is the last
alkene constituting the answer to part (b).
CH, H,C
;CCHZCH2CH2CH2CH3 =
CH, CH,

CCH,CH,CH,CH,CH,

2-Methyl-1-heptene
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5.46 Only two alkanes have the molecular formula C,H,,: butane and isobutane (2-methylpropane)—
both of which give two monochlorides on free-radical chlorination. However, dehydrochlorination
of one of the monochlorides derived from butane yields a mixture of alkenes.

KOC(CH,),
CH3(|:HCH2CH3 dimethyl H,C=CHCH,CH, + CH;CH=CHCH,
sulfoxide
Cl
2-Chlorobutane 1-Butene 2-Butene (cis + trans)

Both monochlorides derived from 2-methylpropane yield only 2-methylpropene under conditions of
E2 elimination.

OC(CH,), .

(CH,),CCl or  (CHy),CHCH,Cl —g %> (CH,),C=CH,
sulfoxide

tert-Butyl chloride Isobutyl chloride 2-Methylpropene

Compound A is therefore 2-methylpropane, the two alkyl chlorides are tert-butyl chloride and
isobutyl chloride, and alkene B is 2-methylpropene.

5.47 The key to this problem is the fact that one of the alkyl chlorides of molecular formula C(H,,Cl
does not undergo E2 elimination. It must therefore have a structure in which the carbon atom that
is 3 to the chlorine bears no hydrogens. This C;H,;Cl isomer is 1-chloro-2,2-dimethylbutane.

i
CH3CH2(|JCH2C1
CH,4

1-Chloro-2,2-dimethylbutane
(cannot form an alkene)

Identifying this monochloride derivative gives us the carbon skeleton. The starting alkane
(compound A) must be 2,2-dimethylbutane. Its free-radical halogenation gives three different

monochlorides:
CH, CH, CH, CH,
CH3CH2+CH3 %’ CH3CH2+CH2C1 + CH3(|:H(::CH3 + ClCHZCHzc:CH3
CH, CH, Cl CH, CH,
2,2-Dimethylbutane 1-Chloro-2,2- 3-Chloro-2,2- 1-Chloro-3,3-
(compound A) dimethylbutane dimethylbutane dimethylbutane

Both 3-chloro-2,2-dimethylbutane and 1-chloro-3,3-dimethylbutane give only 3,3-dimethyl-1-
butene on E2 elimination.

CH, CH, CH,
| | KOC(CH,), |
CH3CH$CH3 or ClCH2CH2C|CH3 i con CH2=CHC|CH3
Cl CH, CH, CH,
3-Chloro-2,2- 1-Chloro-3,3- 3,3-Dimethyl-1-butene

dimethylbutane dimethylbutane (alkene B)
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SELF-TEST

STRUCTURE AND PREPARATION OF ALKENES: ELIMINATION REACTIONS

PART A

A-1.

A-2.

A-3.

A-4.

A-6.

A-T7.

A-9.

A-10.

Write the correct IUPAC name for each of the following:

Br

(@) (CH),CCH=C(CH), (o) /kj[/\ﬁ

Br

Each of the following is an incorrect name for an alkene. Write the structure and give the
correct name for each.

(a) 2-Ethyl-3-methyl-2-butene (¢)  2,3-Dimethylcyclohexene

(b) 2-Chloro-5-methyl-5-hexene (d) 2-Methyl-1-penten-4-o01

(a)  Write the structures of all the alkenes of molecular formula C;H,.
(b)  Which isomer is the most stable?

(¢)  Which isomers are the least stable?

(d) Which isomers can exist as a pair of stereoisomers?

How many carbon atoms are sp*-hybridized in 2-methyl-2-pentene? How many are sp’-
hybridized? How many ¢ bonds are of the sp*—sp° type?

Write the structure, clearly indicating the stereochemistry, of each of the following:
(a) (Z)-4-Ethyl-3-methyl-3-heptene

(b) (E)-1,2-Dichloro-3-methyl-2-hexene

(c) (E)-3-Methyl-3-penten-1-ol

Write structural formulas for two alkenes of molecular formula C;H, , that are stereoisomers
of each other and have a trisubstituted double bond. Give systematic names for each.

Write structural formulas for the reactant or product(s) omitted from each of the following.
If more than one product is formed, indicate the major one.

H,S0,
(@) (CH3)2(|ZCH2CH2CH3 v
OH
Cl CH,
NaOCH;,
b) CH,OH ?
KOCH,CH, /l\/K
(c) 2 CH.CH,0H” x (only alkene formed)
H,PO
@ (CHyCoH FO:
C(CH,),

Write the structure of the C4H,;Br isomer that is not capable of undergoing E2 elimination.
Write a stepwise mechanism for the formation of 2-methyl-2-butene from the dehydration
of 2-methyl-2-butanol is sulfuric acid.

Draw the structures of all the alkenes, including stereoisomers, that can be formed from the
E2 elimination of 3-bromo-2,3-dimethylpentane with sodium ethoxide (NaOCH,CH,) in
ethanol. Which of these would you expect to be the major product?
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A-11. Using curved arrows and perspective drawings (of chair cyclohexanes), explain the forma-
tion of the indicated product from the following reaction:
CH, CH,
i NaOCH,
///:, ©/
Br
A-12. Compare the relative rate of reaction of cis- and trans-1-chloro-3-isopropylcyclohexane
with sodium methoxide in methanol by the E2 mechanism.
A-13. Outline a mechanism for the following reaction:
)\/\ H,PO,
OH —o —/ + other alkenes
A-14. Compound A, on reaction with bromine in the presence of light, gave as the major product
compound B (C4H,Br). Reaction of B with sodium ethoxide in ethanol gave 3-ethyl-4,4-
dimethyl-2-pentene as the only alkene. Identify compounds A and B.
PART B
B-1. Which one of the alkenes shown below has the Z configuration of its double bond?
~ AR Y TR
(a) (b) () (d)
B-2. Carbon—carbon double bonds do not undergo rotation as do carbon—carbon single bonds.
The reason is that
(a) The double bond is much stronger and thus more difficult to rotate
(b) Overlap of the sp? orbitals of the carbon—carbon o bond would be lost
(c) Overlap of the p orbitals of the carbon—carbon 7 bond would be lost
(d) The shorter bond length of the double bond makes it more difficult for the attached
groups to pass one another
(e) The statement is incorrect—rotation around double bonds does occur.
B-3. Rank the following substituent groups in order of decreasing priority according to the
Cahn—-Ingold—Prelog system:
—CH(CH,), —CH,Br —CH,CH,Br
1 2 3
(@ 2>3>1 b 1>3>2 ) 3>1>2 d 2>1>3
B-4. The heats of combustion for the four C;H,, isomers shown are (not necessarily in order):

955.3, 953.6, 950.6, and 949.7 (all in kilocalories per mole). Which of these values is most
likely the heat of combustion of isomer 1?

RO

(@) 955.3 kcal/mol (¢) 950.6 kcal/mol
(b)  953.6 kcal/mol (d) 949.7 kcal/mol
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B-5.

B-6.

B-7.

B-8.

B-9.

B-10.

STRUCTURE AND PREPARATION OF ALKENES: ELIMINATION REACTIONS

Referring to the structures in the previous question, what can be said about isomers 3 and 4?
(a) 3 is more stable by 1.7 kcal/mol.
(b) 4 is more stable by 1.7 kcal/mol.
(c¢) 3 is more stable by 3.0 kcal/mol.
(d) 3 is more stable by 0.9 kcal/mol.

The structure of (E)-1-chloro-3-methyl-3-hexene is

Y
(b) & (d) None of these

In the dehydrohalogenation of 2-bromobutane, which conformation leads to the formation of
cis-2-butene?

CH, CH, CH, CH,
H CH, H CH, H H HC H
H Br Br H Br H H Br
H H CH, H
(@) (b) (o) (d)

(e) None of these is the correct conformation.

Which of the following alcohols would be most likely to undergo dehydration with re-
arrangement by a process involving a methyl migration (methyl shift)?

@ > _OH (o) )\/\OH @
OH

(b) /YOH (d) /\)\OH

Rank the following alcohols in order of decreasing reactivity (fastest — slowest) toward de-
hydration with 85% H,PO,:

?H ?H
(CH,),CHCH,CH,OH  (CH,),CCH,CH,  (CH,),CHCHCH,

1 2 3

(@ 2>3>1 () 1>3>2 (o) 2>1>3 (d) 1>2>3

Consider the following reaction:

; \/ H,PO, : : \: :
heat ==\ T
OH

Which response contains all the correct statements about this process and no incorrect ones?
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Dehydration

E2 mechanism

Carbon skeleton migration
Most stable carbocation forms
Single-step reaction

@ 1,3 b 1,2,3 () 1,2,5 @ 1,3,4

B-11. Select the formula or statement representing the major product(s) of the following reaction:

Nnhw =

Br H
/ KOCH,CH,

H"‘\\‘C_C“'"CH3 W
HC  CH,CH,

H  CH, CH,
@ = ©

el CHCH, CH,=CHCHCH,CH,

H CH,CH,
®) — (d) Both (@) and (b) form in approximately
CH, CH, equal amounts.

B-12. Which one of the following statements concerning E2 reactions of alkyl halides is true?
(a) The rate of an E2 reaction depends only on the concentration of the alkyl halide.
(b) The rate of an E2 reaction depends only on the concentration of the base.
(¢) The C—H bond and the C—X (X = halogen) bond are broken in the same step.
(d) Alkyl chlorides generally react faster than alkyl bromides.

B-13. Which alkyl halide undergoes E2 elimination at the fastest rate?

Br
(@) MC(CH3)3 ©) mC(CH%
Br
cl
& I/ CCH), @) [T CCHy,
Cl

B-14. What is the relationship between the pair of compounds shown?

H.C —
H,C — ~

H H

(a) Identical: superimposable without bond rotations
(b) Conformations

(¢) Stereoisomers

(d) Constitutional isomers

B-15. Which one of the following will give 2-methyl-1-butene as the only alkene on treatment with
KOC(CH,;); in dimethy] sulfoxide?
(a) 1-Bromo-2-methylbutane (¢) 2-Bromo-2-methylbutane
(b) 2-Methyl-1-butanol (d) 2-Methyl-2-butanol
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CHAPTER 6

REACTIONS OF ALKENES:
ADDITION REACTIONS

SOLUTIONS TO TEXT PROBLEMS

6.1 Catalytic hydrogenation converts an alkene to an alkane having the same carbon skeleton. Since
2-methylbutane is the product of hydrogenation, all three alkenes must have a four-carbon chain
with a one-carbon branch. The three alkenes are therefore:

P

2-Methyl-1-butene

)\/ - )\/
X T metal

catalyst
2-Methyl-2-butene 2-Methylbutane

o -

3-Methyl-1-butene

6.2 The mosthighly substituted double bond is the most stable and has the smallest heat of hydrogenation.

O

2-Methyl-2-butene: 2-Methyl-1-butene 3-Methyl-1-butene

most stable (disubstituted) (monosubstituted)
(trisubstituted)
Heat of hydrogenation: 112 kJ/mol 118 kJ/mol 126 kJ/mol
(26.7 kcal/mol) (28.2 kcal/mol) (30.2 kcal/mol)

124


http://www.mhhe.com/physsci/chemistry/carey/student/olc
http://www.mhhe.com
http://www.mhhe.com/physsci/chemistry/carey/student/olc
http://www.mhhe.com
http://www.mhhe.com/physsci/chemistry/carey/student/olc
http://www.mhhe.com

REACTIONS OF ALKENES: ADDITION REACTIONS 1 25

63 ()
()
(d)
64 (b
(0

Begin by writing out the structure of the starting alkene. Identify the doubly bonded carbon
that has the greater number of attached hydrogens; this is the one to which the proton of hy-
drogen chloride adds. Chlorine adds to the carbon atom of the double bond that has the fewer
attached hydrogens.

Chlorine adds to Hydrogen adds to
this carbon. this carbon.
H3C\ {y C|H3
HCI
~C=CE CH3CH2C|CH3
CH,CH, H o
2-Methyl-1-butene 2-Chloro-2-methylbutane

By applying Markovnikov’s rule, we see that the major product is 2-chloro-2-methylbutane.

Regioselectivity of addition is not an issue here, because the two carbons of the double bond
are equivalent in cis-2-butene. Hydrogen chloride adds to cis-2-butene to give 2-chlorobutane.

H,C N /CH3
c=C + HCI CH,CH,CHCH,
N e
H H Cl
cis-2-Butene Hydrogen 2-Chlorobutane

chloride

One end of the double bond has no attached hydrogens, but the other end has one. In
accordance with Markovnikov’s rule, the proton of hydrogen chloride adds to the carbon that
already has one hydrogen. The product is 1-chloro-1-ethylcyclohexane.

CH,CH,
CH3CH:<:> + Hal ><:>
CI

Ethylidenecyclohexane Hydrogen 1-Chloro-1-ethylcyclohexane
chloride

A proton is transferred to the terminal carbon atom of 2-methyl-1-butene so as to produce a
tertiary carbocation.

CH
H.C H 3
N //\ e |

C=C + H—C Ct + CI”
/ N VAN
CH,CH, H CH,CH, CH,
2-Methyl-1-butene Hydrogen Tertiary carbocation Chloride

chloride

This is the carbocation that leads to the observed product, 2-chloro-2-methylbutane.

A secondary carbocation is an intermediate in the reaction of cis-2-butene with hydrogen
chloride.

H3C\ /CH3 ~ H3C\+
Cc=cC + H--Cl _C—CH,CH, + CI"
H H H
cis-2-Butene Hydrogen Secondary carbocation  Chloride
chloride

Capture of this carbocation by chloride gives 2-chlorobutane.
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(d) Atertiary carbocation is formed by protonation of the double bond.

CH3C}£):<:> CH3CH2@ + ar

H
Ccll Tertiary cation Chloride

This carbocation is captured by chloride to give the observed product, 1-chloro-1-
ethylcyclohexane.

6.5 The carbocation formed by protonation of the double bond of 3,3-dimethyl-1-butene is secondary.
Methyl migration can occur to give a more stable tertiary carbocation.

CH, CH, et CH,
CH3éCH=CH2 Hel CH,C—CHCH, - Memon CH36—C|HCH3
L, L, &,
3,3-Dimethyl-1-butene Secondary carbocation Tertiary carbocation
Cl™ Cl—
CH, Cl CH,
CH,C—CHCH, CH,C—CHCH,
CH, Cl C|H3
3-Chloro-2,2-dimethylbutane 2-Chloro-2,3-dimethylbutane

The two chlorides are 3-chloro-2,2-dimethylbutane and 2-chloro-2,3-dimethylbutane.

6.6  The structure of allyl bromide (3-bromo-1-propene) is CH,=—CHCH,Br. Its reaction with hydrogen
bromide in accordance with Markovnikov’s rule proceeds by addition of a proton to the doubly
bonded carbon that has the greater number of attached hydrogens.

Addition according to Markovnikov’s rule:

CH,=CHCH,Br + HBr CH3C|HCH2Br
Br
Allyl bromide Hydrogen 1,2-Dibromopropane

bromide
Addition of hydrogen bromide opposite to Markovnikov’s rule leads to 1,3-dibromopropane.

Addition contrary to Markovnikov’s rule:

CH,—CHCH,Br + HBr

BrCH,CH,CH,Br

Allyl bromide Hydrogen 1,3-Dibromopropane
bromide
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6.7 (b) Hydrogen bromide adds to 2-methyl-1-butene in accordance with Markovnikov’s rule when
peroxides are absent. The product is 2-bromo-2-methylbutane.

CH, H CH,
N2 |
c=c_ + HBr —— CH3CH2(|:CH3

CH,CH, H Br
2-Methyl-1-butene Hydrogen 2-Bromo-2-methylbutane
bromide

The opposite regioselectivity is observed when peroxides are present. The product is
1-bromo-2-methylbutane.

CHS\ / H peroxides $H3
C=C{_ + HBr e CH3CH2?CH2Br
CH,CH, H u
2-Methyl-1-butene Hydrogen 1-Bromo-2-methylbutane
bromide

(c) Both ends of the double bond in cis-2-butene are equivalently substituted, so that the same
product (2-bromobutane) is formed by hydrogen bromide addition regardless of whether the
reaction is carried out in the presence of peroxides or in their absence.

CHy CH,
e=C_ + HBr CH3CH2|CHCH3
H H Br
cis-2-Butene Hydrogen 2-Bromobutane

bromide

(d) Atertiary bromide is formed on addition of hydrogen bromide to ethylidenecyclohexane in the
absence of peroxides.

CH,CH,
CH3CH:<:> + HBr —— ><:>
) Br

Ethylidenecyclohexane Hydrogen 1-Bromo-1-ethylcyclohexane
bromide

The regioselectivity of addition is reversed in the presence of peroxides, and the product is
(1-bromoethyl)cyclohexane.

peroxides
CH,CH + HBr —— CH3(|?H

Br

Ethylidenecyclohexane Hydrogen (1-Bromoethyl)cyclohexane
bromide

6.8 The first step is the addition of sulfuric acid to give cyclohexyl hydrogen sulfate.

0S0,0H
O =

Cyclohexene Cyclohexyl hydrogen sulfate
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6.9

6.10

6.11

6.12

REACTIONS OF ALKENES: ADDITION REACTIONS

The presence of hydroxide ion in the second step is incompatible with the medium in which the re-
action is carried out. The reaction as shown in step 1

1. (CH,),C=CH, + H,0" (CH,),C* + H,0

is performed in acidic solution. There are, for all practical purposes, no hydroxide ions in aqueous
acid, the strongest base present being water itself. It is quite important to pay attention to the species
that are actually present in the reaction medium whenever you formulate a reaction mechanism.

The more stable the carbocation, the faster it is formed. The more reactive alkene gives a tertiary
carbocation in the rate-determining step.

H

: c
o* /
=cH, —* [>—cl
C

Tertiary carbocation

H,

>

H;

Protonation of [>—CH=CHCH3 gives a secondary carbocation.

The mechanism of electrophilic addition of hydrogen chloride to 2-methylpropene as outlined in
text Section 6.6 proceeds through a carbocation intermediate. This mechanism is the reverse of the
El elimination. The E2 mechanism is concerted—it does not involve an intermediate.

(b) The carbon—carbon double bond is symmetrically substituted in cis-2-butene, and so the
regioselectivity of hydroboration—oxidation is not an issue. Hydration of the double bond
gives 2-butanol.

H,C CH,
\C_C/ ) 1. hydroboration CH.CHCH.CH
/ o AN 2. oxidation 3 | 2 3
H H OH
cis-2-Butene 2_Butanol

(c) Hydroboration—oxidation of alkenes is a method that leads to hydration of the double bond
with a regioselectivity opposite to Markovnikov’s rule.

1. hydroboration H
CH2 2. oxidation
CH,OH
Methylenecyclobutane Cyclobutylmethanol

(d) Hydroboration—oxidation of cyclopentene gives cyclopentanol.

1. hydroboration OH
—
2. oxidation
Cyclopentene Cyclopentanol

(e) When alkenes are converted to alcohols by hydroboration—oxidation, the hydroxyl group is
introduced at the less substituted carbon of the double bond.

2. oxidation

CH,CH=C(CH,CH,), \-hydroboration CH3(|JHCH(CH2CH3)2

OH
3-Ethyl-2-pentene 3-Ethyl-2-pentanol
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(f) The less substituted carbon of the double bond in 3-ethyl-1-pentene is at the end of the chain
It is this carbon that bears the hydroxyl group in the product of hydroboration—oxidation.

H2C=CHCH(CH2CH3)2 1. hydroboration

2. oxidation

HOCH,CH,CH(CH,CH,),

3-Ethyl-1-pentene 3-Ethyl-1-pentanol

6.13 The bottom face of the double bond of a-pinene is less hindered than the top face

L B2H(>
2.H,0, HO
H

This H comes
from B,H,.

Methyl group ——__
shields top face 3

Hydroboratlon occurs
from this direction.

Syn addition of H and OH takes place and with a regioselectivity opposite to that of Markovnikov’s
rule.

6.14 Bromine adds anti to the double bond of 1-bromocyclohexene to give 1,1,2-tribromocyclohexane

The radioactive bromines (¥?Br) are vicinal and trans to each other.

82Br
Br

+ ¥Br—%¥Br —— "Br

H —~H

éZBr

1-Bromocyclohexene 1,1,2-Tribromocyclohexane

Bromine

6.15 Alkyl substituents on the double bond increase the reactivity of the alkene toward addition of
bromine.

H
=4
H H
H

2-Methyl-2-butene

2-Methyl-1-butene
(trisubstituted double bond; most reactive)

3-Methyl-1-butene
(disubstituted double bond)

(monosubstituted double bond; least reactive)

6.16 (b) Bromine becomes bonded to the less highly substituted carbon of the double bond, the
hydroxyl group to the more highly substituted one.
]|3r
Br,
(CH,),C=CHCH; ——( 5 (CH3)2(|3CHCH3
HO
2-Methyl-2-butene 3-Bromo-2-methyl-2-butanol

(©) Br,
(CH,),CHCH=CH,

H—ZO’ (CH;)ZCHcleCHZBI‘
OH

3-Methyl-1-butene 1-Bromo-3-methyl-2-butanol
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(d) Anti addition occurs.
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CH,

CH,
Br, w-OH
_—
H,0 = Br
H =
H
1-Methylcyclopentene trans-2-Bromo-

1-methylcyclopentanol

6.17 The structure of disparlure is as shown.

Its longest continuous chain contains 18 carbon atoms, and so it is named as an epoxy derivative of
octadecane. Number the chain in the direction that gives the lowest number to the carbons that bear
oxygen. Thus, disparlure is cis-2-methyl-7,8-epoxyoctadecane.

6.18 Disparlure can be prepared by epoxidation of the corresponding alkene. Cis alkenes yield cis epox-
ides upon epoxidation. cis-2-Methyl-7-octadecene is therefore the alkene chosen to prepare dispar-
lure by epoxidation.

peroxy acid
— —_— N 7,

- - g d s

cis-2-Methyl-7-octadecene Disparlure

6.19 The products of ozonolysis are formaldehyde and 4,4-dimethyl-2-pentanone.

H CH,
“c=0 o=

/ AN
H CH,C(CH;),

Formaldehyde 4,4-Dimethyl-2-pentanone

The two carbons that were doubly bonded to each other in the alkene become the carbons that
are doubly bonded to oxygen in the products of ozonolysis. Therefore, mentally remove the
oxygens and connect these two carbons by a double bond to reveal the structure of the starting
alkene.

H CH

N - C/ 3
/ N

H CH,C(CH,),

2,4,4-Trimethyl-1-pentene

6.20 From the structural formula of the desired product, we see that it is a vicinal bromohydrin. Vicinal
bromohydrins are made from alkenes by reaction with bromine in water.

B1rCH2C|(CH3)2 is made from CH,=C(CH,),
OH
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Since the starting material given is fert-butyl bromide, a practical synthesis is:

NaOCH,CH, o Br,
(CH3)3CBI' m’ (CH3)2C—CH2 H,0 (CH3)2|CCH2B1‘
heat OH
tert-Butyl bromide 2-Methylpropene 1-Bromo-2-methyl-2-propanol

Catalytic hydrogenation of the double bond converts 2,4,4-trimethyl-1-pentene and 2,4,4-trimethyl-
2-pentene to 2,2,4-trimethylpentane.

H CH H,C H

N / 3 3N\ / H,, P

Je=c(. or Je=c{_ >~ . (CH,),CHCH,C(CH,),
H CH,C(CH,), H,C C(CH,),

2,4,4-Trimethyl-1-pentene 2,4,4-Trimethyl-2-pentene 2,2,4-Trimethylpentane

This problem illustrates the reactions of alkenes with various reagents and requires application of
Markovnikov’s rule to the addition of unsymmetrical electrophiles.

(a) Addition of hydrogen chloride to 1-pentene will give 2-chloropentane.

H,C=CHCH,CH,CH, + HCI CH3C|HCH2CH2CH3
Cl
1-Pentene 2-Chloropentane

(b) Electrophilic addition of hydrogen bromide will give 2-bromopentane.

H,C=CHCH,CH,CH, + HBr

CH3C|HCH2CH2CH3
Br

2-Bromopentane

(c) The presence of peroxides will cause free-radical addition of hydrogen bromide, and regiose-
lective addition opposite to Markovnikov’s rule will be observed.

peroxides

H,C=CHCH,CH,CH, + HBr

BrCH,CH,CH,CH,CH,

1-Bromopentane

(d) Hydrogen iodide will add according to Markovnikov’s rule.

H,C=CHCH,CH,CH, + HI

CH3C|IHCH2CH2CH3
I

2-Iodopentane

(e) Dilute sulfuric acid will cause hydration of the double bond with regioselectivity in accord
with Markovnikov’s rule.

H,S0,

H,C=CHCH,CH,CH; + H,0 —>—— CH3C|HCH2CH2CH3
OH

2-Pentanol
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(f) Hydroboration—oxidation of an alkene brings about hydration of the double bond opposite to
Markovnikov’s rule; 1-pentanol will be the product.

1. B,H
H,C—=CHCH,CH,CH; 375 5> HOCH,CH,CH,CH,CH,
1-Pentanol

(g) Bromine adds across the double bond to give a vicinal dibromide.

ccl,

H,C=CHCH,CH,CH, + Br, BrCHz(llHCHZCHZCH3

Br

1,2-Dibromopentane

(h)  Vicinal bromohydrins are formed when bromine in water adds to alkenes. Br adds to the less
substituted carbon, OH to the more substituted one.

H,C=CHCH,CH,CH, + Br,

BrCH,CHCH,CH,CH,
OH

1-Bromo-2-pentanol

(i) Epoxidation of the alkene occurs on treatment with peroxy acids.

H,C=CHCH,CH,CH, + CH,CO,0H

HZC—/CHCHZCHZCH3 + CH,CO,H

0]
1,2-Epoxypentane Acetic acid
(j) Ozone reacts with alkenes to give ozonides.
Ve O\
H,C=CHCH,CH,CH; + O, H2C\ /CHCHZCHZCH3
0—O0
Ozonide

(k)  When the ozonide in part (j) is hydrolyzed in the presence of zinc, formaldehyde and butanal

are formed.
(0]
O H,0 | |
H,C /CHCHZCHZCH3 7 HCH + HCCH,CH,CH;,
0—O Formaldehyde Butanal

When we compare the reactions of 2-methyl-2-butene with the analogous reactions of 1-pentene, we
find that the reactions proceed in a similar manner.

(@) (CH,),C=CHCH, + HCI (CH3)2C|ICH2CH3
Cl
2-Methyl-2-butene 2-Chloro-2-methylbutane
(b) (CH,),C=CHCH, + HBr (CH3)2$CH2CH3
Br

2-Bromo-2-methylbutane

peroxides

(¢) (CH;),C=CHCH; + HBr —— (CH3)2CH$HCH3
Br

2-Bromo-3-methylbutane
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(d) (CH,),C=CHCH, + HI (CH3)2(|3CH2CH3

I
2-lodo-2-methylbutane

SO .

(¢ (CH,,C=CHCH, + H,0 —> » (CH3)2|CCH2CH3
OH

2-Methyl-2-butanol

1.B,H,

(/) (CHy),C=CHCH; —5 5

(CH3)2CHC|HCH3

OH
3-Methyl-2-butanol

Br

CCl,
(g) (CH3)2C:CHCH3 + Br2

|
(CH3)2|CCHCH3
Br

2,3-Dibromo-2-methylbutane

Br

H,0 |
(h) (CH,),C=CHCH, + Br, - (CH3)2(|ICHCH3
OH

3-Bromo-2-methyl-2-butanol

(i) (CH,),C=CHCH, + CH,CO,0H (CH3)2C\—/CHCH3 + CH,COH

0]
2-Methyl-2,3-epoxybutane

HC o H
H3C>( %CH3
0—0

Ozonide

(j) (CH,),C=CHCH; + O,

H,0 | |
) H3c>( Yecn, —2° . CHCCH, + HCCH,
0—0
Acetone Acetaldehyde

6.24 Cycloalkenes undergo the same kinds of reactions as do noncyclic alkenes.

a CH
( ) (:H3 C13
+ HCI
1-Methylcyclohexene 1-Chloro-1-methylcyclohexane
b) CH,

OLBr

1-Bromo-1-methylcyclohexane

CH,4
O/ + HBr
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(©) CH, ) CH,
O/ + HBr peroxides C[
Br
1-Bromo-2-methylcyclohexane
(mixture of cis and trans)
d CH
(d) cH, .
SR
1-Iodo-1-methylcyclohexane
(e) CH CH,
3 H,SO OH
SR
1-Methylcyclohexanol
3 LB, wH
2. H,0,, HO~ " OH
trans-2-Methylcyclohexanol
(g) CH3 Br
; ccl, -CH,
+ Br, ———
1,
‘Br
trans-1,2-Dibromo-1-
methylcyclohexane
(h) CH, OH
H,0 n-CH,
+ Br, ———
1,
Br
trans-2-Bromo-1-
methylcyclohexanol
Q) CH, LHs
O/ + CH,CO,0H —— O}o + CH,CO,H
1,2-Epoxy-1-methylcyclohexane
) CH,
CH, o
(T v 3
Ozonide
(k) CH,
50 no oy || ||
& — 1o = CH,CCH,CH,CH,CH,CH

O 6-Oxoheptanal
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We need first to write out the structures in more detail to evaluate the substitution patterns at the
double bonds.

(a) 1-Pentene Monosubstituted

(b) (E)-4,4-Dimethyl-2-pentene trans-Disubstituted

cis-Disubstituted

(¢) (Z)-4-Methyl-2-pentene

d) (2)-2,2,5,5-Tetramethyl-3-hexene Two tert-butyl groups cis

(e) 2,4-Dimethyl-2-pentene Trisubstituted

TEL

Compound d, having two cis fert-butyl groups, should have the least stable (highest energy) double
bond. The remaining alkenes are arranged in order of increasing stability (decreasing heats of
hydrogenation) according to the degree of substitution of the double bond: monosubstituted, cis-
disubstituted, trans-disubstituted, trisubstituted. The heats of hydrogenation are therefore:

(d) A<_>L 151 kJ/mol (36.2 kcal/mol)
(@) A>T 122 kJ/mol (29.3 kcal/mol)
(¢) \_>7 114 kJ/mol (27.3 kcal/mol)
(b) /=>L 111 kJ/mol (26.5 kcal/mol)
(e) >_>7 105 kJ/mol (25.1 kcal/mol)

In all parts of this exercise we deduce the carbon skeleton on the basis of the alkane formed on
hydrogenation of an alkene and then determine what carbon atoms may be connected by a double
bond in that skeleton. Problems of this type are best done by using carbon skeleton formulas.

(a) Productis 2,2,3,4,4-pentamethylpentane. The only possible alkene precursor is
=
(b) Product is 2,3-dimethylbutane. May be formed by hydrogenation of
)ﬁ/ or )ﬁ/
(c) Product is methylcyclobutane. May be formed by hydrogenation of

O O v O v O
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6.27 Hydrogenation of the alkenes shown will give a mixture of cis- and trans-1,4-dimethylcyclohexane.

H,
or —— H,C CH, + H;Cwm —=CH,
catalyst 3 3 3
H3C‘<:>*CH3 cis-1,4-Dimethylcyclohexane trans-1,4-Dimethylcyclohexane

Only when the methyl groups are cis in the starting alkene will the cis stereoisomer be the sole prod-
uct following hydrogenation. Hydrogenation of cis-3,6-dimethylcyclohexane will yield exclusively
cis-1,4-dimethylcyclohexane.

H
o= _)=ets —i we=(_)=en

cis-3,6-Dimethylcyclohexene cis-1,4-Dimethylcyclohexane

6.28 (a) The desired transformation is the conversion of an alkene to a vicinal dibromide.

Br
CH,CH=C(CH,CH,), o CH3(|IH(|I(CH2CH3)2
Br Br
3-Ethyl-2-pentene 2,3-Dibromo-3-ethylpentane

(b) Markovnikov addition of hydrogen chloride is indicated.

HCI1

CH,CH=C(CH,CH,), CH3CH2(|:(CH2CH3)2

Cl
3-Chloro-3-ethylpentane

(¢) Free-radical addition of hydrogen bromide opposite to Markovnikov’s rule will give the re-
quired regiochemistry.

HBr
peroxides

CH,CH=C(CH,CH,), CH3C|HCH(CH2CH3)2

Br

2-Bromo-3-ethylpentane

(d) Acid-catalyzed hydration will occur in accordance with Markovnikov’s rule to yield the
desired tertiary alcohol.

2!

CH,CH=C(CH,CH), —p

CH3CH2(|?(CH2CH3)2
OH
3-Ethyl-3-pentanol
(e) Hydroboration—oxidation results in hydration of alkenes with a regioselectivity opposite to
that of Markovnikov’s rule.

1. B,H,

CH;,CH=C(CH,CHy), 535 55>

CH3C|HCH(CH2CH3)2

OH
3-Ethyl-2-pentanol
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(f) Anperoxy acid will convert an alkene to an epoxide.

CH, CH,CH,
CH,CO,0H X
CH,CH=C(CH,CH,), :

H O CH,CH,
3-Ethyl-2,3-epoxypentane

(g) Hydrogenation of alkenes converts them to alkanes.

H
CH,CH=C(CH,CH,), : CH,CH,CH(CH,CH,),

Pt

3-Ethylpentane

6.29 (a) Four primary alcohols have the molecular formula C;H,,0:

I
CH,CH,CH,CH,CH,0H  CH,CH,CHCH,0H  (CH,),CHCH,CH,0H (CH,),CCH,OH
1-Pentanol 2-Methyl-1-butanol 3-Methyl-1-butanol 2,2-Dimethyl-1-propanol

2,2-Dimethyl-1-propanol cannot be prepared by hydration of an alkene, because no alkene
can have this carbon skeleton.

(b) Hydroboration—oxidation of alkenes is the method of choice for converting terminal alkenes
to primary alcohols.

CH,CH,CH,CH=CH, ;515> CH,CH,CH,CH,CH,0H
1-Pentene 1-Pentanol
CH,CH,C=CH, 3o CH,CH,CHCH,0H
&, &,
2-Methyl-1-butene 2-Methyl-1-butanol

1. B,H
(CH,),CHCH=CH, ;750> (CH;),CHCH,CH,0H

3-Methyl-1-butene 3-Methyl-1-butanol

(c) The only tertiary alcohol is 2-methyl-2-butanol. It can be made by Markovnikov hydration of
2-methyl-1-butene or of 2-methyl-2-butene.

H,S0,

H,0,

H2C=C|CH2CH3 —_— (CH3)2(|JCH2CH3
CH, OH
2-Methyl-1-butene 2-Methyl-2-butanol
H,0, H,S0,

(CH,),C=CHCH, ————— (CH3)2C|CH2CH3

OH
2-Methyl-2-butene 2-Methyl-2-butanol

6.30 (@) Because the double bond is symmetrically substituted, the same addition product is formed
under either ionic or free-radical conditions. Peroxides are absent, and so addition takes place
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by an ionic mechanism to give 3-bromohexane. (It does not matter whether the starting mate-
rial is cis- or trans-3-hexene; both give the same product.)

no peroxides

CH;CH,CH=CHCH,CH, + HBr > CH3CH2CH2C|HCH2CH3

Br
3-Hexene Hydrogen 3-Bromohexane
bromide (observed yield 76%)

(b) In the presence of peroxides, hydrogen bromide adds with a regioselectivity opposite to that
predicted by Markovnikov’s rule. The product is the corresponding primary bromide.

HBr
peroxides

(CH,),CHCH,CH,CH,CH=CH,

(CH,),CHCH,CH,CH,CH,CH,Br

6-Methyl-1-heptene 1-Bromo-6-methylheptane
(observed yield 92%)

(c) Hydroboration—oxidation of alkenes leads to hydration of the double bond with a regioselec-
tivity contrary to Markovnikov’s rule and without rearrangement of the carbon skeleton.

C(CHy),
/ C(CH,), 1. B,H,
H2C=C\ 31,0, 1007 HOCH,CHC(CH,),
C(CHy),
2-tert-Butyl-3,3-dimethyl-1-butene 2-tert-Butyl-3,3-dimethyl-1-butanol
(observed yield 65%)

(d) Hydroboration—oxidation of alkenes leads to syn hydration of double bonds.

H
CH $
3 LBH, ~=CH,
—_—
2.H,0,, HO~ | =CH,
CH B
3 OH
1,2-Dimethylcyclohexene cis-1,2-Dimethylcyclohexanol

(observed yield 82%)

(e) Bromine adds across the double bond of alkenes to give vicinal dibromides.

Br
CHCI,

H2C=?CH2CH2CH3 + Br, ——— BrCH2C|CH2CH2CH3
CH, CH,
2-Methyl-1-pentene 1,2-Dibromo-2-methylpentane

(observed yield 60%)

(f) In aqueous solution bromine reacts with alkenes to give bromohydrins. Bromine is the
electrophile in this reaction and adds to the carbon that has the greater number of attached

hydrogens.
Br
H,0
(CH,),C=CHCH; + Br, ——— (CH3)2$CHCH3
OH
2-Methyl-2-butene Bromine 3-Bromo-2-methyl-2-butanol

(observed yield 77%)
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(g) An aqueous solution of chlorine will react with 1-methylcyclopentene by an anti addition.
Chlorine is the electrophile and adds to the less substituted end of the double bond.

z 4Cl1
Cl, \\\\-OH
CH, 0 -
3

1-Methylcyclopentene

trans-2-Chloro-1-
methylcyclopentanol

(0]

I
(h) Compounds of the type RCOOH are peroxy acids and react with alkenes to give epoxides.

I
(CH,),C=C(CH,;), + CH,COOH

|
(CHy.C— C(CHy), + CH,COH

2,3-Dimethyl-2-butene Peroxyacetic acid 2,3-Dimethyl-2,3-epoxybutane Acetic acid
(observed yield 70-80%)

(i)  The double bond is cleaved by ozonolysis. Each of the doubly bonded carbons becomes dou-
bly bonded to oxygen in the product.

_ 1o
T 2H0

Cyclodecan-1,6-dione
(observed yield 45%)

6.31 The product is epoxide B.

i
CH,COOH
- 5 O

Major product;
formed faster

Epoxidation is an electrophilic addition; oxygen is transferred to the more electron-rich, more
highly substituted double bond. A tetrasubstituted double bond reacts faster than a disubstituted one.

6.32 (a) There is no direct, one-step transformation that moves a hydroxyl group from one carbon to
another, and so it is not possible to convert 2-propanol to 1-propanol in a single reaction.
Analyze the problem by reasoning backward. 1-Propanol is a primary alcohol. What reactions

do we have available for the preparation of primary alcohols? One way is by the hydroboration—
oxidation of terminal alkenes.

hydroboration—oxidation

CH,CH=CH, CH,CH,CH,0H

Propene 1-Propanol
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The problem now becomes the preparation of propene from 2-propanol. The simplest way is
by acid-catalyzed dehydration.

H™', heat

CH3(|:HCH3 —%» CH,CH=CH,
OH

2-Propanol Propene

After analyzing the problem in terms of overall strategy, present the synthesis in detail show-
ing the reagents required in each step. Thus, the answer is:

H,S0, 1.B,H,

CH3(|JHCH3 — CH,CH=CH, 75 o~ CH:CH,CH,0H
OH
2-Propanol Propene 1-Propanol

(b) We analyze this synthetic exercise in a manner similar to the preceding one. There is no direct
way to move a bromine from C-2 in 2-bromopropane to C-1 in 1-bromopropane. We can,
however, prepare 1-bromopropane from propene by free-radical addition of hydrogen bro-
mide in the presence of peroxides.

peroxides
_—

CH,CH=CH, + HBr CH,CH,CH,Br

Propene Hydrogen 1-Bromopropane
bromide

We prepare propene from 2-bromopropane by dehydrohalogenation.

E2

CH3C|HCH3 CH,CH=CH,
Br
2-Bromopropane Propene

Sodium ethoxide in ethanol is a suitable base-solvent system for this conversion. Sodium
methoxide in methanol or potassium fert-butoxide in tert-butyl alcohol could also be used, as
could potassium hydroxide in ethanol.

Combining these two transformations gives the complete synthesis.

NaOCH,CH, HBr
—
CH3?HCH3 ccionhe” CH:CH=CH, —_ > CH,CH,CH,Br
Br
2-Bromopropane Propene 1-Bromopropane

(¢) Planning your strategy in a forward direction can lead to problems when the conversion of
2-bromopropane to 1,2-dibromopropane is considered. There is a temptation to try to simply
add the second bromine by free-radical halogenation.

Br,, light and heat

CH3$HCH3 CH3?HCH2Br

Br Br

2-Bromopropane 1,2-Dibromopropane
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This is incorrect! There is no reason to believe that the second bromine will be introduced
exclusively at C-1. In fact, the selectivity rules for bromination tell us that 2,2-dibromo-
propane is the expected major product.

The best approach is to reason backward. 1,2-Dibromopropane is a vicinal dibromide, and
we prepare vicinal dibromides by adding elemental bromine to alkenes.

CH,CH=CH, + Br, CH3?HCH2Br
Br
Propene Bromine 1,2-Dibromopropane

As described in part (b), we prepare propene from 2-bromopropane by E2 elimination. The
correct synthesis is therefore

NaOCH,CH; o Br,
CH3(|3HCH3 cienon~ CHCH=CH, CH3(|ZHCH2Br
Br Br
2-Bromopropane Propene 1,2-Dibromopropane

(d) Do not attempt to reason forward and convert 2-propanol to 1-bromo-2-propanol by free-
radical bromination. Reason backward! The desired compound is a vicinal bromohydrin, and
vicinal bromohydrins are prepared by adding bromine to alkenes in aqueous solution. The cor-
rect solution is

H,S0, Br,
CH3(|2HCH3 rer > CHCH=CH, —p5— CH3$HCHzBr
OH OH
2-Propanol Propene 1-Bromo-2-propanol

(e) Here we have another problem where reasoning forward can lead to trouble. If we try to con-
serve the oxygen of 2-propanol so that it becomes the oxygen of 1,2-epoxypropane, we need
a reaction in which this oxygen becomes bonded to C-1.

CH,CHCH, CH,CH—CH,
| N
OH 0
2-Propanol 1,2-Epoxypropane

This will not work as no synthetic method for such a single-step transformation exists!
By reasoning backward, recalling that epoxides are made from alkenes by reaction with
peroxy acids, we develop a proper synthesis.

(6]
H,S0, CH3(|2|OOH
CH3(|IHCH3 — CH,CH=CH, CH3C§—/CH2
OH @)
2-Propanol Propene 1,2-Epoxypropane

(f) tert-Butyl alcohol and isobutyl alcohol have the same carbon skeleton; all that is required is to
move the hydroxyl group from C-1 to C-2. As pointed out in part (a) of this problem, we
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cannot do that directly but we can do it in two efficient steps through a synthesis that involves
hydration of an alkene.

H,0, H,S0,

H,SO
(CH,),CHCH,OH ——— (CH,),C=CH,

heat

(CH,),COH
Isobutyl alcohol 2-Methylpropene tert-Butyl alcohol

Acid-catalyzed hydration of the alkene gives the desired regioselectivity.
(g) The strategy of this exercise is similar to that of the preceding one. Convert the starting mate-

rial to an alkene by an elimination reaction, followed by electrophilic addition to the double
bond.

KOC(CH;); o HI
(CH),CHCH,l o pe (CH3),C=CH, (CH,);CI
Isobutyl iodide 2-Methylpropene tert-Butyl iodide

(h)  This problem is similar to the one in part (d) in that it requires the preparation of a halohydrin
from an alkyl halide. The strategy is the same. Convert the alkyl halide to an alkene, and then
form the halohydrin by treatment with the appropriate halogen in aqueous solution.

Cl
Cl = OH
NaOCH,CH, cl,
—_— > D ——
CH,CH,OH H,0
Cyclohexyl chloride Cyclohexene trans-2-Chlorocyclohexanol

(i) Halogenation of an alkane is required here. lodination of alkanes, however, is not a feasible re-
action. We can make alkyl iodides from alcohols or from alkenes by treatment with HI. A rea-
sonable synthesis using reactions that have been presented to this point proceeds as shown:

cl, NaOCH,CHj HI
—_— A @ — —_— I
light CH,CH,OH
Cyclopentane Cyclopentyl chloride Cyclopentene Cyclopentyl iodide
(j) Dichlorination of cyclopentane under free-radical conditions is not a realistic approach to the

introduction of two chlorines in a trans-1,2 relationship without contamination by isomeric

dichlorides. Vicinal dichlorides are prepared by electrophilic addition of chlorine to alkenes.
The stereochemistry of addition is anti.

Cl, NaOCH CH,
—_— Cl BN n-Cl
light CH ;CH,OH
Cyclopentane Cyclopentyl chloride Cyclopentene trans-1,2-Dichlorocyclopentane

(k)  The desired compound contains all five carbon atoms of cyclopentane but is not cyclic. Two
aldehyde functions are present. We know that cleavage of carbon—carbon double bonds by
ozonolysis leads to two carbonyl groups, which suggests the synthesis shown in the following

equation:
O O
OH H,S0 1.0 H O O H | I
250, -03
b == O v () - woncnencn

Cyclopentanol Cyclopentene Pentanedial
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6.33 The two products formed by addition of hydrogen bromide to 1,2-dimethylcyclohexene cannot be
regioisomers. Stereoisomers are possible, however.

CH,
@: ; HBr
CH,

1,2-Dimethylcyclohexene cis-1,2-Dimethylcyclohexyl  frans-1,2-Dimethylcyclohexyl
bromide bromide

The same two products are formed from 1,6-dimethylcyclohexene because addition of hydrogen
bromide follows Markovnikov’s rule in the absence of peroxides.

CH,
HBr
©;CH3
H

1,6-Dimethylcyclohexene cis-1,2-Dimethylcyclohexyl  trans-1,2-Dimethylcyclohexyl
bromide bromide

6.34 The problem presents the following experimental observation:

CH, CH,
H,, Rh
_r H + CH;
(CH,),C (CH,),C (CH,),C
4-tert-Butyl(methylene)- cis-1-tert-Butyl-4- trans-1-tert-Butyl-4-
cyclohexane methylcyclohexane (88%) methylcyclohexane (12%)

This observation tells us that the predominant mode of hydrogen addition to the double bond is
from the equatorial direction. Equatorial addition is the less hindered approach and thus occurs
faster.

Acxial addition (slower)

CH,
(CH3)3C Equatorial addition (faster)

H

(a) Epoxidation should therefore give the following products:

CH, (0]
N AN
(0] CH,
(CH,),C (CH,),C
H H

Major product Minor product

The major product is the stereoisomer that corresponds to transfer of oxygen from the equa-
torial direction.
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(b) Hydroboration—oxidation occurs from the equatorial direction.

CH,OH H
\N\H \N\CHZOH
(CH,),C (CH,),C
H H
Major product Minor product

The methyl group in compound B shields one face of the double bond from the catalyst surface,
therefore hydrogen can be transferred only to the bottom face of the double bond. The methyl group
in compound A does not interfere with hydrogen transfer to the double bond.

H,C_H H,C_H
Top face of double bond:
Open Shielded by
/ P methyl group \

/

Compound A Compound B

Thus, hydrogenation of A is faster than that of B because B contains a more sterically hindered
double bond.

Hydrogen can add to the double bond of 1,4-dimethylcyclopentene either from the same side as
the C-4 methyl group or from the opposite side. The two possible products are cis- and trans-1, 3-
dimethylcyclopentane.

CH, (VJH3 CH,
HZ
Pt or Pd +
CH, CH, CH,
1,4-Dimethylcyclopentene cis-1,3-Dimethylcyclopentane  trans-1,3-Dimethylcyclopentane

Hydrogen transfer occurs to the less hindered face of the double bond, that is, trans to the C-4 methyl
group. Thus, the major product is cis-1,3-dimethylcyclopentane.

Hydrogen can add to either the top face or the bottom face of the double bond. Syn addition to the
double bond requires that the methyl groups in the product be cis.

CH, B, H CH,
“horpd H * CH,
| |
CH, H
CH,
CH, H

3-Carene can in theory undergo hydrogenation to give either cis-carane or trans-carane.

cis-Carane (98%) trans-Carane
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The exclusive product is cis-carane, since it corresponds to transfer of hydrogen from the less hin-

dered side.
CH, CH,
/_I'LC CH; H,C CH;
Methyl groups ) — .
shield this —q H
side of I ~ I
molecule H H ‘H\H\ H H
cis-Carane

6.39 Ethylene and propene react with concentrated sulfuric acid to form alkyl hydrogen sulfates. Addi-
tion of water hydrolyzes the alkyl hydrogen sulfates to the corresponding alcohols.

H,S0, H,0
H,C=CH, CH,CH,080,0H — CH,CH,0H
Ethylene Ethyl hydrogen sulfate Ethanol
H,S0, H,0
H,C=CHCH, CH3(|IHCH3 — CH3(|IHCH3
0SO,0H OH
Propene Isopropyl Isopropyl alcohol

hydrogen sulfate

Recall that alkyl substituents on the double bond increase the reactivity of alkenes toward elec-
trophilic addition. Propene therefore reacts faster than ethylene with sulfuric acid, and the mixture
of alkyl hydrogen sulfates is mainly isopropyl hydrogen sulfate, and the alcohol obtained on hy-
drolysis is isopropyl alcohol.

6.40 The first step in the mechanism of acid-catalyzed hydration of alkenes is protonation of the double
bond to give a carbocation intermediate.

H\ H\

+ +

07H  CH,—CHCH(CH,), J0: + CH,—CHCH(CH),
H H

Hydronium ion 3-Methyl-1-butene Water 1,2-Dimethylpropyl cation

(secondary)

The carbocation formed in this step is secondary and capable of rearranging to a more stable tertiary
carbocation by a hydride shift.

+ +
CH,—CH—C(CH,), CH,—CH—C(CH,),

H
1,2-Dimethylpropyl cation 1,1-Dimethylpropyl cation
(secondary) (tertiary)

The alcohol that is formed when water reacts with the tertiary carbocation is 2-methyl-2-butanol, not
3-methyl-2-butanol.

H
AN + —H*
:0: + CH,CH,C(CH,), CH,CH,C(CH,), CH,CH,C(CH,),
H/ ~_ A +(|) (l)H
/..Q -
H H

Water  1,1-Dimethylpropyl cation 2-Methyl-2-butanol
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6.41 In the presence of sulfuric acid, the carbon—carbon double bond of 2-methyl-1-butene is protonated
and a carbocation is formed.

H CH H CH
AN s AN s
oH me=c] —— o+ e
H CH,CH, H CH,CH,
Hydronium ion 2-Methyl-1-butene Water 1,1-Dimethylpropyl cation

This carbocation can then lose a proton from its CH, group to form 2-methyl-2-butene.

H
N . CH, H, _CH,
/:O: + H3C_C\ — /!O—H + H3C—C\
H C/ CHCH, H CHCH,
H
Water  1,1-Dimethylpropyl cation Hydronium ion 2-Methyl-2-butene

6.42 The first step in the reaction of an alkene with bromine is the formation of a bromonium ion.

Br,

H,C=CHCH,CH,CH,CH, H,G—CHCH,CH,CH,CH,

‘Br

This bromonium ion can react with Br~ to form 1,2-dibromohexane, or it can be attacked by

methanol.
H_ CH
N NI s
& Qo B 0
H2C\—/CHCH2CH2CH2CH3 |CH2CHCH2CH2CH2CH3 (|?H2CHCH2CH2CH2CH3
:Br- :Br: :Br:

1-Bromo-2-methoxyhexane

Attack on the bromonium ion by methanol is analogous to the attack by water in the mechanism of
bromohydrin formation.

6.43 The problem stipulates that a bridged sulfonium ion is an intermediate. Therefore, use the 7 elec-
trons of the double bond to attack one of the sulfur atoms of thiocyanogen and cleave the S—S bond
in a manner analogous to cleavage of a Br—Br bond in the reaction of bromine with an alkene.

:SCN
<
:SCN . ..

50— §—CN + §eN

The sulfonium ion is then attacked by thiocyanate (NCS™) to give the observed product, which has

the trans stereochemistry.

oo )
§—cN

@)
S—CN
11, oo

“§—CN
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6.44 Alkenes of molecular formula C,,H,, are trimers of 2-methylpropene. The first molecule of
2-methylpropene is protonated to form fert-butyl cation, which reacts with a second molecule of
2-methylpropene to give a tertiary carbocation having eight carbons.

CH, _CH,8
+
(CHQ;&C\ (CHy);CCH,—C_
CH, CH,
tert-Butyl cation ~ 2-Methylpropene 1,1,3,3-Tetramethylbutyl cation

This carbocation reacts with a third molecule of 2-methylpropene to give a 12-carbon tertiary

carbocation.
CH, /CHg CH, /CH3
’ +
(CH;);,CCH,C, + CH,5=C (CH,),CCH,CCH,—C
| \_/ N cH | \CH
CH, 3 CH, 3
1,1,3,3-Tetramethylbutyl cation =~ 2-Methylpropene 1,1,3,3,5,5-Hexamethylhexyl cation

The 12-carbon carbocation can lose a proton in either of two directions to give the alkenes shown.

C|H3 _cH, ) CH, CH, ClH% CH,
(CH3)3CCH2C|CH2—C\ (CH3)3CCH2C|CH2—C\ + (CH3)3CCH2C|CH=C\

CH, CH, CH, CH, CH, CH,
1,1,3,3,5,5-Hexamethylhexyl cation 2,4,4,6,6-Pentamethyl-1-heptene 2,4,4,6,6-Pentamethyl-2-heptene

6.45 The carbon skeleton is revealed by the hydrogenation experiment. Compounds B and C must have
the same carbon skeleton as 3-ethylpentane.

:>_// or :>=/L,:>_/

Three alkyl bromides have this carbon skeleton, namely, 1-bromo-3-ethylpentane, 2-bromo-
3-ethylpentane, and 3-bromo-3-ethylpentane. Of these three only 2-bromo-3-ethylpentane will give
two alkenes on dehydrobromination.

Br
:>J —E (only product)
1-Bromo-3-ethylpentane
}/ — B (only product)
Br

3-Bromo-3-ethylpentane

D, = DD
Br

2-Bromo-3-ethylpentane 3-Ethyl-1-pentene 3-Ethyl-2-pentene

T U X

Compound A must therefore be 2-bromo-3-ethylpentane. Dehydrobromination of A will follow
Zaitsev’s rule, so that the major alkene (compound B) is 3-ethyl-2-pentene and the minor alkene
(compound C) is 3-ethyl-1-pentene.
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6.46 The information that compound B gives 2,4-dimethylpentane on catalytic hydrogenation establishes

its carbon skeleton.
HZ
Compound B —————
catalyst

2,4-Dimethylpentane

Compound B is an alkene derived from compound A—an alkyl bromide of molecular formula
C,H,;Br. We are told that compound A is not a primary alkyl bromide. Compound A can therefore

be only:
BM o )\/k
Br

Since compound A gives a single alkene on being treated with sodium ethoxide in ethanol, it can
only be 3-bromo-2,4-dimethylpentane, and compound B must be 2,4-dimethyl-2-pentene.

NaOCH,CH, )\/k
—_—

CH,CH,OH
Br
3-Bromo-2,4-dimethylpentane 2,4-Dimethyl-2-pentene
(compound A) (compound B)

6.47 Alkene C must have the same carbon skeleton as its hydrogenation product, 2,3,3,4-
tetramethylpentane.

H,
catalyst

Alkene C

2,3,3,4-Tetramethylpentane

Alkene C can only therefore be 2,3,3,4-tetramethyl-1-pentene. The two alkyl bromides, compounds
A and B, that give this alkene on dehydrobromination have their bromine substituents at C-1 and

C-2, respectively.
KOC(CH,);,
\%(k dlmethyl sulfoxide

1-Bromo-2,3,3,4-tetramethylpentane _

2,3,3,4-Tetramethyl-1-pentene
KOC(CH,);
dimethyl sulfoxide

2-Bromo-2,3,3,4-tetramethylpentane

6.48 The only alcohol (compound A) that can undergo acid-catalyzed dehydration to alkene B without
rearrangement is the one shown in the equation.

KHSO4
heat

—H,0

Alcohol A Alkene B
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Dehydration of alcohol A also yields an isomeric alkene under these conditions.
n H
KHSO,
heat
HO —H,0

Alcohol A Alkene C

Electrophilic addition of hydrogen iodide should occur in accordance with Markovnikov’s rule.

H2C=CHC(CH3)3 m CH3(|:HC(CH3)3
1
3,3-Dimethyl-1-butene 3-Iodo-2,2-dimethylbutane

Treatment of 3-iodo-2,2-dimethylbutane with alcoholic potassium hydroxide should bring about
E2 elimination to regenerate the starting alkene. Hence, compound A is 3-iodo-2,2-dimethylbutane.

The carbocation intermediate formed in the addition of hydrogen iodide to the alkene is one
which can rearrange by a methyl group migration.

/\C|:H3 methyl C|H3
+ migration +
H,C=CHC(CH,), + H* H3C—CH—(|JCH3 e H3C—CH—(|3CH3
CH, CH,
I I
CH3?H—C(CH3)3 (CH3)2CH—C|(CH3)2
I I
Compound A Compound B

(2-i0do-2,3-dimethylbutane)

A likely candidate for compound B is therefore the one with a rearranged carbon skeleton, 2-iodo-
2,3-dimethylbutane. This is confirmed by the fact that compound B undergoes elimination to give
2,3-dimethyl-2-butene.

(CH)CH—C(CHy, 2 (CH,),C=C(CH,),
I
Compound B 2,3-Dimethyl-2-butene

The ozonolysis data are useful in quickly identifying alkenes A and B.

I |
Compound A HCH + (CH,),CCC(CH,),

Compound A is therefore 2-fert-butyl-3,3-dimethyl-1-butene.
CH,
(CH;);CCC(CH;),

Compound A

(”) O CH,
HCH + CH3C—$—C(CH3)3

Compound B
CH,4
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Compound B is therefore 2,3,3,4,4-pentamethyl-1-pentene.
H,C CH,
CH,C—CC(CHj;),
n
Compound B

Compound B has a carbon skeleton different from the alcohol that produced it by dehydration. We
are therefore led to consider a carbocation rearrangement.

clH3 H,C CH, ﬁHz
(CH3)3C—C|C(CH3)3 i CH3(|Z—(+3C(CH3)3 . (CHy,C—CC(CH,),
OH H,C Compound A
methyl
migration
H3C| clH3 H,C CH,
CH3(+J—C|C(CH3)3 H CH3C—C|C(CH3)3
CH, CH,

Compound B

6.51 The important clue to deducing the structures of A and B is the ozonolysis product C. Remembering
that the two carbonyl carbons of C must have been joined by a double bond in the precursor B, we write

H

S These two carbons
OO must have been
connected by a
~ double bond.
CH, CH,

Compound C Compound B

The tertiary bromide that gives compound B on dehydrobromination is 1-methylcyclohexyl bromide.

NaOCH,CH, @\
- = 5
CH,CH,0H
CH, CHCH -

Br 3

Compound A Compound B

When tertiary halides are treated with base, they undergo E2 elimination. The regioselectivity of
elimination of tertiary halides follows the Zaitsev rule.

6.52 Since santene and 1,3-diacetylcyclopentane (compound A) contain the same number of carbon
atoms, the two carbonyl carbons of the diketone must have been connected by a double bond in san-
tene. The structure of santene must therefore be

H,C CH,

CH,
@ more appropriately represented as

CH,
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6.53 (a) Compound A contains nine of the ten carbons and 14 of the 16 hydrogens of sabinene.
Ozonolysis has led to the separation of one carbon and two hydrogens from the rest of the
molecule. The carbon and the two hydrogens must have been lost as formaldehyde, H,C=O0.
This H,C unit was originally doubly bonded to the carbonyl carbon of compound A. Sabinene
must therefore have the structure shown in the equation representing its ozonolysis:

CH, o)
H H
1. Oy ~ C/
2. H,0,Zn + I
CH(CH,), CH(CH,),
Sabinene Compound A Formaldehyde

(b) Compound B contains all ten of the carbons and all 16 of the hydrogens of A’-carene. The two
carbonyl carbons of compound B must have been linked by a double bond in A3-carene.

Cleaved by (0] (@)
H,C H  ozonolysis I I
Lo CH,CCH, CH,CH
- O3
2. H,0, Zn BN/ "H
H \/ H 1, CH,
H,C CH,
A3-Carene Compound B

6.54 The sex attractant of the female housefly consumes one mole of hydrogen on catalytic hydrogena-
tion (the molecular formula changes from C,;H,, to C,;H,s). Thus, the molecule has one double
bond. The position of the double bond is revealed by the ozonolysis data.

0
|

1o |

Cy3Hys m CH,(CH,),CH + CHy(CH,),,CH
An unbranched 9-carbon unit and an unbranched 14-carbon unit make up the carbon skeleton, and
these two units must be connected by a double bond. The housefly sex attractant therefore has the

constitution:

CH,(CH,),CH=CH(CH,),,CH,

9-Tricosene

The data cited in the problem do not permit the stereochemistry of this natural product to be
determined.

6.55 The hydrogenation data tell us that C,,H,, contains one double bond and has the same carbon skele-
ton as 2,6,10,14-tetramethylpentadecane. We locate the double bond at C-2 on the basis of the fact
that acetone, (CH,),C==0, is obtained on ozonolysis. The structures of the natural product and the
aldehyde produced on its ozonolysis are as follows:

)}*js/\)\/\/k/\/k OWM

Ozonolysis cleaves molecule here. Aldehyde obtained on ozonolysis
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O O
I
Since HCCH,CH is one of the products of its ozonolysis, the sex attractant of the arctiid moth must
contain the unit =CHCH,CH=. This unit must be bonded to an unbranched 12-carbon unit at one
end and an unbranched 6-carbon unit at the other in order to give CH,(CH,),(CH=0O and
CH,(CH,),CH=O0 on ozonolysis.
CH,(CH,),,CH==CHCH,CH==CH(CH,),CH,

Sex attractant of arctiid moth
(wavy lines show positions of cleavage on ozonolysis)

1. 04
2.H,0, Zn

CH,(CH,),,CH + HCCH,CH + HC(CH,),CH,

The stereochemistry of the double bonds cannot be determined on the basis of the available
information.

Solutions to molecular modeling exercises are not provided in this Study Guide and Solutions Man-
ual. You should use Learning By Modeling for these exercises.

PART A

A-1. How many different alkenes will yield 2,3-dimethylpentane on catalytic hydrogenation?
Draw their structures, and name them.

A-2. Write structural formulas for the reactant, reagents, or product omitted from each of the
following:

H,SO0,(dilute)
(@) (CH,,C=CHCH, ————

(b) <:>:CH2 ’ QCH2Br

(0]

0,

1.
(© AC,H) H,0, Zn

@ g Chmn, 0L

A-3. Provide a sequence of reactions to carry out the following conversions. More than one
synthetic step is necessary for each. Write the structure of the product of each synthetic
step.

CH, CH,
OH
o OF% — (X
“OH
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A-4.

A-S.

A-6.

A-7.

A-8.
A-9.

A-10.

A-11.

Cl 0

SN
CH,CH,CH—C(CH,),

|
(b) CH,CH,CHCH(CH,),

(© «Hggc?HCH3 (CH,),CCH,CH,Br

Br
Provide a detailed mechanism describing the elementary steps in the reaction of 1-butene
with HBr in the presence of peroxides.

Chlorine reacts with an alkene to give the 2,3-dichlorobutane isomer whose structure is
shown. What are the structure and name of the alkene? Outline a mechanism for the reaction.

Cl Cl
H,C CH,
Write a structural formula, including stereochemistry, for the compound formed from
cis-3-hexene on treatment with peroxyacetic acid.

Give a mechanism describing the elementary steps in the reaction of 2-methyl-1-butene with
hydrogen chloride. Use curved arrows to show the flow of electrons.

What two alkenes give 2-chloro-2-methylbutane on reaction with hydrogen chloride?

Give the major organic product formed from the following sequence of reactions.

)\/ Br, NaOCH,CH, 1.B,H, )
light CH,CH,0H 2.H,0,,HO~  °
The reaction of 3-methyl-1-butene with hydrogen chloride gives two alkyl halide products;

one is a secondary alkyl chloride and the other is tertiary. Write the structures of the prod-
ucts, and provide a mechanism explaining their formation.

A hydrocarbon A (C¢H,,) undergoes reaction with HBr to yield compound B (C,H,;Br).
Treatment of B with sodium ethoxide in ethanol yields C, an isomer of A. Reaction of C with
ozone followed by treatment with water and zinc gives acetone, (CH;),C==O0, as the only
organic product. Provide structures for A, B, and C, and outline the reaction pathway.

PART B

B-1.

B-2.

B-3.

Rank the following alkenes in order of decreasing heats of hydrogenation (largest first)

NS /%T/ e N

1 2 3 4

(@ 2>3>4>1 d) 2>4>3>1
b 1>3>4>2 () 1>2>3>4
(0 1>4>3>2

The product from the reaction of 1-pentene with Cl, in H,O is named:
(a) 1-Chloro-2-pentanol (¢) 1-Chloro-1-pentanol
(b) 2-Chloro-2-pentanol (d) 2-Chloro-1-pentanol

In the reaction of hydrogen bromide with an alkene (in the absence of peroxides), the first
step of the reaction is the to the alkene.

(a) Fast addition of an electrophile (c¢) Slow addition of an electrophile

(b) Fast addition of a nucleophile (d) Slow addition of a nucleophile
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The major product of the following reaction sequence is

>=\ ; izlé; HO- ?
OH OH H
@ >= © @ >=0+ 0=
o YA @ >

Which, if any, of the following alcohols cannot be prepared from an alkene?

@ A~~OH (o )\AOH
(b) /W/\OH @ >_on

(e) None of these—all of the alcohols shown
can be prepared from an alkene

Which of the species shown is the most stable form of the intermediate in the electrophilic
addition of Cl, in water to cyclohexene to form a halohydrin? Electron pairs have been omit-
ted for convenience, and their absence should not be considered as part of the problem.

\‘H \‘H
g + + . N
Cle (X, X, (O, (e
“H cl cl cl 1
(a) (b) (o) (d) (e)

Treatment of 2-methyl-2-butene with HBr in the presence of a peroxide yields
(a) A primary alkyl bromide

(b) A secondary alkyl bromide

(c) Atertiary alkyl bromide

(d) A vicinal dibromide

The reaction

(CH;),C=CH, + Br- (CH,),C—CH,Br

is an example of a(n) step in a radical chain reaction.
(@) Initiation (¢) Termination
(b) Propagation (d) Heterolytic cleavage

To which point on the potential energy diagram for the reaction of 2-methylpropene with
hydrogen chloride does the figure shown at the right correspond?

b
®) @ (|3H3
5+
C~.
(c) H,C e \CH2

ﬁ
(a) i

© Cl%-
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B-10. Which of the following most accurately describes the first step in the reaction of hydrogen
chloride with 1-butene?

@ C(I\—/H\/[\\/ . AN+ C
0 L D —— A+ ar
© &Lh N —— 2NN+
@ d o~ —— A~ 1w

B-11. Which of the following best describes the flow of electrons in the acid-catalyzed dimeriza-
tion of (CH;),C=CH,?

_CH,
CH, CH HC=C_
) /}} <’ ’ H.C cH,
(a) _CC T () H;
H,C CH, CH,4 >C=CH2
H,C
H.C CH HZCQC CH
3 s - 3
®  eon ac=c] @ e’
) CH
H,C CH, ne—¢f "
“CH,

B-12. Which one of the following compounds gives acetone (CH,;),C==O0 as one of the products of
its ozonolysis?

s e e O O

(a) (©) (d) (e)

B-13. Addition of HCI to 3,3-dimethyl-1-butene yields two products, one of which has a re-
arranged carbon skeleton. Which of the following cations are intermediates in that reaction?

+ +
(CH,);CCHCH,Cl (CH3)3C(+EHCH3 (CH3)2C|36(CH3)2 (CH,),CCH(CH,),

Cl
1 2 3 4

@ L,2 b 1,3 (c) 1,4 d 2,3 (e) 2,4
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CHAPTER 7
STEREOCHEMISTRY

SOLUTIONS TO TEXT PROBLEMS

7.1 (c) Carbon-2 is a stereogenic center in 1-bromo-2-methylbutane, as it has four different
substituents: H, CH;, CH;CH,, and BrCH,,.

i
BrCHz—(lI—CHZCH3
CH,
(d) There are no stereogenic centers in 2-bromo-2-methylbutane.

l?r
CH3—C|—CH2CH3
CH,

7.2 (b) Carbon-2 is a stereogenic center in 1,1,2-trimethylcyclobutane.

CH,
& A stereogenic center; the four substituents to which
H it is directly bonded [H, CH;, CH,, and C(CHs),]

H3C CH3 are all different from one another.

1,1,3-Trimethylcyclobutane however, has no stereogenic centers.

H,C CH,
><></\N ot a stereogenic center;
H,C H

two of its substituents are the same.

156
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7.3 (b) There are two planes of symmetry in (Z)-1,2-dichloroethene, of which one is the plane of the
molecule and the second bisects the carbon—carbon bond. There is no center of symmetry. The
molecule is achiral.

<— Planes of symmetry

(c) Thereis a plane of symmetry in cis-1,2-dichlorocyclopropane that bisects the C-1—C-2 bond
and passes through C-3. The molecule is achiral.

/Plane of symmetry

3
Cl% AQCI

H H

(d) trans-1,2-Dichlorocyclopropane has neither a plane of symmetry nor a center of symmetry. Its
two mirror images cannot be superposed on each other. The molecule is chiral.

Cl-—\\A,AH and H-—\\A/ACI are nonsuperposable

.

H 1 cl H mirror images

7.4 The equation relating specific rotation [«] to observed rotation « is

The concentration c is expressed in grams per 100 mL and the length [/ of the polarimeter tube in
decimeters. Since the problem specifies the concentration as 0.3 g/15 mL and the path length as
10 cm, the specific rotation [«] is:

100(—0.78°)
la] =
100(0.3 g/15 mL)(10 cm/10 cm/dm)
= —39°
7.5 From the previous problem, the specific rotation of natural cholesterol is [a] = —39°. The mixture

of natural (—)-cholesterol and synthetic (+)-cholesterol specified in this problem has a specific
rotation [a] of —13°.
Optical purity = %(—)-cholesterol — % (+)-cholesterol
33.3% = %(—)-cholesterol — [100 — % (—)-cholesterol]
133.3% = 2 [% (—)-cholesterol]
66.7% = % (—)-cholesterol

The mixture is two thirds natural (—)-cholesterol and one third synthetic (+)-cholesterol.
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7.6  Draw the molecular model so that it is in the same format as the drawings of (+) and (—)-2-butanol
in the text.

Reorient the molecule so that it can be compared with the drawings of (+) and (—)-2-butanol.

HO ,H CH,CH, H
Reorient ///’C\ which becomes /:C—OH
H,C CH,CH, H,C

The molecular model when redrawn matches the text’s drawing of (+)-2-butanol.

7.7 (b) The solution to this problem is exactly analogous to the sample solution given in the text to
part (a).

H,c H
/C—CHQF
CH,CH,

(+)-1-Fluoro-2-methylbutane

Order of precedence: CH,F > CH,CH, > CH, > H

The lowest ranked substituent (H) at the stereogenic center points away from us in the
drawing. The three higher ranked substituents trace a clockwise path from CH,F to CH,CH,
to CH,.

H.C CH,F
3 \ / 2
LY )

CH,CH,

The absolute configuration is R; the compound is (R)-(+)-1-fluoro-2-methylbutane.
(c) The highest ranked substituent at the stereogenic center of 1-bromo-2-methylbutane is CH,Br,
and the lowest ranked substituent is H. Of the remaining two, ethyl outranks methyl.

Order of precedence: CH,Br > CH,CH; > CH; > H

The lowest ranking substituent (H) is directed toward you in the drawing, and therefore the
molecule needs to be reoriented so that H points in the opposite direction.

G H cn,
\’: :,
C—CH,Br ©  BrcH,—C
CH,CH; CH,CH,
turn 180°

(+)-1-Bromo-2-methylbutane
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The three highest ranking substituents trace a counterclockwise path when the lowest ranked
substituent is held away from you.

BrCH CH
r Z\C/ 3
|

CH,CH,

The absolute configuration is S, and thus the compound is (S)-(+)-1-bromo-2-methylbutane.

(d) The highest ranked substituent at the stereogenic center of 3-buten-2-ol is the hydroxyl group,

and the lowest ranked substituent is H. Of the remaining two, vinyl outranks methyl.
Order of precedence: HO > CH,—=CH > CH; > H
The lowest ranking substituent (H) is directed away from you in the drawing. We see that the
order of decreasing precedence appears in a counterclockwise manner.
H VRS
H3C\':; H3C\ /CH=CH2
/C—CH2=CH2 ?
HO OH
(+)-3-Buten-2-o0l
The absolute configuration is S, and the compound is (S)-(+)-3-buten-2-ol.
7.8 (b) The stereogenic center is the carbon that bears the methyl group. Its substituents are:
—CF,CH, >—CH,CF, > CH, > H
Highest Lowest
rank rank
When the lowest ranked substituent points away from you, the remaining three must appear in
descending order of precedence in a counterclockwise fashion in the S enantiomer. (S)-1, 1-
difluoro-2-methylcyclopropane is therefore
H/] /CH?)
F
7.9 (b) The Fischer projection of (R)-(+)-1-fluoro-2-methylbutane is analogous to that of the alcohol
in part (a). The only difference in the two is that fluorine has replaced hydroxyl as a sub-
stituent at C-1.
H3C{{____ CH,F CH,F
C—CH,F is the same as H=C—-CH, which becomes the Fischer projection H CH,

CH;CH, éHZCH3 CH,CH,
Although other Fischer projections may be drawn by rotating the perspective view in other di-
rections, the one shown is preferred because it has the longest chain of carbon atoms oriented
on the vertical axis with the lowest numbered carbon at the top.

(¢) As in the previous parts of this problem, orient the structural formula of (S)-(+)-1-bromo-
2-methylbutane so the segment BrCH,—C—CH,CH, is aligned vertically with the lowest
numbered carbon at the top.

p, CH: CH,Br CH,Br
/C—CHzBr is the same as H,C»C—=H which becomes the Fischer projection H,C H
CH,CH, CH,CH, CH,CH,
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(d) Here we need to view the molecule from behind the page in order to write the Fischer projec-
tion of (§)-(+)-3-buten-2-ol.

CH, {{ CH, CH,
/C—CH=CH2 is the same as H>§<OH which becomes the Fischer projection H OH
HO CH=CH, CH=CH,

7.10 In order of decreasing rank, the substituents attached to the stereogenic center in lactic acid are
—OH, —CO,H, —CH,;, and —H. The Fischer projection given for (+)-lactic acid (a) corresponds
to the three-dimensional representation (b), which can be reoriented as in (c). When (¢) is viewed
from the side opposite the lowest ranked substituent (H), the order of decreasing precedence is anti-
clockwise, as shown in (d). (+)-Lactic acid has the S configuration.

COH COH  HOSOH
: ey HOC___OH
HO——H  HO=C—H /C \Y
CH, CH, H,C CH,
(a) (D) (© (@)

7.11 The erythro stereoisomers are characterized by Fischer projections in which analogous substituents,
in this case OH and NH,, are on the same side when the carbon chain is vertical. There are two
erythro stereoisomers that are enantiomers of each other:

CH, CH,
H——OH HO——H
H——NH, HN——H

CH, CH,

Erythro Erythro

Analogous substituents are on opposite sides in the threo isomer:

CH, CH,
H——O0OH HO——H
H,N——H H——NH,

CH, CH,
Threo Threo

7.12 There are four stereoisomeric forms of 3-amino-3-butanol:

(2R,3R) and its enantiomer (25,35)
(2R,3S) and its enantiomer (2S5,3R)

In the text we are told that the (2R,3R) stereoisomer is a liquid. Its enantiomer (25,35) has the same
physical properties and so must also be a liquid. The text notes that the (2R,3S) stereoisomer is a
solid (mp 49°C). Its enantiomer (25,3R) must therefore be the other stereoisomer that is a crystalline
solid.
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7.13 Examine the structural formula of each compound for equivalently substituted stereogenic centers.
The only one capable of existing in a meso form is 2,4-dibromopentane.

Equivalently substituted
stereogenic centers

- J

/ Plane of
..... H H---*- symmetry

*
CH3|CHCH2C|HCH3 H—|—Br
Br Br CH;
2,4-Dibromopentane Fischer projection of

meso-2,4-dibromopentane

None of the other compounds has equivalently substituted stereogenic centers. No meso forms are
possible for:

(l)H
CH,CHCHCH,CH, CH3CHC|HCH2CH3 CH3$HCH2(|3HCH3
Br Br Br OH Br

2,3-Dibromopentane 3-Bromo-2-pentanol 4-Bromo-2-pentanol

7.14 There is a plane of symmetry in the cis stereoisomer of 1,3-dimethylcyclohexane, and so it is an
achiral substance—it is a meso form.

3 5
W=7
2 CH3 6

Plane of symmetry passes through
C-2 and C-5 and bisects the ring.

The trans stereoisomer is chiral. It is not a meso form.

7.15 A molecule with three stereogenic centers has 23 or 8, stereoisomers. The eight combinations of R
and S stereogenic centers are:

Stereogenic center Stereogenic center
123 123
Isomer 1 RRR Isomer 5 SSS
Isomer 2 RRS Isomer 6 SSR
Isomer 3 RSR Isomer 7 SRS
Isomer 4 SRR Isomer 8 RSS

7.16 2-Hexuloses have three stereogenic centers. They are marked with asterisks in the structural
formula.

T
HOCH,CCHCHCHCH,OH
OH OH

No meso forms are possible, and so there are a total of 23 or 8, stereoisomeric 2-hexuloses.
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7.17 Epoxidation of (Z)-2-butene gives the meso (achiral) epoxide. Oxygen transfer from the peroxy acid
can occur at either face of the double bond, but the product formed is the same because the two
mirror-image forms of the epoxide are superposable.

H,C
R [I
CH,COOH
H,C
ST O
H

meso-2,3-Epoxybutane

CH,
b —H
V4
C'_C\ 7
H

[
CH,COOH

R ———

meso-2,3-Epoxybutane

Epoxidation of (E)-2-butene gives a racemic mixture of two enantiomeric epoxides.

H,C
R |
CH,COOH
H
R/ | 0
H,C H

(2R,3R)-2,3-Epoxybutane

7.18

CH,
\
c—H
/
H’C E
\
H,C

I
CH,COOH

_—

H CH,

(25,35)-2,3-Epoxybutane

The observed product mixture (68% cis-1,2-dimethylcyclohexane: 32% trans-1,2-dimethylcyclo-

hexane) contains more of the less stable cis stereoisomer than the trans. The relative stabilities of the
products therefore play no role in determining the stereoselectivity of this reaction.

7.19

The tartaric acids incorporate two equivalently substituted stereogenic centers. (+)-Tartaric acid, as

noted in the text, is the 2R,3R stereoisomer. There will be two additional stereoisomers, the enan-
tiomeric (—)-tartaric acid (2S5,3S) and an optically inactive meso form.

COH

(28,3S)-Tartaric acid
(optically active)

(mp 170°C, [a], — 12°)

COH

COH

meso-Tartaric acid
(optically inactive)
(mp 140°C)

Plane of symmetry

7.20 No. Pasteur separated an optically inactive racemic mixture into two optically active enantiomers. A
meso form is achiral, is identical to its mirror image, and is incapable of being separated into opti-

cally active forms.
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The more soluble salt must have the opposite configuration at the stereogenic center of
1-phenylethylamine, that is, the S configuration. The malic acid used in the resolution is a single

enantiomer, S. In this particular case the more soluble salt is therefore (S)-1-phenylethylammonium
(S)-malate.

In an earlier exercise (Problem 4.23) the structures of all the isomeric CsH,,O alcohols were pre-
sented. Those that lack a stereogenic center and thus are achiral are

CH,CH,CH,CH,CH,OH  CH,CHCH,CH,0H (CH,),CCH,0H
b,
1-Pentanol 3-Methyl-1-butanol 2,2-Dimethyl-1-propanol
CH,
CH,CH,CHCH,CH,  CH,CH,COH
on i,

3-Pentanol 2-Methyl-2-butanol

The chiral isomers are characterized by carbons that bear four different groups. These are:

CH3(FHCH2CH2CH3 CH3(FHCH(CH3)2 CH3CH2?*HCH20H
OH OH CH,

2-Pentanol 3-Methyl-2-butanol 2-Methyl-1-butanol

The isomers of trichlorocyclopropane are

a
(Y- - -

)|
Nt Nl legArCI CI'T\\LE;/,,_‘CI

a H H « H  H
Enantiomeric forms of 1,1,2-trichlorocyclopropane cis-1,2,3-Trichlorocyclopropane trans-1,2,3-Trichlorocyclopropane
(both chiral) (achiral—contains a plane of symmetry) (achiral—contains a plane of symmetry)
7.24 (a) Carbon-2 is a stereogenic center in 3-chloro-1,2-propanediol. Carbon-2 has two equivalent

substituents in 2-chloro-1,3-propanediol, and is not a stereogenic center.

CICHZ(TZHCHon HOCH2(|?HCH20H

OH Cl
3-Chloro-1,2-propanediol 2-Chloro-1,3-propanediol
Chiral Achiral

(b) The primary bromide is achiral; the secondary bromide contains a stereogenic center and is
chiral.
CH,CH=CHCH,Br CH3?HCH=CH2

Br
Achiral Chiral
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(c) Both stereoisomers have two equivalently substituted stereogenic centers, and so we must be
alert for the possibility of a meso stereoisomer. The structure at the left is chiral. The one at the
right has a plane of symmetry and is the achiral meso stereoisomer.

CH3 CH3 Plane of symmetry
H,N——H H—NH,
H——NH, H——NH,
CH, CH,
Chiral Meso: achiral

(d) The first structure is achiral; it has a plane of symmetry.

Plane of symmetry passes through C-1, C-4, and C-7.

Cl

The second structure cannot be superposed on its mirror image; it is chiral.

A5 oy A

Reference structure Mirror image Reoriented mirror image

7.25 There are four stereoisomers of 2,3-pentanediol, represented by the Fischer projections shown. All
are chiral.

CH, CH, CH, CH,
H——OH  HO——H H——OH  HO—H
H——OH  HO——H HO——H H——OH

CH,CH, CH,CH, CH,CH, CH,CH,

Enantiomeric erythro isomers Enantiomeric threo isomers

There are three stereoisomers of 2,4-pentanediol. The meso form is achiral; both threo forms are
chiral.

CH, CH, CH,
H——OH H——OH HO—H
H——H H—H H——H
H——OH HO—H H——OH
CH, CH, CH,

meso-2,4-Pentanediol Enantiomeric threo isomers
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7.26 Among the atoms attached to the stereogenic center, the order of decreasing precedence is Br >
Cl > F > H. When the molecule is viewed with the hydrogen pointing away from us, the order
Br — Cl — F appears clockwise in the R enantiomer, anticlockwise in the S enantiomer.

Br Br
F
/C_Cl F""”C"""Cl
H 4
R-(—) S-(+)

7.27 (a) (—)-2-Octanol has the R configuration at C-2. The order of substituent precedence is
HO > CH,CH, > CH, > H

The molecule is oriented so that the lowest ranking substituent is directed away from you and
the order of decreasing precedence is clockwise.

HO H OH

DN CH3éC\Iv{2CH2

(b) In order of decreasing sequence rule precedence, the four substituents at the stereogenic cen-
ter of monosodium L-glutamate are

NH, > CO,” > CH, > H

CO,” CO,"
H3I§+H is the same as Hgltl>§<H
- + H
CH2CH2C02 Na CH2CH2C02_ Na+

When the molecule is oriented so that the lowest ranking substituent (hydrogen) is directed
away from you, the other three substituents are arranged as shown.

s
0,C_ _NH,
\»CHZCH2C02’ Na*

The order of decreasing rank is counterclockwise; the absolute configuration is S.

7.28 (a) Among the isotopes of hydrogen, T has the highest mass number (3), D next (2), and H low-
est (1). Thus, the order of rank at the stereogenic center in the reactant is CH; > T > D > H.
The order of rank in the product is HO > CH, > T > D.

T T
D\:: biological oxidation D\::
Ccu, Soloiin e o,
/ /
H HO

Orient with lowest ranked substituent away from you.

¥ N\ ~—
D T H,C T

p i

3
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The order of decreasing rank in the reactant is anticlockwise; the configuration is S. The order
of decreasing rank in the product is clockwise; the configuration is R.

Retention of configuration means that the three-dimensional arrangement of bonds at the
stereogenic center is the same in the reactant and the product. The R and S descriptors change
because the order of precedence changes in going from reactant to product; for example, CH,
is the highest ranked substituent in the reactant, but becomes the second-highest ranked in the
product.

7.29 Two compounds can be stereoisomers only if they have the same constitution. Thus, you should
compare first the constitution of the two structures and then their stereochemistry. The best way to
compare constitutions is to assign a systematic (IUPAC) name to each molecule. Also remember
that enantiomers are nonsuperposable mirror images, and diastereomers are stereoisomers that are
not enantiomers.

(@)

(b)

()

The two compounds are constitutional isomers. Their IUPAC names clearly reflect this
difference.

CH3C|3HCHZBr and CH3?HCH20H
OH Br

1-Bromo-2-propanol 2-Bromo-1-propanol

The two structures have the same constitution. Test them for superposability. To do this we
need to place them in comparable orientations.

H\CH* CH,
C—Br  isequivalent to H Br
CH,CH, CH,CH;
and
H \1;: CH,
C—CH, is equivalent to Br+H
CH,CH, CH,CH,

The two are nonsuperposable mirror images of each other. They are enantiomers.
To check this conclusion, work out the absolute configuration of each using the Cahn—
Ingold—Prelog system.

H \CHg H \B:r
C—Br C—CH,

CH,CH, CH,CH,

(S)-2-Bromobutane (R)-2-Bromobutane

Again, place the structures in comparable orientations, and examine them for superposability.

H \C:H3 o CH,
C—Br is equivalent to H Br
CH,CH, CH,CH,
and
ch, H CH,

/C —CH,CH, is equivalent to H+Br
Br CH,CH,


http://www.mhhe.com/physsci/chemistry/carey/student/olc
http://www.mhhe.com

STEREOCHEMISTRY 167

(d)

(e)

(f)

€]

(h)

(@)

The two structures represent the same compound, since they are superposable. (As a check,
notice that both have the S configuration.)
If we reorient the first structure,

H\CH3 CH,
C—Br becomes H-—Br
CH,CH, CH,CH,

which is the enantiomer of

CH,
Br +H
CH,CH,

As a check, the first structure is seen to have the S configuration, and the second has the R con-
figuration.

As drawn, the two structures are mirror images of each other; however, they represent an achi-
ral molecule. The two structures are superposable mirror images and are not stereoisomers but
identical.

CH,OH CH,OH
H+OH and HO+H are both identical
CH,OH CH,OH

The two structures—one cis, the other trans—are stereoisomers that are not mirror images;
they are diastereomers.

Cl
H,C H H,C
/
H Cl H H
trans-1-Chloro-2-methylcyclopropane cis-1-Chloro-2-methylcyclopropane

The two structures are enantiomers, since they are nonsuperposable mirror images. Checking
their absolute configurations reveals one to be R, the other S. Both have the E configuration at
the double bond.

= =
HO H H OH
(2R,3E)-3-Penten-2-ol (28,3E)-3-Penten-2-ol

These two structures are identical; both have the E configuration at the double bond and the R
configuration at the stereogenic center.

Alternatively, we can show their superposability by rotating the second structure 180°
about an axis passing through the doubly bonded carbons.

HO H -- /\/>\j HO H
Reference structure Rotate 180° around this axis Identical to reference structure

One structure has a cis double bond, the other a trans double bond; therefore, the two are di-
astereomers. Even though one stereogenic center is R and the other is S, the two structures are
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not enantiomers. The mirror image of a cis (or Z) double bond is cis, and that of a trans (or E)

double bond is trans.
H OH

HO H
(2R 3E)-3-Penten-2-ol (25,3Z)-3-Penten-2-ol

(/)  Here it will be helpful to reorient the second structure so that it may be more readily compared
with the first.

HO,

! and O\ which is equivalent to HO.., CH,OH
HO"“Q\CHZOH CH,OH q

Reference structure Enantiomer of
reference structure

The two compounds are enantiomers.
Examining their absolute configurations confirms the enantiomeric nature of the two
compounds.

OH

Hals—S
hal ) -
R— CH,0H CH,OH

HO
(R)-3-Hydroxymethyl-2-cyclopenten-1-ol (8)-3-Hydroxymethyl-2-cyclopenten-1-ol

(k)  These two compounds differ in the order in which their atoms are joined together; they are
constitutional isomers.

HO.,
5 4 <, 2
1
3 3
HO,.\\\Q\CHZOH SQ\CHZOH
2 4
3-Hydroxymethyl-2-cyclopenten-1-ol 3-Hydroxymethyl-3-cyclopenten-1-ol

(I)  To better compare these two structures, place them both in the same format.

CH, CH,
HO H HC  Hon H OH
R which is equivalent to
H on HOM ‘cnon HO H
CH,OH CH,OH

The two are enantiomers.
(m) Since cis-1,3-dimethylcyclopentane has a plane of symmetry, it is achiral and cannot have an
enantiomer. The two structures given in the problem are identical.

CH,

Plane of symmetry

CH,
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(n) These structures are diastereomers, that is, stereoisomers that are not mirror images. They
have the same configuration at C-3 but opposite conﬁgurations at C-2.

4 CH 4 CH
2R 3R 28,3R

(o) To compare these compounds, reorient the first structure so that it may be drawn as a Fischer
projection. The first step in the reorientation consists of a 180° rotation about an axis passing
through the midpoint of the C-2—C-3 bond.

X
becomes
Y
Thus
CO,H CH,
H Br H Br
H Br 18 H Br
CH, CO,H

Reference structure

Now rotate the “back” carbon of the reoriented structure to give the necessary alignment for a
Fischer projection.

CH, CH;,
‘ Br— —H Br——H
H Br o
becomes CH, which is the same as L
H Br H Br
H Br O
C
CO,H CO,H 2

This reveals that the original two structures in the problem are equivalent.
(p) These two structures are nonsuperposable mirror images of a molecule with two nonequiva-
lent stereogenic centers; they are enantiomers.

4CH

2R,3R 28,38

(99 The two structures are stereoisomers that are not enantiomers; they are diastereomers.

3C\%OH H3C\%

cis-3-Methylcyclohexanol trans-3-Methylcyclohexanol
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(r)  These two structures, cis- and trans-4-tert-butylcyclohexyl iodide, are diastereomers.

I

: M
(CHQ;% (CH,),C

Trans Cis

(s)  The two structures are nonsuperposable mirror images; they are enantiomers.

is equivalent to
5 ’ 2
CH, H,C

Reference structure Enantiomer of reference
structure

()  The two structures are identical.

H,C
3
CH,

Reference structure Identical to reference
structure

is equivalent to

(u) Asrepresented, the two structures are mirror images of each other, but because the molecule
is achiral (it has a plane of symmetry), the two must be superposable. They represent the same

compound.
H,C__H H_7 CH, H,C_7_H
1
: is equivalent to 6 2
4
2 5 3
Reference structure Identical to reference
structure

The plane of symmetry passes through C-7 and bisects the C-2—C-3 bond and the C-5—C-6

bond.
(v)  The structures are stereoisomers but not enantiomers; they are diastereomers. (Both are achi-
ral and so cannot have enantiomers.)

H.__CH,

H,C H
;\b and are stereoisomers but not mirror images

Achiral Achiral
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7.30  Write a structural formula for phytol and count the number of structural units capable of stereo-
chemical variation.

HOCHZCH=(lz(:H2CH2CHZ(T:HCHzcHZCHZ(T:H(:HZCHZCHz(l:HCH3
CH, CH, CH, CH,
3,7,11,15-Tetramethyl-2-hexadecen-1-o1

Phytol has two stereogenic centers (C-7 and C-11) and one double bond. The stereogenic centers
may be either R or S, and the double bond may be either E or Z. Eight stereoisomers are possible.

Isomer
1 2 3 4 5 6 7 8
Double bond E E E E Z Z Z Z
Carbon-7 R S R S R S R S
Carbon-11 R S S R R S S R

7.31 (a) Muscarine has three stereogenic centers, and so eight stereoisomers have this constitution.
(b) The three substituents on the ring (at C-2, C-3, and C-5) can be thought of as being either up
(U) or down (D) in a perspective drawing. Thus the eight possibilities are:

UuU, UUD, UDU, DUU, UDD, DUD, DDU, DDD

Of these, six have one substituent trans to the other two.
(¢) Muscarine is

OH .
Hal » .
H,Cm{ )=CH,N(CH,), HO"
H O( H
s

7.32 To write a stereochemically accurate representation of ectocarpene, it is best to begin with the con-
figuration of the stereogenic center, which we are told is S.

H® CH=CHCH,CH,

Clearly, hydrogen is the lowest ranking substituent; among the other three substituents, two are part
of the ring and the third is the four-carbon side chain. The priority rankings of these groups are de-
termined by systematically working along the chain.

The substituents

—CH=CHCH,CH=CHCH, = —CH=CHCH,CH, = —CH,CH=CHCH,CH=CH
(Ring) (Side chain) (Ring)

are considered as if they were

L L

C C H C C H H H
(Ring) (Side chain) (Ring)
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Orienting the molecule with the hydrogen away from you

N

H CH=CHCH,CH,

we place the double bonds in the ring so that the order of decreasing sequence rule precedence is
counterclockwise:

Highest priority Third highest

<
H ,CH=—CHCH,CH,
Lowest C« Second highest

Finally, since all the double bonds are cis, the complete structure becomes:

7.33 (a) Multifidene has two stereogenic centers and three double bonds. Neither the ring double bond
nor the double bond of the vinyl substituent can give rise to stereoisomers, but the butenyl side
chain can be either E or Z. Eight (2°) stereoisomers are therefore possible. We can rationalize
them as

2
| 3 CH=CHCH,CH,

! CH=CH,
Stereoisomer C-3 C4 Butenyl double bond
1 R R E .
2 S S E } enantiomers
3 R R VA .
4 S s 7 } enantiomers
5 R S E .
6 S R E } enantiomers
7 R S VA .
8 S R 7 } enantiomers

(b) Given the information that the alkenyl substituents are cis to each other, the number of
stereoisomers is reduced by half. Four stereoisomers are therefore possible.

(c) Knowing that the butenyl group has a Z double bond reduces the number of possibilities by
half. Two stereoisomers are possible.

(d) The two stereoisomers are
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(e) These two stereoisomers are enantiomers. They are nonsuperposable mirror images.

//
=

/ Mirror plane

==

In a substance with more than one stereogenic center, each center is independently specified as R
or §. Streptimidone has two stereogenic centers and two double bonds. Only the internal double
bond is capable of stereoisomerism.

The three stereochemical variables give rise to eight (2°) stereoisomers, of which one is streptimi-
done and a second is the enantiomer of streptimidone. The remaining six stereoisomers are dia-
stereomers of streptimidone.

(a) The first step is to set out the constitution of menthol, which we are told is 2-isopropyl-
5-methylcyclohexanol.

CH,

OH
CH(CH,),

2-Isopropyl-5-methylcyclohexanol

Since the configuration at C-1 is R in (—)-menthol, the hydroxyl group must be “up” in our
drawing.
CH,

R configuration at C-1

Il--~H

OH
CH(CH,),

Because menthol is the most stable stereoisomer of this constitution, all three of its sub-
stituents must be equatorial. We therefore draw the chair form of the preceding structure,
which has the hydroxyl group equatorial and up, placing isopropyl and methyl groups so as to
preserve the R configuration at C-1.

2
(CH,),CH
vz mc&

H
(—)-Menthol
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(b) To transform the structure of (—)-menthol to that of (+)-isomenthol, the configuration at C-5
must remain the same, whereas those at C-1 and C-2 are inverted.

(CH,),CH
2
2
i HO CH3 1 CH3
1 5 5
OH
(—)-Menthol (+)-Isomenthol

(+)-Isomenthol is represented here in its correct configuration, but the conformation with two
axial substituents is not the most stable one. The ring-flipped form will be the preferred con-
formation of (+)-isomenthol:

(CH,),CH CH,

(CHs)zCHw

OH

CH,

OH
Most stable conformation of
(+)-isomenthol

7.36  Since the only information available about the compound is its optical activity, examine the two
structures for chirality, recalling that only chiral substances can be optically active.
The structure with the six-membered ring has a plane of symmetry passing through C-1 and C-4.
It is achiral and cannot be optically active.

CH,OH
H——OH
CO,H
5 1 HO——H
HO 6 OH
4 5 A H——OH
HO H——OH
CH,OH

Achiral; [a], 0° Chiral; can be optically active

The open-chain structure has neither a plane of symmetry nor a center of symmetrys; it is not super-
posable on its mirror image and so is chiral. It can be optically active and is more likely to be the
correct choice.

7.37 Compound B has a center of symmetry, is achiral, and thus cannot be optically active.

CH, CH, CH, CH,
HO 16 B B B B
P P VP P W NP\ P N N NN
I i i I v OH
CH, CH, CH, CH,

Compound B: not optically active
(center of symmetry is midpoint of C-16—C-17 bond)

The diol in the problem is optically active, and so it must be chiral. Compound A is the naturally oc-
curring diol.
7.38 (a) The equation that relates specific rotation [a], to observed rotation « is

_ 100
cl

[alp
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where c is concentration in grams per 100 mL and / is path length in decimeters.
_ 100(—5.20%)
[@lo = 5.0 /100 mL)2 dm)

= —130°

(b) The optical purity of the resulting solution is 10/15, or 66.7%, since 10 g of optically pure
fructose has been mixed with 5 g of racemic fructose. The specific rotation will therefore be
two thirds (10/15) of the specific rotation of optically pure fructose:

[alp = 3(—130°) = —87°

7.39 (a) The reaction of 1-butene with hydrogen iodide is one of electrophilic addition. It follows
Markovnikov’s rule and yields a racemic mixture of (R)- and (S)-2-iodobutane.

H

H.cH : ,CH,
o HI “_ 4
CH,CH,CH=CH, C—1 + 1=C(
CH,CH, CH,CH,
1-Butene (R)-2-Iodobutane (§)-2-Iodobutane

(b) Bromine adds anti to carbon—carbon double bonds to give vicinal dibromides.

Br CH,CH,
HC H B, HT/=CHCH, H7Br
CCl
H  CH,CH, ) H,C—/-H Br—/H
Br CH,
(E)-2-Pentene (2R,35)-2,3-Dibromopentane (25,3R)-2,3-Dibromopentane

The two stereoisomers are enantiomers and are formed in equal amounts.
(c) Two enantiomers are formed in equal amounts in this reaction, involving electrophilic addi-
tion of bromine to (Z)-2-pentene. These two are diastereomeric with those formed in part (b).

Br
H,C  CH,CH CHCH,——H
3 PASRE Br, CH,CH, H N E@B:
> < CCl
H H ' CH,—-H CH;y —H
Br
(Z)-2-Pentene (2R,3R)-2,3-Dibromopentane (25,35)-2,3-Dibromopentane

(d) Epoxidation of 1-butene yields a racemic epoxide mixture.

H
. peroxyacetic acid B H
CH,CH,CH=CH, —ona, CH,CHp~><— + "
0 CH,CH,
(5)-1,2-Epoxybutane (R)-1,2-Epoxybutane

(e) Two enantiomeric epoxides are formed in equal amounts on epoxidation of (Z)-2-pentene.

H H H H o

peroxyacetic acid

W HSC'//??‘CHch3 + H-HH

H,C  CH,CH, H,C CH,CH,

(Z)-2-Pentene (25,3R)-2,3-Epoxypentane (2R,35)-2,3-Epoxypentane
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The reaction is a stereospecific syn addition. The cis alkyl groups in the starting alkene remain
cis in the product epoxide.

(f) The starting material is achiral, so even though a chiral product is formed, it is a racemic mix-
ture of enantiomers and is optically inactive.

%, CH, H, %, CH, n Q/CH3
CH, T N, CH, S\, CH,4
CH, H,C H H CH,
1,5,5-Trimethylcyclopentene (R)-1,1,2-Trimethylcyclopentane (S)-1,1,2-Trimethylcyclopentane

(g) Recall that hydroboration—oxidation leads to anti-Markovnikov hydration of the double

bond.
Z, CH3 1. B,Hg + N Z,
.. > B ..
CH, 2.H,0,, HO~ HO &\, CH,
CH, H,C H H CH,
1,5,5-Trimethylcyclopentene (18,25)-2,3,3-Trimethylcyclopentanol (1R,2R)-2,3,3-Trimethylcyclopentanol

The product has two stereogenic centers. It is formed as a racemic mixture of enantiomers.

7.40 Hydration of the double bond of aconitic acid (shown in the center) can occur in two regiochemi-
cally distinct ways:

OH CO,H
L HO,CCH, CO,H
HO,CCH,CHCHCO,H HO N H,0 HO,CCH,CCH,CO,H
¥ 5 c=C 5 2 2 | WYy
COH HOZC/ \H OH
Chiral Aconitic acid Achiral
(isocitric acid) (citric acid)

One of the hydration products lacks a stereogenic center. It must be citric acid, the achiral, optically
inactive isomer. The other one has two different stereogenic centers and must be isocitric acid, the
optically active isomer.

7.41 (a) Structures A and B are chiral. Structure C has a plane of symmetry and is an achiral meso
form.
(b) Ozonolysis of the starting material proceeds with the stereochemistry shown. Compound B is
the product of the reaction.

CH=0
H—H
H
H,C p
3 2 o H——CH
1- O, > H,C CH=0 which is equivalent to ’
R 27000 H,C CH=0 H.C——H
H,C i ’
H—H
CH=0
Compound B

(c¢) If the methyl groups were cis to each other in the cycloalkene, they would be on the same side
of the Fischer projection in the product. Compound C would be formed.

742 (a) The E2 transition state requires that the bromine and the hydrogen that is lost be antiperipla-
nar to each other. Examination of the compound given in the problem reveals that loss of
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bromine and the deuterium will yield trans-2-butene, whereas loss of the bromine and the hy-
drogen on C-3 will yield cis-2-butene.

B
H‘—,,/ 1 4 f Br CH; Br D
" C/C\C/CH3 can be redrawn as \\\\\C— Cs)H rotation around \}C— Cs‘)CHa

3 B H* / \ C-2 - C-3 bond H-“/ \

D A CH D CH H
H 3 3
E2 (-DBr) E2 (-HBr)
H\ /CH3 H\ /D
C=C C=C
/ AN 7 AN
H,C H H,C CH,
trans-2-Butene cis-2-Butene

The trans-2-butene that forms does not contain deuterium, but cis-2-butene does. 1-Butene
also contains deuterium.

Br
E2

|
CH3CH(|JHCH3 CH2=CH(|3HCH3
D D
1-Butene
(b) The starting material in part (a) is the erythro isomer. The relative positions of the H and C at

C-3 are reversed in the threo isomer. The erythro and threo isomers can be drawn using
Fischer projections:

CH, CH,
Br—H Br——H
D——H H——D

CH, CH,

Erythro Threo

Because the positions of the H and D on C-3 in the threo isomer are opposite that in the
erythro, the deuterium content of cis- and trans-2-butene would be reversed. frans-2-Butene
obtained from the threo isomer would contain deuterium, and cis-2-butene would not. 1-
Butene obtained from the threo isomer would also contain deuterium.

7.43 Bromine adds to the unknown compound, suggesting the presence of a double bond in addition to
the five-membered ring. The following are possible structures for the unknown:

Y

CH, CH, CH, CH,

Methylenecyclopentane 1-Methylcyclopentene 3-Methylcyclopentene 4-Methylcyclopentene
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Which of these form diastereomeric dibromides on anti addition of bromine?
Br.
— (only product)
CH, Br CH,Br
Methylenecyclopentane
_ Bn \ + (enantiomers)
Br.-\\ N Br N
CH, CH, Br Br CH,
1-Methylcyclopentene
Br
R T + (diastereomers)
N Br™”
H CH, H CH,
3-Methylcyclopentene
Br Br
“, ,
Q _Br Q + (enantiomers)
H CH, H CH,

H CH,

4-Methylcyclopentene

We are told in the problem that two diastereomeric bromides were formed, thus the compound
must be 3-methylcyclopentene.

7.44 Dehydration of this tertiary alcohol can yield 2,3-dimethyl-1-pentene or 2,3-dimethyl-2-pentene.
Only the terminal alkene in this case is chiral.

Peis CH,
CH3CH2$HC|(CH3)2 CH3CH2$HC\ + CH3CH2C|=C\
H,C OH cH, CHs cH, CHs
2,3-Dimethyl-2-pentanol 2,3-Dimethyl-1-pentene 2,3-Dimethyl-2-pentene
(chiral, optically pure) (chiral, optically pure) (achiral, optically inactive)
H,, Pt H,, Pt

CH3CH2(|*3HCH(CH3)2 CH3CH2(FHCH(CH3)2
CH, CH,

2,3-Dimethylpentane 2,3-Dimethylpentane
(chiral, optically pure) (chiral, optically inactive)

The 2,3-dimethyl-1-pentene formed in the dehydration reaction must be optically pure because it
arises from optically pure alcohol by a reaction that does not involve any of the bonds to the stereo-
genic center. When optically pure 2,3-dimethyl-1-pentene is hydrogenated, it must yield optically
pure 2,3-dimethylpentane—again, no bonds to the stereogenic center are involved in this step.
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The 2,3-dimethyl-2-pentene formed in the dehydration reaction is achiral and must yield racemic
2,3-dimethylpentane on hydrogenation.

Because the alkane is 50% optically pure, the alkene fraction must have contained equal amounts
of optically pure 2,3-dimethyl-1-pentene and its achiral isomer 2,3-dimethyl-2-pentene.

745 (a) Oxygen may be transferred to either the front face or the back face of the double bond when
(R)-3-buten-2-ol reacts with a peroxy acid. The structure of the minor stereoisomer was given
in the problem. The major stereoisomer results from addition to the opposite face of the dou-

ble bond.
H OH H OH o H OH \C
Z CH2 peroxy acid ’4, B 0 B 5 O
H,C —— HC TCH, + g
H H u
(R)-3-Buten-2-ol Minor stereoisomer Major stereoisomer

(b) The two epoxides have the same configuration (R) at the secondary alcohol carbon, but oppo-
site configurations at the stereogenic center of the epoxide ring. They are diastereomers.

(¢) In addition to the two diastereomeric epoxides whose structures are shown in the solution to
part (a), the enantiomers of each will be formed when racemic 3-buten-2-ol is epoxidized. The
relative amounts of the four products will be:

Enantiomeric forms of
minor stereoisomer,
totaling 40%

Enantiomeric forms of
major stereoisomer,
totaling 60%

30% 30%

7.46-7.49 Solutions to molecular modeling exercises are not provided in this Study Guide and Solutions Man-
ual. You should use Learning By Modeling for these exercises.

SELF-TEST
PART A

A-1. For each of the following pairs of drawings, identify the molecules as chiral or achiral and
tell whether each pair represents molecules that are enantiomers, diastereomers, or identical.

(@) CH3\ CH, CHS\ CH,
/6\ and /6
CH,CH, Cl CH CH,
H H

s


http://www.mhhe.com/physsci/chemistry/carey/student/olc
http://www.mhhe.com

180

A-2.

A-3.

A-4.

A-6.
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(d) CH, CH,
H Br Br H
and
H—Br H——Br
CH,CH, CH,CH,

H
Specify the configuration of each stereogenic carbon in the preceding problem, using the
Cahn-Ingold—Prelog R—S system.

Predict the number of stereoisomers possible for each of the following constitutions. For
which of these will meso forms be possible?

CH, CH,
Cl Cl
(a) (c) CH2=CH(|ZHCH=CHCH3
OH
Br Br Cl

(b) CH,CHCHCHCH,

Using the skeletons provided as a guide,
(a) Draw a perspective view of (2R,3R)-3-chloro-2-butanol.

HC .
)C—c\'
CH,

(b) Draw a sawhorse diagram of (R)-2-bromobutane.

CH,
H-7~H

(c) Draw Fischer projections of both these compounds.

Draw Fischer projections of each stereoisomer of 2,3-dichlorobutane. Identify each stereo-
genic center as R or S. Which stereoisomers are chiral? Which are not? Why?

(a) The specific rotation of pure (—)-cholesterol is —39°. What is the specific rotation of a
sample of cholesterol containing 10% (+)-cholesterol and 90% (—)-cholesterol.

(b) If the rotation of optically pure (R)-2-octanol is —10° what is the percentage of the
S enantiomer in a sample of 2-octanol that has a rotation of —4°?
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A-7. Write the organic product(s) expected from each of the following reactions. Show each
stereoisomer if more than one forms.
(a) 1,5,5-Trimethylcyclopentene and hydrogen bromide
(b) (E)-2-Butene and chlorine (Cl,)
(¢) (Z)-2-Pentene and peroxyacetic acid

A-8. Give the IUPAC name, including stereochemistry, for the following:
CH, OH
Cl CH2Br 1---~CH2CH3
(@) (b)

H Br
H

A-9. How many stereoisomeric products are obtained from the reaction of (S)-3-chloro-1-butene
with hydrogen bromide? What is their relationship (enantiomers, diastereomers)?

A-10. Write the final product of the following reaction sequence, clearly showing its stereochem-
istry. Is the product achiral, a meso compound, optically active, or a racemic mixture?

/\/\i H,SO,, heat 1.B,H,
OH

2.H,0,, HO~

PART B
B-1. The structure of (S)-2-fluorobutane is best represented by
F H
| \
(@) CH,CHCH,CH, (o) ~C—F
e
€ CH,CH,
F\ CH,
(b) ~C—H (d) F—r—H
H,C’ -
>~ CH,CH, CH,CH;

B-2. Which one of the following is chiral?
(a) 1,1-Dibromo-1-chloropropane
(b) 1,1-Dibromo-3-chloropropane
(¢) 1,3-Dibromo-1-chloropropane
(d) 1,3-Dibromo-2-chloropropane

B-3. Which of the following compounds are meso forms?

CH, CH, CH,
H——OH H——CI
H OH Cl H
. . CH,
CH,CH, CH,
1 2 3
(a) 1only (¢) land2

(b) 3only (d) 2and3
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B-4. The 2,3-dichloropentane whose structure is shown is

CH,
H—Cl
Cl——H
CH,CH,
(@) 2R3R (b) 2R3S (¢) 283R d) 283S
B-5. The separation of a racemic mixture into the pure enantiomers is termed
(@) Racemization (¢) Isomerization
(b) Resolution (d) Equilibration

B-6. Order the following groups in order of R—S ranking (4 is highest):

—CH(CH;), —CH,CH,Br —CH,Br —C(CH,),
A B C D
4 3 2 1
(@) C B D A
(b) A D B C
(© C D A B
() C D B A

B-7. A meso compound
(a) Is an achiral molecule that contains stereogenic centers.
(b) Contains a plane of symmetry or a center of symmetry.
(c¢) Is optically inactive.
(d) Is characterized by all of these.

B-8. The S enantiomer of ibuprofen is responsible for its pain-relieving properties. Which one of
the structures shown is (S)-ibuprofen?

i
C, Co. OH
V'CH, VC
H H,C \|
0
i
CH, C—OH
b — : Lo @ — : Y
\ (H
—OH
//C (0) H,C
(0]
B-9. Which one of the following is a diastereomer of (R)-4-bromo-cis-2-hexene?
(@) (S)-4-bromo-cis-2-hexene (d) (S)-5-bromo-trans-2-hexene
(b)  (R)-4-bromo-trans-2-hexene (e) (R)-5-bromo-trans-2-hexene

(¢)  (R)-5-bromo-cis-2-hexene
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B-10. The reaction sequence

0
H |
\ CH,COOH
WC—CH==CH,
H,C'¢
CH,CH,
will yield:
(a) A pair of products that are enantiomers
(b) A single product that is optically active
(c) A npair of products that are diastereomers
(d) A pair of products one of which is meso
B-11. Which of the following depict the same stereoisomer?
CH,CH, CH, CH,CH,
Br=C—=Cl CH,CHm~C=Cl  CH,=C—=Br
éH3 Br Cl
1 2 3

(@ land2 (b) 1land3 (¢) 2and3 d) 1,2,and3

B-12. A naturally occurring substance has the constitution shown. How many stereoisomers may
have this constitution?

0
HO CH,OH
HO CH=CHCH=CHCH,CH,CH,
(@ 2 b) 8 () 16 d) 64 (e) 128

B-13. Acid-catalyzed hydration of an unknown compound X, C;H,,, yielded as the major product a
racemic mixture Y, C;H,,O. Which (if any) of the following is (are) likely candidate(s) for X?

1 3

(@) 3only (¢) land3 (e) None of these
() 2only (d 2and3

B-14. The major product(s) from the reaction of Br, with (Z)-3-hexene is (are)
(a) Optically pure
(b) Aracemic mixture of enantiomers
(¢) The meso form
(d) Both the racemic mixture and the meso form
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CHAPTER 8

NUCLEOPHILIC
SUBSTITUTION

SOLUTIONS TO TEXT PROBLEMS

8.1 Identify the nucleophilic anion in each reactant. The nucleophilic anion replaces bromine as a sub-
stituent on carbon.

(b) Potassium ethoxide serves as a source of the nucleophilic anion CH,CH,O™.

CH,CH,Q): + CH,Br: CH;CH,QCH; +  :Br:

Ethoxide ion Methyl bromide Ethyl methyl ether Bromide ion
(nucleophile) (product)
(©) O: O:

Benzoate ion Methyl bromide Methyl benzoate Bromide ion

(d) Lithium azide is a source of the azide ion.
oy
:N:N:N:

It reacts with methyl bromide to give methyl azide.

IN=N=N: + CHBr CHN=N=N: + B

Azide ion Methyl Methyl azide Bromide ion
(nucleophile) bromide (product)

(e)  The nucleophilic anion in KCN is cyanide (:C=N:). The carbon atom is negatively charged
and is normally the site of nucleophilic reactivity.

:N=C: + CH,Br:

CH,C=N: + :]ir:’

Cyanide ion Methyl bromide Methyl cyanide Bromide ion
(nucleophile) (product)

184
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(f) The anion in sodium hydrogen sulfide (NaSH) is 7:SH .

HS: + CH,Br:

CHSH  + B

Hydrogen Methyl bromide Methanethiol Bromide ion
sulfide ion

(g) Sodium iodide is a source of the nucleophilic anion iodide ion, ::I::’ . The reaction of sodium
iodide with alkyl bromides is usually carried out in acetone to precipitate the sodium bromide
formed.

acetone

J7 +  CHBr CHJ:  + :Bre

Iodide ion ~ Methyl bromide Methyl iodide ~ Bromide ion

Write out the structure of the starting material. Notice that it contains a primary bromide and a pri-
mary chloride. Bromide is a better leaving group than chloride and is the one that is displaced faster
by the nucleophilic cyanide ion.

NaCN
ethanol-water

CICH,CH,CH,Br CICH,CH,CH,C=N

1-Bromo-3-chloropropane 4-Chlorobutanenitrite
No, the two-step sequence is not consistent with the observed behavior for the hydrolysis of methyl

bromide. The rate-determining step in the two-step sequence shown is the first step, ionization of
methyl bromide to give methyl cation.

slow

1. CHBr ———— CH;" + Br~

fast

2. CH," + HO~ CH,0OH

In such a sequence the nucleophile would not participate in the reaction until after the rate-
determining step is past, and the reaction rate would depend only on the concentration of methyl
bromide and be independent of the concentration of hydroxide ion.

Rate = k[CH,Br]

The predicted kinetic behavior is first order. Second order kinetic behavior is actually observed for
methyl bromide hydrolysis, so the proposed mechanism cannot be correct.

Inversion of configuration occurs at the stereogenic center. When shown in a Fischer projection,
this corresponds to replacing the leaving group on the one side by the nucleophile on the opposite
side.

CH, CH,
H+Br o HO+H
CH,(CH,),CH; CH,(CH,),CH,
(§)-(+)-2-Bromooctane (R)-(—)-2-Octanol

The example given in the text illustrates inversion of configuration in the Sy2 hydrolysis of
(8)-(+)-2-bromooctane, which yields (R)-(—)-2-octanol. The hydrolysis of (R)-(—)-2-bromooctane
exactly mirrors that of its enantiomer and yields (S)-(+)-2-octanol.

Hydrolysis of racemic 2-bromooctane gives racemic 2-octanol. Remember, optically inactive
reactants must yield optically inactive products.

Sodium iodide in acetone is a reagent that converts alkyl chlorides and bromides into alkyl io-
dides by an Sy2 mechanism. Pick the alkyl halide in each pair that is more reactive toward Sy2
displacement.
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(b) The less crowded alkyl halide reacts faster in an Sy2 reaction. 1-Bromopentane is a primary
alkyl halide and so is more reactive than 3-bromopentane, which is secondary.

BrCH,CH,CH,CH,CH, CH3CH2(|3HCH2CH3
Br
1-Bromopentane 3-Bromopentane
(primary; more reactive in Sy2) (secondary; less reactive in Sn2)

(c) Both halides are secondary, but fluoride is a poor leaving group in nucleophilic substitution
reactions. Alkyl chlorides are more reactive than alkyl fluorides.

CH3C|HCH2CH2CH3 CH3C|HCH2CH2CH3

Cl F
2-Chloropentane 2-Fluoropentane
(more reactive) (less reactive)

(d) Asecondary alkyl bromide reacts faster under Sy2 conditions than a tertiary one.

i
CH,CHCH,CH,CHCH, CH,CCH,CH,CH,CH,
I|3r éH3 l|3r
2-Bromo-5-methylhexane 2-Bromo-2-methylhexane
(secondary; more reactive in Sy2) (tertiary; less reactive in SN2)

(¢e)  The number of carbons does not matter as much as the degree of substitution at the reaction
site. The primary alkyl bromide is more reactive than the secondary.

BrCH,(CH,),CH, CH3C|HCH3
Br
1-Bromodecane 2-Bromopropane
(primary; more reactive in Sy2) (secondarys; less reactive in Sy2)

8.7 Nitrite ion has two potentially nucleophilic sites, oxygen and nitrogen.

O=N—07 + R—I: :0O=N—0O—R + L
Nitrite ion Alkyl iodide Alkyl nitrite Iodide ion
‘O O
\NI/-F\ RCI: — \N+—R + 7
of o
Nitrite ion Alkyl iodide Nitroalkane Iodide ion

Thus, an alkyl iodide can yield either an alkyl nitrite or a nitroalkane depending on whether the oxy-
gen or the nitrogen of nitrite ion attacks carbon. Both do, and the product from 2-iodooctane is a
mixture of

CH3C|H(CH2)5CH3 and CH3C|H(CH2)5CH3
ONO NO,
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8.8  Solvolysis of alkyl halides in alcohols yields ethers as the products of reaction.

(CH,),CBr + CH,OH (CH,),COCH, + HBr

tert-Butyl Methanol tert-Butyl methyl Hydrogen
bromide ether bromide

The reaction proceeds by an Sy1 mechanism.

(CH3)3C—(?3:r2 — (CH3)3C+ + :B:r:_

tert-Butyl tert-Butyl Bromide

bromide cation ion
{\.' /CH3 fast + /CH3

(CH2)3C + 0 (CH,),C—.0
‘ AN o N\

H H

tert-Butyl Methanol tert-Butyloxonium

cation ion
CH,

(CH3)3C—+O:/

S + :Bri
4 -

tert-Butyloxonium Bromide tert-Butyl Hydrogen
ion ion methyl ether bromide

(CH,),C—OCH, + H—Br:

8.9 The reactivity of an alkyl halide in an Sy1 reaction is dictated by the ease with which it ionizes to
form a carbocation. Tertiary alkyl halides are the most reactive, methyl halides the least reactive.

() Cyclopentyl iodide ionizes to form a secondary carbocation, and the carbocation from
1-methylcyclopentyl iodide is tertiary. The tertiary halide is more reactive.

50 5

H,C 1 H 1
1-Methylcyclopentyl iodide Cyclopentyl iodide
(tertiary; more reactive in Sy1) (secondary; less reactive in Sy1)

(c) Cyclopentyl bromide ionizes to a secondary carbocation. 1-Bromo-2,2-dimethyl-propane is a
primary alkyl halide and is therefore less reactive.

(CH,);CCH,Br
H Br

Cyclopentyl bromide 1-Bromo-2,2-dimethylpropane

(secondary; more reactive in Sy1) (primary; less reactive in Sy1)

(d) Tlodide is a better leaving group than chloride in both Sy1 and Sy?2 reactions.

(CH,),CI (CH,),CCl

tert-Butyl iodide tert-Butyl chloride
(more reactive) (less reactive)
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8.10 The alkyl halide is tertiary and so undergoes hydrolysis by an Sy1 mechanism. The carbocation can
be captured by water at either face. A mixture of the axial and the equatorial alcohols is formed.

CH,

M“
H,C

cis-1,4-Dimethylcyclohexyl bromide

|

OH CH3 CH3
H,0 + H,0
CH, — OH
H,C H,C H,C
trans-1,4-Dimethylcyclohexanol Carbocation intermediate cis-1,4-Dimethylcyclohexanol

The same two substitution products are formed from trans-1,4-dimethylcyclohexyl bromide be-
cause it undergoes hydrolysis via the same carbocation intermediate.

8.11 Write chemical equations illustrating each rearrangement process.

Hydride shift:
H CH H
’ | +/ CH,
H,C—C—CCH, H,C—C—C
| | “cm
H 3
Tertiary carbocation
Methyl shift:
H H H H
| | +/
H,C—C—C—CH, H,C—C—C
N\ | “cn
CH, CH, 3

Secondary carbocation

Rearrangement by a hydride shift is observed because it converts a secondary carbocation to a more
stable tertiary one. A methyl shift gives a secondary carbocation—in this case the same carbocation
as the one that existed prior to rearrangement.

8.12 (b) Ethyl bromide is a primary alkyl halide and reacts with the potassium salt of cyclohexanol by

substitution.

Ethyl bromide Potassium Cyclohexyl ethyl ether
cyclohexanolate

(c) No strong base is present in this reaction; the nucleophile is methanol itself, not methoxide. It
reacts with sec-butyl bromide by substitution, not elimination.

CH,0H
CH3$HCH2CH3 — CH3(|3HCH2CH3

Br OCH,

sec-Butyl bromide sec-Butyl methyl ether
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(d) Secondary alkyl halides react with alkoxide bases by E2 elimination.

NaOCH,
CH3|CHCH2CH3 cion CH,CH=CHCH, + H,C=CHCH,CH,
Br
sec-Butyl bromide 2-Butene 1-Butene

(major product; mixture
of cis and trans)

8.13  Alkyl p-toluenesulfonates are prepared from alcohols and p-toluenesulfonyl chloride.

O (0]
” pyridine ”
CH,(CH,),CH,0H + H,C ﬁCl P CH3(CH2)16CH20ﬁ CH, + HCI
(0] O
1-Octadecanol p-Toluenesulfonyl Octadecyl p-toluenesulfonate Hydrogen
chloride chloride

8.14 As in part (a), identify the nucleophilic anion in each part. The nucleophile replaces the p-toluene-
sulfonate (tosylate) leaving group by an Sy2 process. The tosylate group is abbreviated as OTs.

() I"  + CH,(CH,),,CH,0Ts CH,(CH,),,CH,] + TsO"

Todide Octadecyl Octadecyl p-Toluenesulfonate
ion p-toluenesulfonate iodide anion

(0 C=N + CH4(CH,),,CH,OTs CH,(CH,),,CH,C=N + TsO"

Cyanide Octadecyl Octadecyl p-Toluenesulfonate
ion p-toluenesulfonate cyanide anion

(d) HS  + CH,(CH,),,CH,OTs CH,(CH,),,CH,SH + TsO"

Hydrogen Octadecyl 1-Octadecanethiol p-Toluenesulfonate
sulfide ion p-toluenesulfonate anion
(e)
CH,CH,CH,CH,S~ + CH,(CH,),,CH,0Ts CH4(CH,),,CH,SCH,CH,CH,CH, + TsO~
Butanethiolate Octadecyl Butyl octadecyl p-Toluenesulfonate
ion p-toluenesulfonate thioether anion

8.15 The hydrolysis of (S)-(+)-1-methylheptyl p-toluenesulfonate proceeds with inversion of configura-
tion, giving the R enantiomer of 2-octanol.

CH,(CH,), 1] H(cH,),cH,
z H,0 p
C—OTs HO—C\
H,C CH,
(8)-(+)-1-Methylheptyl (R)-(—)-2-Octanol

p-toluenesulfonate

In Section 8.14 of the text we are told that optically pure (S)-(+)-1-methylheptyl p-toluenesulfonate
is prepared from optically pure (S)-(+)-2-octanol having a specific rotation [oz]zljS +9.9°. The
conversion of an alcohol to a p-toluenesulfonate proceeds with complete retention of configuration.
Hydrolysis of this p-toluenesulfonate with inversion of configuration therefore yields optically pure
(R)-(—)-2-octanol of [a]f —9.9°.
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8.16 Protonation of 3-methyl-2-butanol and dissociation of the alkyloxonium ion gives a secondary
carbocation. A hydride shift yields a tertiary, and thus more stable, carbocation. Capture of this car-
bocation by chloride ion gives the major product, 2-chloro-2-methylbutane.

HCl1 p hydride +
CH3(|IHCH(CH3)2 CH,CHCH(CHj,), - CH,CH,C(CH,),
OH
3-Methyl-2-butanol Secondary carbocation; Tertiary carbocation;
less stable more stable
Cl™ Cl™
CH3(|3HCH(CH3)2 CHBCH2C|(CH3)2
Cl Cl
2-Chloro-3-methylbutane 2-Chloro-2-methylbutane
(trace) (major product; =97%)

8.17 1-Bromopropane is a primary alkyl halide, and so it will undergo predominantly S2 displacement
regardless of the basicity of the nucleophile.

Nal
(@) CH;CH,CH,Br ——— CH,CH,CH,I
1-Bromopropane 1-Iodopropane
[ I
CH,CONa
() CH,CH,CH,Br —i-5¢> CH,CH,CH,0CCH,

Propyl acetate

NaOCH,CH,
(¢ CH,CH,CHBr —_ = CH,CH,CH,0CH,CH,
Ethyl propyl ether
NaCN
(d) CH;CH,CH,Br —y<5 CH,CH,CH,CN
Butanenitrite
NaN;
(e) CH,CH,CH,Br T E—— CH,CH,CH,N,

1-Azidopropane

NaSH

(f) CH;CH,CH,Br — ~—— CH,CH,CH,SH
1-Propanethiol
NaSCH,
(&)  CH,CH,CHBr —_—— CH,CH,CH,SCH,
Methyl propyl sulfide

8.18 Elimination is the major product when secondary halides react with anions as basic as or more basic
than hydroxide ion. Alkoxide ions have a basicity comparable with hydroxide ion and react with
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secondary halides to give predominantly elimination products. Thus ethoxide ion [part (c)] will react
with 2-bromopropane to give mainly propene.

NaOCH,CH, CH.CH—CH
3 - 2

CH3$HCH3
Br
Propene
8.19 (a) The substrate is a primary alkyl bromide and reacts with sodium iodide in acetone to give the
corresponding iodide.
i i
BrCH,COCH,CH, ——o—>  [CH,COCH,CH,
Ethyl bromoacetate Ethyl iodoacetate (89%)
(b) Primary alkyl chlorides react with sodium acetate to yield the corresponding acetate esters.
?I) (0]
CH;CONa I
O,N CHCl —icaqa” ON CH,0OCCH,
p-Nitrobenzyl chloride p-Nitrobenzyl acetate (78-82%)
(c) The only leaving group in the substrate is bromide. Neither of the carbon—oxygen bonds is
susceptible to cleavage by nucleophilic attack.
CH,CH,0CH,CH,Br ——“=—0  CH,CH,0CH,CH,CN
2-Bromoethyl ethyl ether 2-Cyanoethyl ethyl ether
(52-58%)
(d) Hydrolysis of the primary chloride yields the corresponding alcohol.

H,0, HO~
NC@CHZCI NC@—CHZOH

p-Cyanobenzyl chloride p-Cyanobenzyl alcohol (85%)

(e)  The substrate is a primary chloride.

| NaN, |
CICH,COC(CH,), v—— N,CH,COC(CHj;),
tert-Butyl chloroacetate tert-Butyl azidoacetate (92%)

Primary alkyl tosylates yield iodides on treatment with sodium iodide in acetone.

0 S
O CH3 acetone ICH O CH3
2

TSOCH,
(2,2-Dimethyl-1,3-dioxolan-4-yl)- 2,2-Dimethyl-4-(iodomethyl)-
1,3-dioxolane (60%)

methyl p-toluenesulfonate
O\CHZSCHZCH3

O

Ethyl (2-furyl)methyl
sulfide (80%)

o))

(g) Sulfur displaces bromide from ethyl bromide.

/
O\CH2SNa + CH,CH,Br

0)

Sodium (2-furyl)-
methanethiolate

Ethyl bromide
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(h)  The first reaction is one in which a substituted alcohol is converted to a p-toluenesulfonate
ester. This is followed by an Sy2 displacement with lithium iodide.

OCH, OCH,
CH,0 CH,CH,CH,CH,OH . CH,0 CH,CH,CH,CH,OTs
pyridine (62%)

CH,O CH,0
4-(2,3,4-Trimethoxyphenyl)-1-butanol

Lil, acetone (88%)
OCH,
CH,O CH,CH,CH,CH,I

CH,0
4-(2,3,4-Trimethoxyphenyl)-1-butyl iodide

8.20 The two products are diastereomers of each other. They are formed by bimolecular nucleophilic sub-
stitution (Sy2). In each case, a good nucleophile (C¢HsS™) displaces chloride from a secondary

carbon with inversion of configuration.

NC(CHg)g
©/S
trans-4-tert-Butylcyclohexyl Sodium cis-4-tert-Butylcyclohexyl phenyl sulfide

chloride benzenethiolate

(a) The trans chloride yields a cis substitution product.

Clwqcm)3 + Q—SNa

(b) The cis chloride yields a trans substitution product.

NC(CHQ3 + NaS@ — : s/ C(CHy),

Cl
cis-4-tert-Butylcyclohexyl Sodium trans-4-tert-Butylcyclohexyl phenyl
chloride benzenethiolate sulfide
8.21 The isomers of C,H,Cl are:
CH,CH,CH,CH,CI CH,CHCH,CI
CH,
1-Chlorobutane 1-Chloro-2-methylpropane
(n-butyl chloride) (isobutyl chloride)
CH,
CH3(|JHCH2CH3 CH3?CI
Cl CH,
2-Chlorobutane 2-Chloro-2-methylpropane
(sec-butyl chloride) (tert-butyl chloride)

The reaction conditions (sodium iodide in acetone) are typical for an Sy2 process.
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The order of S\2 reactivity is primary > secondary > tertiary, and branching of the chain close
to the site of substitution hinders reaction. The unbranched primary halide n-butyl chloride will
be the most reactive and the tertiary halide fers-butyl chloride the least. The order of reactivity
will therefore be: 1-chlorobutane > 1-chloro-2-methylpropane > 2-chlorobutane > 2-chloro-2-
methylpropane.

1-Chlorohexane is a primary alkyl halide; 2-chlorohexane and 3-chlorohexane are secondary.

CH,CH,CH,CH,CH,CH,CI CH3(|3HCH2CH2CH2CH3 CH3CH2(|3HCH2CH2CH3

Cl Cl
1-Chlorohexane 2-Chlorohexane 3-Chlorohexane
(primary) (secondary) (secondary)

Primary and secondary alkyl halides react with potassium iodide in acetone by an Sy2 mechanism,
and the rate depends on steric hindrance to attack on the alkyl halide by the nucleophile.

(a) Primary alkyl halides are more reactive than secondary alkyl halides in S\2 reactions.
1-Chlorohexane is the most reactive isomer.

(b)  Substituents at the carbon adjacent to the one that bears the leaving group slow down the rate
of nucleophilic displacement. In 2-chlorohexane the group adjacent to the point of attack is
CH,;. In 3-chlorohexane the group adjacent to the point of attack is CH,CH;. 2-Chlorohexane
has been observed to be more reactive than 3-chlorohexane by a factor of 2.

(a) Iodide is a better leaving group than bromide, and so 1-iodobutane should undergo Sy?2 attack
by cyanide faster than 1-bromobutane.

(b) The reaction conditions are typical for an Sy2 process. The methyl branch in 1-chloro-
2-methylbutane sterically hinders attack at C-1. The unbranched isomer, 1-chloropentane, re-
acts faster.

G
CH,CH,CHCH,Cl  CH,CH,CH,CH,CH,CI

1-Chloro-2-methylbutane 1-Chloropentane is less
is more sterically sterically hindered,
hindered, therefore therefore more
less reactive. reactive.

(c) Hexyl chloride is a primary alkyl halide, and cyclohexyl chloride is secondary. Azide ion is a
good nucleophile, and so the S2 reactivity rules apply; primary is more reactive than

secondary.
Cl
CH,CH,CH,CH,CH,CH,C1 O/

Hexyl chloride is primary, Cyclohexyl chloride is secondary,
therefore more reactive in Sy2. therefore less reactive in S\2.

(d) 1-Bromo-2,2-dimethylpropane is too hindered to react with the weakly nucleophilic ethanol
by an S\2 reaction, and since it is a primary alkyl halide, it is less reactive in Sy1 reactions.
tert-Butyl bromide will react with ethanol by an S 1 mechanism at a reasonable rate owing to
formation of a tertiary carbocation.

(CH,);CBr (CH,);CCH,Br
tert-Butyl bromide; 1-Bromo-2,2-dimethylpropane;
more reactive in relatively unreactive in nucleophilic

Sy 1 solvolysis substitution reactions
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(e) Solvolysis of alkyl halides in aqueous formic acid is faster for those that form carbocations
readily. The Sy1 reactivity order applies here: secondary > primary.

CH3C|HCH2CH3 (CH,),CHCH,Br
Br
sec-Butyl bromide; secondary, Isobutyl bromide; primary,
therefore more reactive in Sy1 therefore less reactive in Sy1

(f) 1-Chlorobutane is a primary alkyl halide and so should react by an Sy2 mechanism. Sodium
methoxide is more basic than sodium acetate and is a better nucleophile. Reaction will occur
faster with sodium methoxide than with sodium acetate.

(g) Azideionis a very good nucleophile, whereas p-toluenesulfonate is a very good leaving group
but a very poor nucleophile. In an Sy2 reaction with 1-chlorobutane, sodium azide will react
faster than sodium p-toluenesulfonate.

8.24 There are only two possible products from free-radical chlorination of the starting alkane:

Cl
(CH;),CCH,C(CHy;), hvz (CH,),CCH,C(CH;), + (CH3)3C(|3HC(CH3)3
CH,CI Cl
2,2,4 4-Tetramethylpentane 1-Chloro-2,2,4,4- 3-Chloro-2,2,4,4-
tetramethylpentane tetramethylpentane
(primary) (secondary)

As revealed by their structural formulas, one isomer is a primary alkyl chloride, the other is sec-
ondary. The problem states that the major product (compound A) undergoes Sy 1 hydrolysis much
more slowly than the minor product (compound B). Since secondary halides are much more reactive
than primary halides under Syl conditions, the major (unreactive) product is the primary alkyl
halide 1-chloro-2,2,4,4-tetramethylpentane (compound A) and the minor (reactive) product is the
secondary alkyl halide 3-chloro-2,2,4,4-tetramethylpentane (compound B).

8.25 (a) The two most stable Lewis structures (resonance forms) of thiocyanate are:

:S=C=N:"

S§—C=N:

(b) The two Lewis structures indicate that the negative charge is shared by two atoms: S and N.
Thus thiocyanate ion has two potentially nucleophilic sites, and the two possible products are

KSCN

Sy CH,CH,CH,CH,—S—C=N: + CH,CH,CH,CH,—N=C=S5:

CH,CH,CH,CH,Br

1-Bromobutane Butyl thiocyanate Butyl isothiocyanate

(c)  Sulfur is more polarizable than nitrogen and is more nucleophilic. The major product is butyl
thiocyanate and arises by attack of sulfur of thiocyanate on butyl bromide.

8.26 Using the unshared electron pair on its nitrogen, triethylamine acts as a nucleophile in an Sy2
reaction toward ethyl iodide.

(CHBCH2)3N:/?‘$HZQI — > (CHCH)N' I’
CH,

Triethylamine Ethyl iodide Tetraecthylammonium iodide

The product of the reaction is a salt and has the structure shown. The properties given in the prob-
lem (soluble in polar solvents, high melting point) are typical of those of an ionic compound.
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This reaction has been reported in the chemical literature and proceeds as shown (91% yield):

CH,CH, \H CH,CH, \H
=, Nal =
/C —CH,Br —((— o /C —CH,I
H,C H,C
(S)-1-Bromo-2-methylbutane (S)-1-Iodo-2-methylbutane

Notice that the configuration of the product is the same as the configuration of the reactant. This is
because the stereogenic center is not involved in the reaction. When we say that S\2 reactions pro-
ceed with inversion of configuration we refer only to the carbon at which substitution takes place,
not a stereogenic center elsewhere in the molecule.

(a) The starting material incorporates both a primary chloride and a secondary chloride. The
nucleophile (iodide) attacks the less hindered primary position.

Nal

ClCH2CH2?HCH2CH3 i ICH2CH2?HCH2CH3
Cl Cl
1,3-Dichloropentane 3-Chloro-1-iodopentane
(CsH,CID)

(b) Nucleophilic substitution of the first bromide by sulfur occurs in the usual way.

.. T N () e .
:SCH,CH,S: + CH,~—Br —— :SCH,CH,SCH,CH,Br
CH,—Br

The product of this step cyclizes by way of an intramolecular nucleophilic substitution.

CH,—CH
e N /.
S ¥ — ¥ ¥
\CHZ—CHZ

C 1,4-Dithiane (C4HgS,)

Br

(c) The nucleophile is a dianion (S*~). Two nucleophilic substitution reactions take place; the sec-
ond of the two leads to intramolecular cyclization.

=
TN | \.
§2 + CHyCl Gt /CHZCCI s<:|
CH,CH,CH,Cl CH,—CH,

Thiolane (C,HgS)

(a) Methyl halides are unhindered and react rapidly by the Sy2 mechanism.

(b) Sodium ethoxide is a good nucleophile and will react with unhindered primary alkyl halides
by the Sy2 mechanism.

(c) Cyclohexyl bromide is a secondary halide and will react with a strong base (sodium ethoxide)
predominantly by the E2 mechanism.

(d) The tertiary halide fert-butyl bromide will undergo solvolysis by the Sy1 mechanism.

(e)  The presence of the strong base sodium ethoxide will cause the E2 mechanism to predominate.

(f) Concerted reactions are those which occur in a single step. The bimolecular mechanisms Sy2
and E2 represent concerted processes.

(g) In a stereospecific reaction, stereoisomeric reactants yield products that are stereoisomers of
each other. Reactions that occur by the Sy2 and E2 mechanisms are stereospecific.
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(h)  The unimolecular mechanisms Sy1 and E1 involve the formation of carbocation intermediates.

(i) Rearrangements are possible when carbocations are intermediates in a reaction. Thus reac-
tions occurring by the Syl and E1 mechanisms are most likely to have a rearranged carbon
skeleton.

(j) Tlodide is a better leaving group than bromide, and alkyl iodides will react faster than alkyl
bromides by any of the four mechanisms Sy1, Sy2, E1, and E2.

8.30 (a) Cyclopentyl cyanide can be prepared from a cyclopentyl halide by a nucleophilic substitution
reaction. The first task, therefore, is to convert cyclopentane to a cyclopentyl halide.

light or heat
+ Caa, — o T HC

Cyclopentane Chlorine Cyclopentyl Hydrogen
chloride chloride
thanol-water
+ NaCN =it @ +  NaCl
Q\Cl or DMSO CN
Cyclopentyl Sodium Cyclopentyl Sodium
chloride cyanide cyanide chloride

An analogous sequence involving cyclopentyl bromide could be used.
(b) Cyclopentene can serve as a precursor to a cyclopentyl halide.

O v ome —
Br

Cyclopentene Hydrogen Cyclopentyl
bromide bromide

Once cyclopentyl bromide has been prepared, it is converted to cyclopentyl cyanide by
nucleophilic substitution, as shown in part (a).

(c) Reaction of cyclopentanol with hydrogen bromide gives cyclopentyl bromide. Then
cyclopentyl bromide can be converted to cyclopentyl cyanide, as shown in part ().

Do v — O
OH Br

(d) Two cyano groups are required here, both of which must be introduced in nucleophilic substi-
tution reactions. The substrate in the key reaction is BrCH,CH,Br.

hanol—-wat S —
BrCH,CH,Br + 2NaCN —=5t&%>  N=CCH,CH,C=N

1,2-Dibromoethane Sodium 1,2-Dicyanoethane
cyanide

1,2-Dibromoethane is prepared from ethylene. The overall synthesis from ethyl alcohol is
therefore formulated as shown:

H,S0, Br, NaCN

heat CH,=CH,

CH,CH,OH BrCH,CH,Br NCCH,CH,CN

Ethyl alcohol Ethylene 1,2-Dibromoethane 1,2-Dicyanoethane

(e) In this synthesis a primary alkyl chloride must be converted to a primary alkyl iodide. This is
precisely the kind of transformation for which sodium iodide in acetone is used.
(CH,;),CHCH,CI + Nal —deetone_, (CH;),CHCH,I + NaCl

Isobutyl chloride Sodium Isobutyl iodide Sodium
iodide chloride
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(f) First convert tert-butyl chloride into an isobutyl halide.

NaOCH3 HBr
(CH,),CCl (CH),C=CH, — % (CH,),CHCH,Br
tert-Butyl 2-Methylpropene Isobutyl bromide
chloride

Treating isobutyl bromide with sodium iodide in acetone converts it to isobutyl iodide.

(CH,),CHCH,Br ——%_ (CH,),CHCH,I
Isobutyl bromide Isobutyl iodide
A second approach is by way of isobutyl alcohol.
NaOCH, 1. B,H
tert-Butyl 2-Methylpropene Isobutyl alcohol
chloride

Isobutyl alcohol is then converted to its p-toluenesulfonate ester, which reacts with sodium
iodide in acetone in a manner analogous to that of isobutyl bromide.

(g) First introduce a leaving group into the molecule by converting isopropyl alcohol to an iso-
propyl halide. Then convert the resulting isopropyl halide to isopropyl azide by a nucleophilic
substitution reaction

HBr NaN,
CH3C|HCH3 CH3C|HCH3 CH3C|HCH3
OH Br N,
Isopropyl alcohol Isopropyl bromide Isopropyl azide

(h) In this synthesis 1-propanol must be first converted to an isopropyl halide.

H,SO
CH,CH,CH,OH 2, CH,CH=CH, ulil CH,CHCH,
Br
1-Propanol Propene Isopropyl bromide

After an isopropyl halide has been obtained, it can be treated with sodium azide as in part (g).
(i)  First write out the structure of the starting material and of the product so as to determine their
relationship in three dimensions.

CH, \H ::-H/CH3
C—OH N,—C
CH,CH; CH,CH,
(R)-sec-Butyl alcohol (S)-sec-Butyl azide

The hydroxyl group must be replaced by azide with inversion of configuration. First, however,
a leaving group must be introduced, and it must be introduced in such a way that the configu-
ration at the stereogenic center is not altered. The best way to do this is to convert (R)-sec-
butyl alcohol to its corresponding p-toluenesulfonate ester.

CH3\I—.£ p-toluenesulfonyl CH3 % (”)

= chloride z

COH — e /C_Oﬁ@CH3
CH,CH, CH,CH, Y

(R)-sec-Butyl alcohol (R)-sec-Butyl p-toluenesulfonate
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Next, convert the p-toluenesulfonate to the desired azide by an Sy2 reaction.

0 H
chH, H f
Wl NaN, <)CH;
/C—OS CH; N3—C\
CH,CH, g CH,CH,
(R)-sec-Butyl p-toluenesulfonate (S)-sec-Butyl azide

(j) This problem is carried out in exactly the same way as the preceding one, except that the
nucleophile in the second step is HS ™.

CH3 I__I p-toluenesulfonyl CH3 I—_I (”) HCH
“ chloride Z NaSH p03
/C—OH W’ /C—OS CH, — HS—C\
CH,CH, CH,CH, g CH,CH,
(R)-sec-Butyl alcohol (R)-sec-Butyl p-toluenesulfonate (S)-2-Butanethiol

831 (a) The two possible combinations of alkyl bromide and alkoxide ion that might yield fert-butyl
methyl ether are

1.  CHBr + (CH),CO- —® -  (CH,),COCH,
Methyl bromide tert-Butoxide tert-Butyl methyl ether
ion
2. CHO- + (CH),CBr —™ .  (CH,),COCH,
Methoxide ion tert-Butyl bromide tert-Butyl methyl ether

We choose the first approach because it is an Sy2 reaction on the unhindered substrate, methyl
bromide. The second approach requires an Sy2 reaction on a hindered tertiary alkyl halide, a
very poor choice. Indeed, we would expect that the reaction of methoxide ion with terz-butyl
bromide could not give any ether at all but would proceed entirely by E2 elimination:

CH,0 + (CH,),CBr —™®' -~ CH,0H + CH,=C(CH,),
Methanol 2-Methylpropene

(b) Again, the better alternative is to choose the less hindered alkyl halide to permit substitution
to predominate over elimination.

Q—OK + CHBr —— E>—OCH3

Potassium Methyl Cyclopentyl

cyclopentoxide bromide methyl ether
An attempt to prepare this compound by the reaction

Q—a + CH,ONa Q—OCH3

Chlorocyclopentane Sodium Cyclopentyl
methoxide methyl ether

gave cyclopentyl methyl ether in only 24% yield. Cyclopentene was isolated in 31% yield.
(¢) A2,2-dimethylpropyl halide is too sterically hindered to be a good candidate for this synthesis.
The only practical method is

(CH,),CCH,OK + CH,CH,Br

(CH,);CCH,0CH,CH,

Potassium Bromoethane Ethyl 2,2-dimethylpropyl
2,2-dimethylpropoxide ether
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8.32 (a) The problem states that the reaction type is nucleophilic substitution. Sodium acetylide
is therefore the nucleophile and must be treated with an alkyl halide to give the desired
product.

Na“:C=CH + CH,CH,Br

CH,CH,C=CH + NaBr

Sodium acetylide Ethyl bromide 1-Butyne Sodium bromide

(b) The acidity data given in the problem for acetylene tell us that HC=CH is a very weak acid
(K, = 107%), so that sodium acetylide must be a very strong base—stronger than hydroxide
ion. Elimination by the E2 mechanism rather than S2 substitution is therefore expected to be
the principal (probably the exclusive) reaction observed with secondary and tertiary alkyl
halides. The substitution reaction will work well with primary alkyl halides but will likely fail
for secondary and tertiary ones. Alkynes such as (CH;),CHC=CH and (CH,);CC=CH
could not be prepared by this method.

8.33 The compound that reacts with trans-4-tert-butylcyclohexanol is a sulfonyl chloride and converts
the alcohol to the corresponding sulfonate.

ridin 08O @NO
(CH)CwOH + OZNOSOZC1 e (CHQ;% ? ?
373

Compound A

Reaction of compound A with lithium bromide in acetone effects displacement of the sulfonate leav-
ing group by bromide with inversion of configuration.

Br
/080, NO, —@ow™  (CHyC
(CH,),C
Compound A cis-1-Bromo-4-tert-butylcyclohexane

Compound B

834 (a) To convert trans-2-methylcyclopentanol to cis-2-methylcyclopentyl acetate the hydroxyl
group must be replaced by acetate with inversion of configuration. Hydroxide is a poor
leaving group and so must first be converted to a good leaving group. The best choice is
p-toluenesulfonate, because this can be prepared by a reaction that alters none of the bonds to
the stereogenic center.

p-toluenesulfonyl
- - 7,
2 chloride, pyridine 2
H,C  OH H,C  OTs

trans-2-Methylcyclopentanol trans-2-Methylcyclopentyl
p-toluenesulfonate

Treatment of the p-toluenesulfonate with potassium acetate in acetic acid will proceed with in-
version of configuration to give the desired product.

(0]
[l
KOCCH;
_—
acetic acid

H,C  OTs H,C OﬁCH3

trans-2-Methylcyclopentyl cis-2-Methylcyclopentyl
p-toluenesulfonate acetate
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(b)

()

1-Methylcyclopentanol
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To decide on the best sequence of reactions, we must begin by writing structural formulas to
determine what kinds of transformations are required.

) TR

 OH H,C O(”ZCH3
o)

1-Methylcyclopentanol cis-2-Methylcyclopentyl

acetate

We already know from part (@) how to convert trans-2-methylcyclopentanol to cis-2-methyl-
cyclopentyl acetate. So all that is really necessary is to design a synthesis of trans-2-methyl-

cyclopentanol. Therefore,
Q H,50, Q Q
heat J
B e’ oH
1-Methylcyclopentene

1. B,H,
—_—
2.H,0,, HO™

’ OH H,C

trans-2-Methylcyclopentanol

Hydroboration—oxidation converts 1-methylcyclopentene to the desired alcohol by anti-
Markovnikov syn hydration of the double bond. The resulting alcohol is then converted to its
p-toluenesulfonate ester and treated with acetate ion as in part (a) to give cis-2-methyl-
cyclopentyl acetate.

The reaction of an alcohol with a sulfonyl chloride gives a sulfonate ester. The oxygen of the
alcohol remains in place and is the atom to which the sulfonyl group becomes attached.

CH, CH,
CH,S0,Cl1
H+OH —_— H OSO,CH;4
pyridine
CH,CH, CH,CH,

(S)-(+)-2-Butanol (8)-sec-Butyl methanesulfonate

Sulfonate is similar to iodide in its leaving-group behavior. The product in part (a) is attacked
by NaSCH,CH, in an S\2 reaction. Inversion of configuration occurs at the stereogenic center.

CH, CH,
; NaSCH,CH, :
H+0502CH3 — CH3CHZS—|—H
CH,CH, CH,CH,

(S)-sec-Butyl methanesulfonate (R)-(—)-sec-Butyl ethyl sulfide

In this part of the problem we deduce the stereochemical outcome of the reaction of 2-butanol
with PBr;. We know the absolute configuration of (+)-2-butanol (S) from the statement of the
problem and the configuration of (—)-sec-butyl ethyl sulfide (R) from part (b). We are told that
the sulfide formed from (+)-2-butanol via the bromide has a positive rotation. It must there-
fore have the opposite configuration of the product in part ().

CH, CH,
; PBr, NaSCH,CH, :
H+OH CH,CHCH,CH, : H——SCH,CH,
CH,CH, 1|3 ; CH,CH,

(8)-(+)-2-Butanol 2-Bromobutane (8)-(+)-sec-Butyl ethyl sulfide
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(d)

(@)

(b)

()

Since the reaction of the bromide with NaSCH,CH, proceeds with inversion of configuration
at the stereogenic center, and since the final product has the same configuration as the starting
alcohol, the conversion of the alcohol to the bromide must proceed with inversion of configu-
ration.

CH, CH,
PBr;
H+OH Br+H
CH,CH, CH,CH,
(8)-(+)-2-Butanol (R)-(—)-2-Bromobutane

The conversion of 2-butanol to sec-butyl methanesulfonate does not involve any of the bonds
to the stereogenic center, and so it must proceed with 100% retention of configuration.
Assuming that the reaction of the methanesulfonate with NaSCH,CH, proceeds with 100%
inversion of configuration, we conclude that the maximum rotation of sec-butyl ethyl sulfide
is the value given in the statement of part (b), that is, *25°. Since the sulfide produced in
part (c) has a rotation of +23°, it is 92% optically pure. It is reasonable to assume that the loss
of optical purity occurred in the conversion of the alcohol to the bromide, rather than in the re-
action of the bromide with NaSCH,CHj. If the bromide is 92% optically pure and has a rota-
tion of —38°, optically pure 2-bromobutane therefore has a rotation of 38,/0.92, or =41°.

If each act of exchange (substitution) occurred with retention of configuration, there would be

no observable racemization; k. = 0.
H3c\% ) H3C\P=_£
C—I1+[I"] —— C—I* + I
CH;(CH,); CH;(CH,)s
(R)-(—)-2-Iodooctane [(R)-(—)-2-Iodooctane]*

(*indicates radioactive label)

Therefore k., /k4 = O.
If each act of exchange proceeds with inversion of configuration, (R)-(—)-2-iodooctane will
be transformed to radioactively labeled (S)-(+)-2-iodooctane.

HCG o,
C—I+ [I']” I*—C\ T
CH,(CH,); (CH,),CH,
(R)-(—)-2-Iodooctane [(S)-(+)-2-Todooctane]"

Starting with 100 molecules of (R)-(—)-2-iodooctane, the compound will be completely
racemized when 50 molecules have become radioactive. Therefore,

kexch
If radioactivity is incorporated in a stereorandom fashion, then 2-iodooctane will be 50%
racemized when 50% of it has reacted. Therefore,

kexch
In fact, Hughes found that the rate of racemization was twice the rate of incorporation of

radioactive iodide. This experiment provided strong evidence for the belief that bimolecular
nucleophilic substitution proceeds stereospecifically with inversion of configuration.
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837 (o) Tertiary alkyl halides undergo nucleophilic substitution only by way of carbocations: Sy1 is
the most likely mechanism for solvolysis of the 2-halo-2-methylbutanes.

1
CH3C|CI{2CH3
CH,

2-Halo-2-methylbutanes are
tertiary alkyl halides.

) Tertiary alkyl halides can undergo either E1 or E2 elimination. Since no alkoxide base is
present, solvolytic elimination most likely occurs by an E1 mechanism.

(c,d) Todides react faster than bromides in substitution and elimination reactions irrespective of
whether the mechanism is E1, E2, Sy1, or Sy2.

(e) Solvolysis in aqueous ethanol can give rise to an alcohol or an ether as product, depending
on whether the carbocation is captured by water or ethanol.

CH,CH,OH

o (CH3)2(|JCH2CH3 + (CH,),CCH,CH,
X OH OCH,CH,4

(CH3)2?CH2CH3

2-Methyl-2-butanol Ethyl 1,1-
dimethylpropyl ether

(f)  Elimination can yield either of two isomeric alkenes.

(CH3)2C|CH2CH3 CH2=(|JCH2CH3 + (CH,),C=CHCH,

X CH,

2-Methyl-1-butene 2-Methyl-2-butene

Zaitsev’s rule predicts that 2-methyl-2-butene should be the major alkene.

() The product distribution is determined by what happens to the carbocation intermediate. If
the carbocation is free of its leaving group, its fate will be the same no matter whether the
leaving group is bromide or iodide.

8.38  Both aspects of this reaction—its slow rate and the formation of a rearranged product—have their
origin in the positive character developed at a primary carbon. The alcohol is protonated and the
carbon—oxygen bond of the resulting alkyloxonium ion begins to break:

CH, CH, - CH,
. . v/ | “ss o1/
CH3(|3CH2—QH CH3(|2CH2—Q\ CH,C—CHy 0
CH, CH, H CH, H

2,2-Dimethyl-1-propanol

As positive character develops at the primary carbon, a methyl group migrates. Rearrangement
gives a tertiary carbocation, which is captured by bromide to give the product.

g o
+ 5+/ . ‘Br:

CHS(l;*CHZ--f-?‘Q\ : CH3(|+3—CH2CH3 : CH3?—CH2CH3
CH, H CH, :Br:

2-Bromo-2-methylbutane
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8.39 The substrate is a tertiary alkyl bromide and can undergo Sy1 substitution and E1 elimination under
these reaction conditions. Elimination in either of two directions to give regioisomeric alkenes can

also occur.
0
}|3r O(ll,CH3 H,C H
CH,CCH,CH, Eﬁﬁgi CH,CCH,CH, + CH,=CCH,CH, + >C=C<
éH3 CH, CH, H,C CH,
2-Bromo-2- 1,1-Dimethylpropyl 2-Methyl-1-butene 2-Methyl-2-butene
methylbutane acetate

8.40 Solvolysis of 1,2-dimethylpropyl p-toluenesulfonate in acetic acid is expected to give one substitu-
tion product and two alkenes.

CH,CO,H
(CH3)2CH(|ZHCH3 — (CH3)2CH(|ZHCH3 + (CH,),C=CHCH, + (CH,),CHCH=CH,
OTs O(HICH3
1,2-Dimethylpropyl 1,2-Dimethylpropyl 2-Methyl-2-butene 3-Methyl-1-butene
p-toluenesulfonate acetate

Since five products are formed, we are led to consider the possibility of carbocation rearrangements
in Sy1 and E1 solvolysis.

(CH,),CHCHCH, (CH,),CCH,CH, (CH,),CCH,CH, + (CH,),C=CHCH, + CH,=CCH,CH,
OCCH, Cle
g
1,2-Dimethylpropyl 1,1-Dimethylpropyl 1,1-Dimethylpropyl 2-Methyl-2-butene 2-Methyl-1-butene
cation (secondary) cation (tertiary) acetate

Since 2-methyl-2-butene is a product common to both carbocation intermediates, a total of five dif-
ferent products are accounted for. There are two substitution products:

(CH,),CHCHCH,  (CH,),CCH,CH,

oc”:CH3 OﬁCH3
o o
1,2-Dimethylpropyl 1,1-Dimethylpropyl
acetate acetate

and three elimination products:
(CH,),C=CHCH, (CH,),CHCH=CH, CH,=CCH,CH,
&,
2-Methyl-2-butene 3-Methyl-1-butene 2-Methyl-1-butene

8.41 Solution A contains both acetate ion and methanol as nucleophiles. Acetate is more nucleophilic
than methanol, and so the major observed reaction is:

[ , |
CH, + CH,CO~ —%l, CH,0CCH,

Methyl Acetate Methyl acetate
iodide
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Solution B prepared by adding potassium methoxide to acetic acid rapidly undergoes an
acid-base reaction:

| |
CH,0” + CH,COH CH,OH + CH,CO"

Methoxide Acetic acid Methanol Acetate
(stronger base) (stronger acid) (weaker acid) (weaker base)

Thus the major base present is not methoxide but acetate. Methyl iodide therefore reacts with acetate
anion in solution B to give methyl acetate.

8.42  Alkyl chlorides arise by the reaction sequence:

(0] o
” X ” X B
RCH,OH + CH, ﬁCl + RCHZOﬁ CH, + |, Ja
- = - =
N N
O (0] H
Primary p-Toluenesulfonyl Pyridine Primary alkyl p-toluenesulfonate Pyridinium
alcohol chloride chloride

I I
RCHZOﬁ@CH3 + C RCH,CI + CH34©7|S|.O
0 0

Primary alkyl p-toluenesulfonate Primary alkyl
chloride

The reaction proceeds to form the alkyl p-toluenesulfonate as expected, but the chloride anion
formed in this step subsequently acts as a nucleophile and displaces p-toluenesulfonate from
RCH,OTs.

8.43 Iodide ion is both a better nucleophile than cyanide and a better leaving group than bromide. The
two reactions shown are therefore faster than the reaction of cyclopentyl bromide with sodium

cyanide alone.
E><H Nal E><H NaCN E><H
Br I CN

Cyclopentyl Cyclopentyl Cyclopentyl
bromide iodide cyanide

8.44-8.47 Solutions to molecular modeling exercises are not provided in this Study Guide and Solutions Man-
ual. You should use Learning By Modeling for these exercises.

SELF-TEST
PART A

A-1. Write the correct structure of the reactant or product omitted from each of the following.
Clearly indicate stereochemistry where it is important.

CH,CH,ONa
CH,CH,OH

b 2 NaCN Q‘“"CN

CH,

() CH,CH,CH,CH,Br
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A-2.

A-3.

A-4.

A-S.

A-7.

A-8.

(¢)  1-Chloro-3-methylbutane + sodium iodide —2< , 9
Cl
CH,0Na .
(d) O/ ~CHoH ? (major)
?

o0 b /T O, N,
/Y\/ + NaSCH
(f) Br H 3

CH,
H——Br NaSH
(@ — 7
g H——F
CH,CH,

Choose the best pair of reactants to form the following product by an Sy2 reaction:

(CH,),CHOCH,CH,CH,
Outline the chemical steps necessary to convert:
CH, CH,
(a) H+OTS to H+CN
CH,CH, CH,CH,
SCH,

(b)  (S)-2-Pentanol to (R)-CH,CHCH,CH,CH,

Hydrolysis of 3-chloro-2,2-dimethylbutane yields 2,3-dimethyl-2-butanol as the major
product. Explain this observation, using structural formulas to outline the mechanism of the
reaction.

Identify the class of reaction (e.g., E2), and write the kinetic and chemical equations for:
(a) The solvolysis of fert-butyl bromide in methanol
(b) The reaction of chlorocyclohexane with sodium azide (NaNs).

(a) Provide a brief explanation why the halogen exchange reaction shown is an acceptable
synthetic method:
Br I

| |
CH,CHCH, + Nal —%<o¢ . CH,CHCH, + NaBr

(b) Briefly explain why the reaction of 1-bromobutane with sodium azide occurs faster in
dimethyl sulfoxide [(CH,),S=—=O] than in water.

Write chemical structures for compounds A through D in the following sequence of reac-
tions. Compounds A and C are alcohols.

NaNH,
A ——

HBr, heat
—_ 5 D

B+D ——m— CH3CHZO@

Write a mechanism describing the solvolysis (Sy1) of 1-bromo-1-methylcyclohexane in
ethanol.
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Solvolysis of the compound shown occurs with carbocation rearrangement and yields an
alcohol as the major product. Write the structure of this product, and give a mechanism to
explain its formation.

H,0
CH3CH2CH2(|?HCH(CH3)2 - ?
Br
PART B
B-1. The bimolecular substitution reaction
CH,Br + OH™ CH,OH + Br~

B-2.

B-3.

B-4.

B-5.

is represented by the kinetic equation:
(@) Rate = k[CH3Br]2

(b) Rate = k[CH;Br][OH]

(¢) Rate = k[CH;Br] + kK[OH]
(d) Rate = k/[CH;Br][OH"]

Which compound undergoes nucleophilic substitution with NaCN at the fastest rate?

(e) Br><\/\

B

a) BI‘\/\X (© I'\/\><
B M@ B\M
Br

O/ + CH,CH,0 Na“

the major product is formed by
(@) An Syl reaction (¢) AnEl reaction
(b) An S\2 reaction (d) An E2 reaction

Which of the following statements pertaining to an Sy2 reaction are true?

1. The rate of reaction is independent of the concentration of the nucleophile.

2. The nucleophile attacks carbon on the side of the molecule opposite the group being
displaced.

3. The reaction proceeds with simultaneous bond formation and bond rupture.

4. Partial racemization of an optically active substrate results.

(@ 1,4 b 1,3,4 © 2,3 d Al

Which one of the following alkyl halides would be expected to give the highest substitution-
to-elimination ratio (most substitution, least elimination) on treatment with sodium ethoxide
in ethanol?

(
(b)

For the reaction

Br

CH,CH CHCH
(@) (CH3)3C\N\ U@ (CH3)3C\%\| ’

Br

CH,CH CH,CH,B
(b) (&%CW R @ (CH3)3cw 2Rt

Br
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B-6.

B-8.

B-9.

B-10.

B-11.

Which of the following phrases are not correctly associated with an Sy1 reaction?

1. Rearrangement is possible.

2. Rate is affected by solvent polarity.

3. The strength of the nucleophile is important in determining rate.

4. The reactivity series is tertiary > secondary > primary.

5. Proceeds with complete inversion of configuration.

(@ 3,5 (b) 5 only () 2,3,5 (d) 3only

Rank the following in order of decreasing rate of solvolysis with aqueous ethanol
(fastest — slowest):

?H3 <:><CH3 l|3r
H,C=C—Br Br CH,CHCH,CH(CH,),

1 2 3

(@ 2>1>3 b 1>2>3 © 2>3>1 d 1>3>2

Rank the following species in order of decreasing nucleophilicity in a polar protic solvent
(most — least nucleophilic):

|
CH,CH,CH,0"  CH,CH,CH,S~  CH,CH,CO"

1 2 3

(@ 3>1>2 b 2>3>1 (©) 1>3>2 d 2>1>3

From each of the following pairs select the compound that will react faster with sodium
iodide in acetone.

2-Chloropropane or 2-bromopropane
1 2
1-Bromobutane or 2-bromobutane
3 4
(@ 1,3 b 1,4 © 2,3 @ 2,4

Select the reagent that will yield the greater amount of substitution on reaction with
1-bromobutane.

(a) CH,CH,OK in dimethyl sulfoxide (DMSO)

(b) (CH,;);COK in dimethyl sulfoxide (DMSO)

(c) Both (a) and (b) will give comparable amounts of substitution.

(d) Neither (a) nor (b) will give any appreciable amount of substitution.

The reaction of (R)-1-chloro-3-methylpentane with sodium iodide in acetone will yield
1-iodo-3-methylpentane that is

(@ R (¢) A mixture of R and S (e) None of these
® S (d) Meso
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B-12.

B-13.

B-14.

NUCLEOPHILIC SUBSTITUTION

What is the principal product of the following reaction?

CH,
H——Br

H——H + NaN,

Which of the following statements is true?

(@) CH;CH,S™ is both a stronger base and more nucleophilic than CH,CH,O™.
(b) CH;CH,S™ is a stronger base but is less nucleophilic than CH;CH,O™.

(¢) CH;CH,S™ is a weaker base but is more nucleophilic than CH;CH,O™.

(d) CH;CH,S™ is both a weaker base and less nucleophilic than CH;CH,O™.

Which of the following alkyl halides would be most likely to give a rearranged product
under Sy1 conditions?

S Mow X

Br
(a) () (© ()

(e) None of these. Rearrangements only occur under Sy2 conditions.
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CHAPTER 9
ALKYNES

SOLUTIONS TO TEXT PROBLEMS

9.1 The reaction is an acid—base process; water is the proton donor. Two separate proton-transfer steps
are involved.

T T _ e
C=C: + H—O—H ‘C=C—H + ::0—H
Carbide ion Water Acetylide ion Hydroxide ion
O oo _
H—0O—H + :C=C—H H—O: + H—C=C—H

Water Acetylide ion Hydroxide ion Acetylene
9.2  Atriple bond may connect C-1 and C-2 or C-2 and C-3 in an unbranched chain of five carbons.

CH,CH,CH,C=CH  CH,CH,C=CCH,

1-Pentyne 2-Pentyne

One of the C;H; isomers has a branched carbon chain.

CH3|CHCECH
CH,

3-Methyl-1-butyne

209
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9.3 The bonds become shorter and stronger in the series as the electronegativity increases.

NH, H,0 HF
Electronegativity: N (3.0) 0 (3.5) F (4.0)
Bond distance (pm): N—H (101) O—H (95) F—H (92)
Bond dissociation energy (kJ/mol): N—H (435) O—H (497) F—H (568)

Bond dissociation energy (kcal/mol): N—H (104) O—H (119) F—H (136)

94 (b) Anproton is transferred from acetylene to ethyl anion.

ﬁ A/\ _ _

HC=CXH + :CH,CH, ——= HC=C: + CH,CH,
Acetylene Ethyl anion Acetylide ion Ethane
(stronger acid) (stronger base) (weaker base) (weaker acid)
K,1072% K,~ 107
(pK, 26) (pK, =~ 62)

The position of equilibrium lies to the right. Ethyl anion is a very powerful base and depro-
tonates acetylene quantitatively.
(c) Amide ion is not a strong enough base to remove a proton from ethylene. The equilibrium lies

to the left.
r/\ ~_ e
CH,=—CH--H + :NH, — CH,=CH + :NH,
Ethylene Amide ion Vinyl anion Ammonia
(weaker acid) (weaker base) (stronger base) (stronger acid)
K,=10™% K,107%¢
(pK, =~ 45) (pK, 36)

(d) Alcohols are stronger acids than ammonia; the position of equilibrium lies to the right.

L AT TN e
CH,C=CCH,0~H + :NH, —~—— CH,C=CCH,0: + :NH,

2-Butyn-1-ol Amide ion 2-Butyn-1-olate anion Ammonia
(stronger acid) (stronger base) (weaker base) (weaker acid)
K,~ 10716—10-2 K,10736
(pK, =~ 16—20) (pK, 36)

9.5 (b) The desired alkyne has a methyl group and a butyl group attached to a —C=C— unit. Two
alkylations of acetylene are therefore required: one with a methyl halide, the other with a butyl

halide.
o 1. NaNH,, NH, o 1. NaNH,, NH, o
= = — 2 3 5 =
HC=CH —ap CH,C=CH S qiciancns” CH:C=CCH,CH,CH,CH,
Acetylene Propyne 2-Heptyne

It does not matter whether the methyl group or the butyl group is introduced first; the order of
steps shown in this synthetic scheme may be inverted.

(c) Anethyl group and a propyl group need to be introduced as substituents on a —C=C— unit.
As in part (b), it does not matter which of the two is introduced first.

1. NaNH,, NH, 1. NaNH,, NH,

HC=CH m’ CH,CH,CH,C=CH 2. CH.CHBr CH,CH,CH,C=CCH,CH,

Acetylene 1-Pentyne 3-Heptyne
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9.6 Both I-pentyne and 2-pentyne can be prepared by alkylating acetylene. All the alkylation steps
involve nucleophilic substitution of a methyl or primary alkyl halide.

1. NaNH,, NH,

HC=CH W CH,CH,CH,C=CH

Acetylene 1-Pentyne
. 1. NaNH,, NH, o 1. NaNH,, NH, o
= T r 3, = =
HC=CH Sqicis > CHCHC=CH g, CH,CH,C=CCH,
Acetylene 1-Butyne 2-Pentyne

A third isomer, 3-methyl-1-butyne, cannot be prepared by alkylation of acetylene, because it re-
quires a secondary alkyl halide as the alkylating agent. The reaction that takes place is elimination,
not substitution.

HC=C: + CH3C|JHCH3 B HC=CH + CH,=CHCH,
Br
Acetylide Isopropyl Acetylene Propene
ion bromide

9.7 Each of the dibromides shown yields 3,3-dimethyl-1-butyne when subjected to double dehydro-
halogenation with strong base.

l|3r
aNH.
(CH3)3CC|CH3 or  (CH,),CCH,CHBr, or (CH3)3C?HCH2Br ~———> (CH,),CC=CH
. 2
Br Br
2,2-Dibromo-3,3- 1,1-Dibromo-3,3- 1,2-Dibromo-3,3- 3,3-Dimethyl-1-butyne
dimethylbutane dimethylbutane dimethylbutane
9.8 (b) The first task is to convert 1-propanol to propene:
H,S0,
CH;CH,CH,0H — CH;CH=CH,
1-Propanol Propene

After propene is available, it is converted to 1,2-dibromopropane and then to propyne as
described in the sample solution for part (a).
(c¢) Treat isopropyl bromide with a base to effect dehydrohalogenation.

NaOCH,CH
(CH,),CHBr ———=—> CH,CH=CH,

Isopropyl bromide Propene

Next, convert propene to propyne as in parts (a) and (b).
(d) The starting material contains only two carbon atoms, and so an alkylation step is needed at
some point. Propyne arises by alkylation of acetylene, and so the last step in the synthesis is

1. NaNH,, NH,

HC=CH W’ CH3CECH

Acetylene Propyne

The designated starting material, 1,1-dichloroethane, is a geminal dihalide and can be used to
prepare acetylene by a double dehydrohalogenation.

1. NaNH,, NH,

CH,CHCl, T’ HC=CH

1,1-Dichloroethane Acetylene
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H,SO,
heat

CH,CH,OH

Ethyl alcohol

9.9

NaNH,

HC=CH —

Acetylene

9.10

9.11

9.12

CH,C=CH

Propyne

ALKYNES

(e)

The first task is to convert ethyl alcohol to acetylene. Once acetylene is prepared it can be
alkylated with a methyl halide.

1. NaNH,, NH,

o 1. NaNH,, NH,
10 HC=CH

2.CH,Br

Br,
H,C=CH, : BrCH,CH,Br CH,C=CH

Ethylene 1,2-Dibromoethane Acetylene Propyne

The first task is to assemble a carbon chain containing eight carbons. Acetylene has two carbon
atoms and can be alkylated via its sodium salt to 1-octyne. Hydrogenation over platinum converts
1-octyne to octane.

BrCH,(CH,),CH H
——————> HC=CCH,(CH,),CH, =

HC=CNa CH,CH,CH,(CH,),CH,

Sodium Octane

acetylide

1-Octyne

Alternatively, two successive alkylations of acetylene with CH,CH,CH,Br could be carried out to
give 4-octyne (CH,CH,CH,C=CCH,CH,CHj;), which could then be hydrogenated to octane.

Hydrogenation over Lindlar palladium converts an alkyne to a cis alkene. Oleic acid therefore has
the structure indicated in the following equation:

CH(CH)),, (CH),COH
2
Lindlar Pd /C=C\

H H

Oleic acid

CH,(CH,),C=C(CH,),CO,H

Stearolic acid
Hydrogenation of alkynes over platinum leads to alkanes.

2H,
Pt

CH,(CH,),C=C(CH,),CO,H CH,(CH,),,CO,H

Stearolic acid Stearic acid

Alkynes are converted to trans alkenes on reduction with sodium in liquid ammonia.

CH,(CH H
/TN
H (CH,),CO,H

Elaidic acid

CH,(CH,),C=C(CH,),CO,H 1. Na, Isz
2 H0

Stearolic acid

The proper double-bond stereochemistry may be achieved by using 2-heptyne as a reactant in the
final step. Lithium—ammonia reduction of 2-heptyne gives the trans alkene; hydrogenation over
Lindlar palladium gives the cis isomer. The first task is therefore the alkylation of propyne to
2-heptyne.
H,C H
Li, NH, AN /

AN
H CH,CH,CH,CH;4
1. NaNH,, NH; . (E)-2-Heptene
3 CH,CH,CH,CHBr CH,C=CCH,CH,CH,CH; —

2-Heptyne CH,CH,CH,CH,

H, AN /
Lindlar Pd / AN
H

(Z)-2-Heptene
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(b) Addition of hydrogen chloride to vinyl chloride gives the geminal dichloride 1,1-
dichloroethane.

HCl

H,C=CHCI CH,CHCI,

Vinyl chloride 1,1-Dichloroethane

(c¢) Since 1,1-dichloroethane can be prepared by adding 2 mol of hydrogen chloride to acetylene
as shown in the sample solution to part (a), first convert 1,1-dibromoethane to acetylene by

dehydrohalogenation.
1. NaNH,, NH
CH,CHBr, —.-—>—»> HC=CH —2 CH,CHCI,
1,1-Dibromoethane Acetylene 1,1-Dichloroethane
The enol arises by addition of water to the triple bond.
CH,C=CHCH, I
CH,C=CCH; + H,0 | CH,CCH,CH;
OH
2-Butyne 2-Buten-2-ol (enol form) 2-Butanone

The mechanism described in the textbook Figure 9.6 is adapted to the case of 2-butyne hydration as
shown:

H\+k) :?H H\ C'OH +ﬁH
JOH__ CHCH=CCH, J0: + CH{CH,—CCH, CH,CH,CCH,
H H
Hydronium 2-Buten-2-ol Water Carbocation
ion
W I M
CH,CH,—CCH; + 0% CH,CH,CCH; + H—0%
H H
Carbocation Water 2-Butanone Hydronium ion

Hydration of 1-octyne gives 2-octanone according to the equation that immediately precedes this
problem in the text. Prepare 1-octyne as described in the solution to Problem 9.9, and then carry out
its hydration in the presence of mercury(Il) sulfate and sulfuric acid.

Hydration of 4-octyne gives 4-octanone. Prepare 4-octyne as described in the solution to
Problem 9.9.

Each of the carbons that are part of —CO,H groups was once part of a —C=C— unit. The two
fragments CH,(CH,),CO,H and HO,CCH,CH,CO,H account for only 10 of the original 16 carbons.
The full complement of carbons can be accommodated by assuming that two molecules of
CH,(CH,),CO,H are formed, along with one molecule of HO,CCH,CH,CO,H. The starting alkyne
is therefore deduced from the ozonolysis data to be as shown:

CH,(CH,),C==CCH,CH,C==C(CH,),CH,

/ N

CH,(CH,),CO,H  HO,CCH,CH,CO,H  HO,C(CH,),CH,
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9.17 Three isomers have unbranched carbon chains:

CH,CH,CH,CH,C=CH  CH,CH,CH,C=CCH, CH,CH,C=CCH,CH,

1-Hexyne 2-Hexyne 3-Hexyne
Next consider all the alkynes with a single methyl branch:
CH,CHCH,C=CH CH,CH,CHC=CH CH,CHC=CCH,
o o e
4-Methyl-1-pentyne 3-Methyl-1-pentyne 4-Methyl-2-pentyne
One isomer has two methyl branches. None is possible with an ethyl branch.
CH,
CH,CC=CH
e

3,3-Dimethyl-1-butyne

5 4 3 2 1

9.18 (a) CH,CH,CH,C=CH is 1-pentyne
5 4 3 21

(b) CH,CH,C=CCH,is 2-pentyne

12 34 5 6
(¢) CH,C=CCHCHCH;is 4,5-dimethyl-2-hexyne
H,C CH,

5 4 3 2 1
@ I>—CH2CH2CH2CECH is 5-cyclopropyl-1-pentyne

13 1 23
CH,C=CCH,._ is cyclotridecyne
(6) L/\/\)

4 5 6 7 8 9

(f) CH,CH,CH,CH,CHCH,CH,CH,CH,CH, is 4-butyl-2-nonyne
3 21
C=CCH,

(Parent chain must contain the triple bond.)

CH, CH,

3
1 ols alse
() CH3$CEC(|ICH3 is 2,2,5,5-tetramethyl-3-hexyne

CH, CH,

919 (a) 1-Octyneis HC=CCH,CH,CH,CH,CH,CH,
()  2-Octyne is CH,C=CCH,CH,CH,CH,CH,
(¢)  3-Octyne is CH;CH,C=CCH,CH,CH,CH,
(d) 4-Octyne is CH,CH,CH,C=CCH,CH,CH,
(e)  2,5-Dimethyl-3-hexyne is CH;CHC=CCHCH;
&,
(f) 4-Ethyl-1-hexyne is CH3CH2(|3HCH2CECH

CH,CH,

ALKYNES
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(g) Ethynylcyclohexane is QCECH

o
(h)  3-Ethyl-3-methyl-1-pentyne is CH;CH,CC=CH
CH,CH,

9.20 Ethynylcyclohexane has the molecular formula C¢H,,. All the other compounds are CgH,,.

9.21 Only alkynes with the carbon skeletons shown can give 3-ethylhexane on catalytic hydrogenation.

X =
X H
or Ai\ > T Aiv
3-Ethyl-1-hexyne 4-Ethyl-1-hexyne 4-Ethyl-2-hexyne 3-Ethylhexane

9.22 The carbon skeleton of the unknown acetylenic amino acid must be the same as that of homoleucine.
The structure of homoleucine is such that there is only one possible location for a carbon—carbon
triple bond in an acetylenic precursor.

| H |
HCECC|HCH2C|HC07 S CH3CH2$HCH2C|HCO’
CH, 'NH, CH, 'NH,
C,H,,NO, Homoleucine
1. NaNH,, NH,
923 (a) CH,CHCH,CH,CH,CHCl, 75— CH,CH,CH,CH,C=CH
1,1-Dichlorohexane 1-Hexyne
(b)
Br, 1. NaNH,, NH, o
CH,CH,CH,CH,CH=CH, —¢q; CH3CH2CH2CH2C|IHCH2Br 110 CH,CH,CH,CH,C=CH
Br
1-Hexene 1,2-Dibromohexane 1-Hexyne
NaNH, ___ 4  CH,CH,CH,CH,Br o
(©) HC=CH —gr HC=C Na® ——"» (CH,CH,CH,CH,C=CH
Acetylene 1-Hexyne
KOC(CH,),
(d) CH,CH,CH,CH,CH,CH,] —— "> CH,CH,CH,CH,CH=CH,
1-Iodohexane 1-Hexene

1-Hexene is then converted to 1-hexyne as in part (b).

9.24 (a) Working backward from the final product, it can be seen that preparation of 1-butyne will
allow the desired carbon skeleton to be constructed.

CH,CH,C=CCH,CH, prepared from CH,CH,C=C: + BrCH,CH,

3-Hexyne
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The desired intermediate, 1-butyne, is available by halogenation followed by dehydrohalo-
genation of 1-butene.

Br
1. NaNH,, NH,
2.H,0

|
CH,CH,CH=CH, + Br, CH,CH,CHCH,Br CH,CH,C=CH

1-Butene 1-Butyne
Reaction of the anion of 1-butyne with ethyl bromide completes the synthesis.
NaNH _ CH,CH,B
CH,CH,C=CH — g~ CH,CH,C=C: Na’ ——— CH,CH,C=CCH,CH,

1-Butyne 3-Hexyne

(b) Dehydrohalogenation of 1,1-dichlorobutane yields 1-butyne. The synthesis is completed as in

part (a).
1. NaNH,, NH; .
CH,CH,CH,CHCl, —7y5 CH,CH,C=CH
1,1-Dichlorobutane 1-Butyne
NaNH, _ .  CHCHBr
(©) HC=CH —— HC=C:Na' ——> HC=CCH,CH,
Acetylene 1-Butyne

1-Butyne is converted to 3-hexyne as in part (a).

9.25 A single dehydrobromination step occurs in the conversion of 1,2-dibromodecane to C,,H,,Br.
Bromine may be lost from C-1 to give 2-bromo-1-decene.

BrCHz(le(CH2)7CH3 T H2C=(|3(CH2)7CH3
Br Br
1,2-Dibromodecane 2-Bromo-1-decene

Loss of bromine from C-2 gives (E)- and (Z)-1-bromo-1-decene.

H (CH,),CH, Br (CH,),CH,
KOH N, N,
13rCH2c|H(CH2)7CH3 e C=C{_ + =
Br Br H H H
1,2-Dibromodecane (E)-1-Bromo-1-decene (Z)-1-Bromo-1-decene
926 (a) CH,CH,CH,CH,C=CH + 2H, i CH,CH,CH,CH,CH,CH,
1-Hexyne Hexane

() CH,CH,CH,CH,C=CH + H, 2P,  CHCH,CH,CH,CH=CH,

1-Hexyne 1-Hexene

Li
NH,

(¢) CH,CH,CH,CH,C=CH CH,CH,CH,CH,CH=CH,

1-Hexyne 1-Hexene
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NaNH,
NH,

(d) CH,CH,CH,CH,C=CH

1-Hexyne
(e)
CH,CH,CH,CH,C=C:" Na" + CH,;CH,CH,CH,Br

Sodium 1-hexynide 1-Bromobutane

)
CH,CH,CH,CH,C=C: Na' + (CH,),CBr

217

CH,CH,CH,CH,C=C:"Na"

Sodium 1-hexynide

CH,CH,CH,CH,C=CCH,CH,CH,CH,

5-Decyne

CH,CH,CH,CH,C=CH + (CH,),C=CH,

Sodium 1-hexynide tert-Butyl 1-Hexyne 2-Methylpropene
bromide
(g) CH,CH,CH,CH,C=CH — CH3CH2CH2CH2C|=CH2
Cl
1-Hexyne 2-Chloro-1-hexene
(lll
(h)  CHCH,CH,CH,C=CH —j5o CH3CH2CH2CH2(|ICH3
Cl
1-Hexyne 2,2-Dichlorohexane
CH,CH,CH,CH, Cl
. _ Cl, ) -
() CH,CH,CH,CH,C=CH — =
Cl H
1-Hexyne (E)-1,2-Dichloro-1-hexene
(lll
Cl
(/) CH,CH,CH,CH,C=CH —g & CH3CH2CH2CH2(|ICHC12
Cl
1-Hexyne 1,1,2,2-Tetrachlorohexane
H,0, H,S0, I
(k CH,CH,CH,CH,C=CH —5—> CH,CH,CH,CH,CCH,
1-Hexyne 2-Hexanone
|| i
1.0
() CH,CH,CH,CH,C=CH — 45— CH,CH,CH,CH,COH + HOCOH
1-Hexyne Pentanoic acid Carbonic acid
9.27 (a) CH,CH,C=CCH,CH, + 2H, = CH,CH,CH,CH,CH,CH,
3-Hexyne Hexane
CH,CH, CH,CH,
— Lindlar Pd /
(b) CH,CH,C=CCH,CH, + H, — " =
H H

3-Hexyne

(Z)-3-Hexene
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9.28

CH,C=CCH,CH,CH,CH,

ALKYNES

CH,CH, H
— Li AN /
(©) CH,CH,C=CCH,CH, —g5—> o=
' H CH,CH,
3-Hexyne (E)-3-Hexene
CHCH, ~ H
(d) CHyCH,C=CCH,CH; —jnm Je=c(
Cl CH,CH,
3-Hexyne (Z)-3-Chloro-3-hexene
Cll
— HCl
(e) CH;CH,C=CCH,CH, —j5ms CH3CHZC|CH2(:HZCH3
Cl

3-Hexyne 3,3-Dichlorohexane

CH,CH Cl
cl, TN /

(f) CH,CH,C=CCH,CH, ———— Cc=C

(1 mol) / AN
cl CH,CH,
3-Hexyne (E)-3,4-Dichloro-3-hexene
Cl Cl
Cl
(§) CH,CH,C=CCH,CH, —(5. CH3CH2C|I—C|CH2CH3

Cl Cl
3-Hexyne 3,3,4,4-Tetrachlorohexane

H,0, H,S0, I
——>~% (CH,CH,CCH,CH,CH,

(h) CH,CH,C=CCH,CH, —fc-
3-Hexyne 3-Hexanone
1.0, |
() CH,CH,C=CCH,CH, — 5> 2CH,CH,COH

3-Hexyne Propanoic acid

The two carbons of the triple bond are similarly but not identically substituted in 2-heptyne,
CH,C=CCH,CH,CH,CH;. Two regioisomeric enols are formed, each of which gives a different
ketone.

OH OH

H,0, H,S0, | |
a0, CH,C=CHCH,CH,CH,CH, + CH,CH=CCH,CH,CH,CH,

2-Heptyne 2-Hepten-2-ol 2-Hepten-3-ol

| |
CH,CCH,CH,CH,CH,CH, ~ CH,CH,CCH,CH,CH,CH,

2-Heptanone 3-Heptanone
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9.29 The alkane formed by hydrogenation of (5)-3-methyl-1-pentyne is achiral; it cannot be optically

active.
cH,cH, 1
/C—CECH o CH3CH2C|HCH2CH3
H;C CH,
(S)-3-Methyl-1-pentyne 3-Methylpentane

(does not have a stereogenic
center; optically inactive)

The product of hydrogenation of (S)-4-methyl-1-hexyne is optically active because a stereogenic
center is present in the starting material and is carried through to the product.

CH,CH, \H ; CH,CH, \H
/C—CH2CECH o /CCHZCHZCH3
H,C H,C
(S)-4-Methyl-1-hexyne (S)-3-Methylhexane

Both (§)-3-methyl-1-pentyne and (§)-4-methyl-1-hexyne yield optically active products when their
triple bonds are reduced to double bonds.

930 (a) The dihaloalkane contains both a primary alkyl chloride and a primary alkyl iodide functional
group. lodide is a better leaving group than chloride and is the one replaced by acetylide.

NaC=CH + CICH,CH,CH,CH,CH,CH,I

CICH,CH,CH,CH,CH,CH,C=CH

Sodium 1-Chloro-6-iodohexane 8-Chloro-1-octyne
acetylide

(b) Both vicinal dibromide functions are converted to alkyne units on treatment with excess
sodium amide.

1. excess NaNH,, NH;

BrCH2C|HCH2CH2C|HCH2Br o HC=CCH,CH,C=CH
Br Br
1,2,5,6-Tetrabromohexane 1,5-Hexadiyne

(c¢)  The starting material is a geminal dichloride. Potassium fert-butoxide in dimethyl sulfoxide is
a sufficiently strong base to convert it to an alkyne.

Cl

| KOC(CH,;),, DMSO
[>—C|CH3 SEE D0, >—c=cH
Cl

1,1-Dichloro-1- Ethynylcyclopropane
cyclopropylethane

(d) Alkyl p-toluenesulfonates react similarly to alkyl halides in nucleophilic substitution
reactions. The alkynide nucleophile displaces the p-toluenesulfonate leaving group from ethyl

p-toluenesulfonate.
OCH3 QCECCHZCH3

Phenylacetylide ion Ethyl p-toluenesulfonate 1-Phenyl-1-butyne

0
|
S
|

|
Q—CEC:‘/?‘ $H2£\o

CH, O
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(e) Bothcarbons of a —C=C— unit are converted to carboxyl groups (—CO,H) on ozonolysis.

0 0
1.0, | |
| —5wo > HOC(CH,),COH

Cyclodecyne Decanedioic acid

(f) Ozonolysis cleaves the carbon—carbon triple bond.

O
//CH I 0
C 10, COH |
~—Sho + HOCOH
OH 2 OH
1-Ethynylcyclohexanol 1-Hydroxycyclohexane- Carbonic acid

carboxylic acid

o)
I

(¢) Hydration of a terminal carbon—carbon triple bond converts it to a —CCH, group.

OH HO O
H,0, H,S0, Lol
CH3C|HCH2C|CECH o CH3C|JHCH2(|J—CCH3
CH, CH, CH, CH,
3,5-Dimethyl-1-hexyn-3-ol 3-Hydroxy-3,5-dimethyl-2-hexanone

(h)  Sodium-in-ammonia reduction of an alkyne yields a trans alkene. The stereochemistry of a
double bond that is already present in the molecule is not altered during the process.

CH,CH,CH,CH,  CH,(CH,),C=CCH,CH,0H

(Z)-13-Octadecen-3-yn-1-ol

1. Na, NH,4
2.H,0
CH3CH2CH2CH2\C_C /CHZ(CH2)7\C_C/H
/ N\ / AN
H H H CH,CH,OH

(3E,13Z)-3,13-Octadecadien-1-ol
(i)  The primary chloride leaving group is displaced by the alkynide nucleophile.

Q + NaC=CCH,CH,CH,CH, Q

0~ O(CH,),CI 0~ >O(CH,),C=CCH,CH,CH,CH,

8-Chlorooctyl Sodium 1-hexynide 9-Tetradecyn-1-yl tetrahydropyranyl ether
tetrahydropyranyl ether
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(j) Hydrogenation of the triple bond over the Lindlar catalyst converts the compound to a cis
alkene.

Q 0" ™O(CHy,  CH,CH.CH.CH,

— 2 —
0" "O(CHp4,C=CCH,CH,CH,CH;  Tigwpa” /C—C\
H H
9-Tetradecyn-1-yl tetrahydropyranyl ether (Z)-9-Tetradecen-1-yl tetrahydropyranyl ether

9.31 Ketones such as 2-heptanone may be readily prepared by hydration of terminal alkynes. Thus, if we
had 1-heptyne, it could be converted to 2-heptanone.

H,0

|
Hso, ngso,  CH;C(CH,),CH;

HC=C(CH,),CH,

1-Heptyne 2-Heptanone
Acetylene, as we have seen in earlier problems, can be converted to 1-heptyne by alkylation.

NaNH,

__ e +
HC=CH —g "~ HC=C" Na

HC=C:" Na' + CH,CH,CH,CH,CH,Br HC=C(CH,),CH,

9.32  Apply the technique of reasoning backward to gain a clue to how to attack this synthesis problem.
A reasonable final step is the formation of the Z double bond by hydrogenation of an alkyne over

Lindlar palladium.
CH,;(CH,), N /(CHz) 12CH,4
J— 2
CH,(CH,),C=C(CH,),,CH; Thdard /C=C\
H H
9-Tricosyne (Z2)-9-Tricosene

The necessary alkyne 9-tricosyne can be prepared by a double alkylation of acetylene.

1. NaNH,, NH, 1. NaNH,, NH,

HC=CH Sorane CH(CH).C=CH Sqians

2. CH,(CH,),Br CH,(CH,),C=C(CH,),,CH,

Acetylene 1-Decyne 9-Tricosyne

It does not matter which alkyl group is introduced first.
The alkyl halides are prepared from the corresponding alcohols.

HBr

CH,(CH,;OH — 55— CH,(CH,);Br
1-Octanol 1-Bromooctane
HB
CH,(CHy,,OH  — 55 CH,(CH,),,Br

1-Tridecanol 1-Bromotridecane
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9.33 (a) 2,2-Dibromopropane is prepared by addition of hydrogen bromide to propyne.

1|3r
CH,C=CH + 2HBr —_— CH3C|CH3
Br

Propyne Hydrogen 2,2-Dibromopropane
bromide

The designated starting material, 1,1-dibromopropane, is converted to propyne by a double
dehydrohalogenation.

1. NaNH,, NH,
2.H,0

CH,CH,CHBr, CH,C=CH

1,1-Dibromopropane Propyne

(b) Asin part (a), first convert the designated starting material to propyne, and then add hydrogen

bromide.
Br
1. NaNH,, NH, o 2HBr |
CH3C|HCH2Br 110 CH;C=CH CH3(|ZCH3
Br Br
1,2-Dibromopropane Propyne 2,2-Dibromopropane

(c¢) Instead of trying to introduce two additional chlorines into 1,2-dichloropropane by free-
radical substitution (a mixture of products would result), convert the vicinal dichloride to
propyne, and then add two moles of Cl,.

Cl
1. NaNH,, NH, 2Cl, |
CH3C|HCH2C1 55— CH;C=CH CH3(|ICHC12
Cl Cl
1,2-Dichloropropane Propyne 1,1,2,2-Tetrachloropropane

(d) The required carbon skeleton can be constructed by alkylating acetylene with ethyl bromide.

NaNH,
NH,

CH,CH,Br
—_

HC=CH HC=C:" Na* HC=CCH,CH,

Acetylene Sodium acetylide 1- Butyne

Addition of 2 mol of hydrogen iodide to 1-butyne gives 2,2-diiodobutane.

I
|

HC=CCH,CH, + 2HI CH3C|CH2CH3
|

1-Butyne Hydrogen 2,2-Diiodobutane

iodide
(e)  The six-carbon chain is available by alkylation of acetylene with 1-bromobutane.

1. NaNH,, NH,

HC=CH —ioioncis HC=CCH,CH,CH,CH,

Acetylene 1-Hexyne
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The alkylating agent, 1-bromobutane, is prepared from 1-butene by free-radical (anti-
Markovnikov) addition of hydrogen bromide.

peroxides

CH,CH,CH=CH, + HBr ———> CH,CH,CH,CH,Br

1-Butene Hydrogen 1-Bromobutane
bromide

Once 1-hexyne is prepared, it can be converted to 1-hexene by hydrogenation over Lindlar
palladium or by sodium—ammonia reduction.

H,, Lindlar Pd

CH,CH,CH,CH,C=CH ——
? 3

CH,CH,CH,CH,CH=CH,

1-Hexyne 1-Hexene

(f) Dialkylation of acetylene with 1-bromobutane, prepared in part (f), gives the necessary ten-
carbon chain.

1. NaNH,, NH, 1. NaNH,, NH

CH,CH,CH,CH,C=CH +—c—coer—> CH,CH,CH,CH,C=CCH,CH,CH,CH,

= _—— =
HC=CH 2. CH,CH,CH,CH,Br Eh A 2. CH;CH,CH,CH,Br

Acetylene 1-Hexyne 5-Decyne

Hydrogenation of 5-decyne yields decane.

2H,
Pt

CH,(CH,);C=C(CH,),CH, CH,(CH,);CH,CH,(CH,),CH,

5-Decyne Decane

(¢) A standard method for converting alkenes to alkynes is to add Br, and then carry out a double

dehydrohalogenation.
Br l|3r
Oy e O e
(CHy)15 (CHy),3 (CHy)3
Cyclopentadecene 1,2-Dibromocyclopentadecane Cyclopentadecyne

(h)  Alkylation of the triple bond gives the required carbon skeleton.

o 1. NaNH,, NH, o
C=CH W C=CCH,

1-Ethynylcyclohexene 1-(1-Propynyl)cyclohexene

Hydrogenation over the Lindlar catalyst converts the carbon—carbon triple bond to a cis dou-

ble bond.
Q—CECCHa “Tndarpd” Q \\

H, C
1-(1-Propynyl)cyclohexene (Z)-1-(1-Propenyl)cyclohexene

—H
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(i)  The stereochemistry of meso-2,3-dibromobutane is most easily seen with a Fischer projection:

CH, H_B
H——DBr !
which is equivalent to CH,
H——Br H Br
CH, CH,

Recalling that the addition of Br, to alkenes occurs with anti stereochemistry, rotate the
sawhorse diagram so that the bromines are anti to each other:

Br
H Br
H CH,
CH
H Br CH; H
CH, Br

Thus, the starting alkene must be trans-2-butene. trans-2-Butene is available from 2-butyne
by metal-ammonia reduction:

Br
H,C H
Na, NH AN / B H CH,
CH,C=CCH, —— Cc=C — he ’
H CH, 3 H
Br
2-Butyne trans-2-Butene meso-2,3-Dibromobutane

9.34  Attack this problem by first planning a synthesis of 4-methyl-2-pentyne from any starting material
in a single step. Two different alkyne alkylations suggest themselves:

CH,C=CCH(CH,), {(“) from CH,C=C:" and BrCH(CH,),
(b) fromCH,l and “C=CCH(CH,),
4-Methyl-2-pentyne

Isopropyl bromide is a secondary alkyl halide and cannot be used to alkylate CH;C=C*" accord-
ing to reaction (a). A reasonable last step is therefore the alkylation of (CH;),CHC=CH via reac-
tion of its anion with methyl iodide.

The next question that arises from this analysis is the origin of (CH,),CHC=CH. One of
the available starting materials is 1,1-dichloro-3-methylbutane. It can be converted to
(CH;),CHC==CH by a double dehydrohalogenation. The complete synthesis is therefore:

1. NaNH,, NH, 1. NaNH,
(CH,),CHCH,CHCl, — 55— (CH),CHC=CH — ¢ — (CH,),CHC=CCH,
1,1-Dichloro-3-methylbutane 3-Methyl-1-butyne 4-Methyl-2-pentyne

9.35 The reaction that produces compound A is reasonably straightforward. Compound A is 14-bromo-1-
tetradecyne.

NaC=CH + Br(CH),Br = —— Br(CH,),,C=CH

Sodium acetylide 1,12-Dibromododecane Compound A (C,,H,;Br)
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Treatment of compound A with sodium amide converts it to compound B. Compound B on ozonol-
ysis gives a diacid that retains all the carbon atoms of B. Compound B must therefore be a cyclic
alkyne, formed by an intramolecular alkylation.

(CH,),,C=C; Na*

c=¢ | |
NaNH 1.0
Br(CH,),,C=CH T H2C<—/ — HO HOC(CH,),,COH
i)
Q. (CHy),,
Compound A Compound B

Compound B is cyclotetradecyne.
Hydrogenation of compound B over Lindlar palladium yields cis-cyclotetradecene (compound C).

C=C
H,
C > Lindlar Pd
(CH

2712

H H

Compound C (C,,H,,)

Hydrogenation over platinum gives cyclotetradecane (compound D).

C=C
H2
C ) =
(CH

2712

Compound D (C,,H,)

Sodium—ammonia reduction of compound B yields trans-cyclotetradecene.

C=C
C ) Na, NH,
(CHy) 1,

The cis and trans isomers of cyclotetradecene are both converted to O=CH(CH,),,CH=0 on
ozonolysis, whereas cyclotetradecane does not react with ozone.

H

Compound E (C,,H,)

9.36-9.37 Solutions to molecular modeling exercises are not provided in this Study Guide and Solutions Man-
ual. You should use Learning By Modeling for these exercises.

SELF-TEST
PART A

A-1. Provide the IUPAC names for the following:
(a) CH3CECC|HCH(CH3)2

CH,
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A-2.

A-3.

A-4.

A-S.

A-6.

ALKYNES

CH,CH,
(b) CH,CH,CH,CHCHC=CH
CH,CH,CH,

Give the structure of the reactant, reagent, or product omitted from each of the following
reactions.

HCI (1 mol)
(99 CH,CH,CH,C=CH ———

() CHCHCHC=CH —“9emb,

o

|
(¢) CH,CH,CH,C=CH CH,CH,CH,CCH,

H

(d) CHC=CCH; —figopi™

1. NaNH,

(© ? Zcmomsr (CH,),CHC=CCH,CH,

(f) CH;C=CCH,CH,

(E)-2-pentene

CL, (1 mol)
(¢) CH,C=CCH,CH,

1.0,
(h) CH3CH2CH2C|HCECCH2CH3 2.H,0
CH,

Which one of the following two reactions is effective in the synthesis of 4-methyl-2-hexyne?
Why is the other not effective?

Br

|

I. CH,CH,CHCH, + CH,C=CNa
o

2. CH,CH,CHC=CNa + CH,I

Outline a series of steps, using any necessary organic and inorganic reagents, for the prepa-
ration of:

(a) 1-Butyne from ethyl bromide as the source of all carbon atoms

(b) 3-Hexyne from 1-butyne

(c) 3-Hexyne from 1-butene

|
(d) CH,;CCH,CH(CH,), from acetylene
Treatment of propyne in successive steps with sodium amide, 1-bromobutane, and sodium in
liquid ammonia yields as the final product
Give the structures of compounds A through D in the following series of equations.

NaNH,, NH,

A —— B
C HBr, heat D

B+D ——— CH,CH,CH,C=CC(CH,),
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A-7. What are the structures of compounds E and F in the following sequence of reactions?

(0]
1. NaNH,, NH; H,0, H,S0, |
Compound E = CH.CHLBr Compound F HegsO, CH,CH,CCH,CH,CH,

A-8. Give the reagents that would be suitable for carrying out the following transformation. Two

or more reaction steps are necessary.
O*CHZCHZOH

Q—CECH

PART B

B-1. The IUPAC name for the compound shown is

CH,CH,
CH,CHCH,C=CCH(CH,),

(a) 2,6-Dimethyl-3-octyne

(b) 6-Ethyl-2-methyl-3-heptyne

(c) 2-Ethylpropyl isopropyl acetylene
(d) 2-Ethyl-6-methyl-4-heptyne

B-2. Which of the following statements best explains the greater acidity of terminal alkynes

(RC=CH) compared with monosubstituted alkenes (RCH=CH,)?

(a) The sp-hybridized carbons of the alkyne are less electronegative than the sp* carbons
of the alkene.

(b) The two m bonds of the alkyne are better able to stabilize the negative charge of the
anion by resonance.

(c¢)  The sp-hybridized carbons of the alkyne are more electronegative than the sp* carbons
of the alkene.

(d) The question is incorrect—alkenes are more acidic than alkynes.

B-3. Referring to the following equilibrium (R = alkyl group)

RCH,CH, + RC=C: RCH,CH, + RC=C—H
(a) K < 1; the equilibrium would lie to the left.

(b) K > 1; the equilibrium would lie to the right.

(c) K = 1; equal amounts of all species would be present.

(d) Notenough information is given; the structure of R must be known.

B-4. Which of the following is an effective way to prepare 1-pentyne?

cl,

1.
- —_—
(a) 1-Pentene 2 NaNH, et

1. NaNH,

—_—
(b) Acetylene > CHLCH,CILB:

1. NaNH,, NH,

(c¢) 1,1-Dichloropentane THO

(d) All these are effective.

B-5. Which alkyne yields butanoic acid (CH,CH,CH,CO,H) as the only organic product on treat-
ment with ozone followed by hydrolysis?
(a) 1-Butyne (c) 1-Pentyne
(b) 4-Octyne (d) 2-Hexyne
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B-6.

B-8.

B-9.

B-10.

B-11.

ALKYNES

Which of the following produces a significant amount of acetylide ion on reaction with
acetylene?

(a) Conjugate base of CH;0H (pK,16)

(b) Conjugate base of H, (pK,35)

(¢) Conjugate base of H,O (pK,16)

(d) Both (a) and (¢).

Which of the following is the product of the reaction of 1-hexyne with 1 mol of Br,?

Br
(a) Br (d) \/\)\/Br
Y
r
Br
() MBT (e) \/\)\
Br Br

Choose the sequence of steps that describes the best synthesis of 1-butene from ethanol.

(@) (1) NaC=CH; (¢) (1) HBr, heat; (2) NaC=CH;
(2) H,, Lindlar Pd (3) H,, Lindlar Pd

(b) (1) NaC=CH; (d) (1) HBr, heat; (2) KOC(CH,),, DMSO;
(2) Na, NH, (3) NaC=CH; (4) H,, Lindlar Pd

What is (are) the major product(s) of the following reaction?

(CH,),CBr + HC=C: Na" ?
N
(@) (CH,),CC=CH (0) HC CH,
i
(b) H,C=CCH, + HC=CH (d) HC=CCH,CH(CH,),

Which would be the best sequence of reactions to use to prepare cis-3-nonene from
1-butyne?

(a) (1) NaNH, in NH;; (2) 1-bromopentane; (3) H,, Lindlar Pd

(b) (1) NaNH, in NHj;; (2) 1-bromopentane; (3) Na, NH,

(¢) (1) H,, Lindlar Pd; (2) NaNH, in NH;; (3) 1-bromopentane

(d) (1) Na, NH;; (2) NaNH, in NH;; (3) 1-bromopentane

Which one of the following is the intermediate in the preparation of a ketone by hydration of
an alkyne in the presence of sulfuric acid and mercury(II) sulfate?

I /OE)\
OH OH

(@) (b) () (d) (e)
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B-12. Which combination is best for preparing the compound shown in the box?

(@)

(b)

()

(d)

nGHs
C—CH,CH,CH,C=CH
CH.CH,
H3c\}{ B
C—CH,CH,CH,Br =,
CH,CH,
g CH;
\e—cHcH,CHBr  NC=CH,
CH,CH,
H
H3C\‘—; 1. NaNH,, NH,
C—Br — BrCH,CH,CH,C=CH
CH,CH,
CH
Ho2 3
: 1. NaNH,, NH
\C—Br i

2. BrCH,CH,CH,C=CH
CH,CH,

229
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CHAPTER 10

CONJUGATION IN ALKADIENES AND
ALLYLIC SYSTEMS

SOLUTIONS TO TEXT PROBLEMS

10.1 Asnoted in the sample solution to part (a), a pair of electrons is moved from the double bond toward
the positively charged carbon.

) H2C=/(?—(EH2 H2C+?—C|?=CH2
CH, CH,

© QSC(CH3)2 — <:>—(5(CH3)2

10.2  For two isomeric halides to yield the same carbocation on ionization, they must have the same
carbon skeleton. They may have their leaving group at a different location, but the carbocations
must become equivalent by allylic resonance.

CH,4 CH,4
Br i i

3-Bromo-1- 3-Chloro-3-
methylcyclohexene methylcyclohexene

CH, CH,

CH, Cl CH,

—_— Not an allylic carbocation

Br

4-Bromo-1-
methylcyclohexene

230
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CH,

CH,
/© —_— Not an allylic carbocation
Cl

5-Chloro-1-
methylcyclohexene

CH,

CH,
@\ _— Not an allylic carbocation
+
Br

1-Bromo-3-
methylcyclohexene

10.3 The allylic hydrogens are the ones shown in the structural formulas.

mH
HO
~
(b) CH,
H
Uy
N,

1-Methylcyclohexene

N\
CH,
oA

2,3,3-Trimethyl-1-butene

=

(d) (>H H‘)

1-Octene

10.4 The statement of the problem specifies that in allylic brominations using N-bromosuccinimide the
active reagent is Br,. Thus, the equation for the overall reaction is

H Br
+ Br, _— + HBr
H H

Cyclohexene Bromine 3-Bromocyclohexene  Hydrogen
bromide

The propagation steps are analogous to those of other free-radical brominations. An allylic hydrogen
is removed by a bromine atom in the first step.

Cyclohexene Bromine 2-Cyclohexenyl Hydrogen
atom radical bromide
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The allylic radical formed in the first step abstracts a bromine atom from Br, in the second propa-

gation step.
H + :BeBr —— + Br
Y H

2-Cyclohexenyl Bromine 3-Bromocyclohexene Bromine
radical atom

10.5 Write both resonance forms of the allylic radicals produced by hydrogen atom abstraction from the
alkene.

CH, _CH, CH,
(CH)CC — | (CHCC (CH,CC
CH, CH, CH,

2,3,3-Trimethyl-1-butene

Both resonance forms are equivalent, and so 2,3,3-trimethyl-1-butene gives a single bromide on
treatment with N-bromosuccinimide (NBS).

(CH3)3CC|=CH2 RBS (CH3)3C(|Z=CH2
CH, CH,Br

2,3,3-Trimethyl-1- 2-(Bromomethyl)-3,3-
butene dimethyl-1-butene

Hydrogen atom abstraction from 1-octene gives a radical in which the unpaired electron is
delocalized between two nonequivalent positions.

CH,=CHCH,(CH,),CH, CH,—CHCH(CH,),CH, CH,CH=CH(CH,),CH,

1-Octene

Allylic bromination of 1-octene gives a mixture of products

CH,=CHCH,(CH,),CH, Al CH2=CH(|ZH(CH2)4CH3 + BrCH,CH=CH(CH,),CH,
Br
1-Octene 3-Bromo-1-octene 1-Bromo-2-octene (cis and trans)

10.6 (b) All the double bonds in humulene are isolated, because they are separated from each other by
one or more sp* carbon atoms.

CH,

CH,

H,C
CH,

Humulene
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(¢) The C-1 and C-3 double bonds of cembrene are conjugated with each other.

(CH,),CH

Cembrene

The double bonds at C-6 and C-10 are isolated from each other and from the conjugated diene
system.

(d) The sex attractant of the dried-bean beetle has a cumulated diene system involving C-4, C-5,
and C-6. This allenic system is conjugated with the C-2 double bond.

6 5 4 3 2 1
CH,(CH,),CH,CH=C=CHCH==CHCO,CH,

10.7 The more stable the isomer, the lower its heat of combustion. The conjugated diene is the most
stable and has the lowest heat of combustion. The cumulated diene is the least stable and has the
highest heat of combustion.

HC M
Je=c__ H,C=CHCH,CH=CH,  H,C=C=CHCH,CH,
H CH=CH,
(E)-1,3-Pentadiene 1,4-Pentadiene 1,2-Pentadiene
Most stable 3217 kJ/mol Least stable
3186 kJ/mol (768.9 kcal/mol) 3251 kJ/mol
(761.6 kcal/mol) (777.1 kcal/mol)

10.8 Compare the mirror-image forms of each compound for superposability. For 2-methyl-2,3-
pentadiene,

2-methyl-2,3-pentadiene

HC CHs HC CH;
S\ C\
| |
ﬁ and (”3
C C
VAN /N
HC H H CH,
Reference structure Mirror image

Rotation of the mirror image 180° around an axis passing through the three carbons of the
C=—=C=—C unit demonstrates that the reference structure and its mirror image are superposable.

H,C CH H.C CH
A ’ A ’
|| o ||
ﬁ Rotate 180 (”j
C C
N 1\) N
CH, HC H
Mirror image Reoriented mirror image

2-Methyl-2,3-pentadiene is an achiral allene.
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Comparison of the mirror-image forms of 2-chloro-2,3-pentadiene reveals that they are not
superposable. 2-Chloro-2,3-pentadiene is a chiral allene.

2-Chloro-2,3-pentadiene

Cl CH 1 CH H Cl
A ’ ¢ MRS } SC\ S
C C
| | . |
ﬁ and ﬁ Rotate 180 ﬁ
C C C
N /N KP N
HC H H CH, HC H
Reference structure Mirror image Reoriented

mirror image

10.9 Both starting materials undergo -elimination to give a conjugated diene system. Two minor prod-
ucts result, both of which have isolated double bonds.

I
H2C=CHCH2C|CH2CH3

X

X = OH 3-Methyl-5-hexen-3-ol
X = Br 4-Bromo-4-methyl-1-hexene

Faster l l Slower

I 1 e
H,C=CHCH=CCH,CH, H,C=CHCH,C=CHCH, + H,C=CHCH,CCH,CH,
4-Methyl-1,3-hexadiene 4-Methyl-1,4-hexadiene 2-Ethyl-1,4-pentadiene
(mixture of E and Z isomers; (mixture of E and Z isomers; (minor product)

major product) minor product)

10.10 The best approach is to work through this reaction mechanistically. Addition of hydrogen halides
always proceeds by protonation of one of the terminal carbons of the diene system. Protonation of
C-1 gives an allylic cation for which the most stable resonance form is a tertiary carbocation. Pro-
tonation of C-4 would give a less stable allylic carbocation for which the most stable resonance form
is a secondary carbocation.

H,C
TN
}C—CH=CH2
H,C
HCl
H2C=(|3CH=CH2 (CH3)2(|ZCH=CH2
CH Cl
3 H,C .
2-Methyl-1,3-butadiene C=CH—CH, 3-Chloro-3-methyl-1-
H.C butene (major product)
3

Under kinetically controlled conditions the carbocation is captured at the carbon that bears the great-
est share of positive charge, and the product is the tertiary chloride.
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10.11 The two double bonds of 2-methyl-1,3-butadiene are not equivalent, and so two different products
of direct addition are possible, along with one conjugate addition product.

l?r Br
Br.
H,C=CCH==CH, = BI‘CH2|CCH=CH2 + H2C=(|:CHCH2BI + BrCH2(|:=CHCH2Br
CH, CH, CH, CH,
2-Methyl-1,3- 3,4-Dibromo-3- 3,4-Dibromo-2- 1,4-Dibromo-2-
butadiene methyl-1-butene methyl-1-butene methyl-2-butene
(direct addition) (direct addition) (conjugate addition)

10.12 The molecular formula of the product, C,jH,ClO,, is that of a 1:1 Diels—Alder adduct between
2-chloro-1,3-butadiene and benzoquinone.

O
Cl = Cl
+ —_—
X
o

2-Chloro-1,3- Benzoquinone C,oHyClO,
butadiene

0)

|||-~I

H

o

10.13  “Unravel” the Diels—Alder adduct as described in the sample solution to part (a).

H C=N
C=N _ N
b) is prepared from + I
_ N C
C=N /N
H C=N
Diels—Alder adduct Diene Dienophile

(cyano groups are cis)

2 0
. =

() O  is prepared from + [ o
AN

cH, O CH, o)

Diene Dienophile

10.14 Two stereoisomeric Diels—Alder adducts are possible from the reaction of 1,3-cyclopentadiene and
methyl acrylate. In one stereoisomer the CO,CH, group is syn to the HC=CH bridge, and is called
the endo isomer. In the other stereoisomer the CO,CHj, group is anti to the HC=CH bridge and is

called the exo isomer.
/ y
H + C\
O¢C\ H OCH,
OCH

3

i
@ + H,C=CHCOCH;

1,3-Cyclopentadiene Methyl acrylate Endo isomer (75%) Exo isomer (25%)

(Stereoisomeric forms of methyl
bicyclo[2.2.1]hept-5-ene-2-carboxylate)
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10.15

10.16

10.17
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An electrophile is by definition an electron-seeker. When an electrophile attacks ethylene, it inter-
acts with the 7 orbital because this is the orbital that contains electrons. The 7" orbital of ethylene is
unoccupied.

Analyze the reaction of two butadiene molecules by the Woodward—Hoffmann rules by examining
the symmetry properties of the highest occupied molecular orbital (HOMO) of one diene and the
lowest unoccupied molecular orbital (LUMO) of the other.

This reaction is forbidden by the Woodward—Hoffmann rules. Both interactions involving the ends
of the dienes need to be bonding for concerted cycloaddition to take place. Here, one is bonding and
the other is antibonding.

Dienes and trienes are named according to the IUPAC convention by replacing the -ane ending of
the alkane with -adiene or -atriene and locating the positions of the double bonds by number. The
stereoisomers are identified as E or Z according to the rules established in Chapter 5.

(a) 3,4-Octadiene: CH,CH,CH=C=CHCH,CH,CH,
CH,CH, H
N 7
. C=C H
(b) (E,E)-3,5-Octadiene: AN
H /C=C
H CH,CH,

(¢) (Z,2)-1,3-Cyclooctadiene:

(d) (Z,2)-1,4-Cyclooctadiene: O
H,C
H

(e) (E,E)-1,5-Cyclooctadiene:

(f) (2E,4Z,6E)-2,4,6-Octatriene:

HH CH,
Bea
H

H
(g) 5-Allyl-1,3-cycl di Z><H
- -1,3-cyclopentadiene:
§ ey CH,CH=CH,
H,C=CH H

(h)  trans-1,2-Divinylcyclopropane:
H CH=CH,

H,C=CCH=CCH,
(i) 2,4-Dimethyl-1,3-pentadiene: |
CH, CH,
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10.18 (a¢) H,C=CH(CH,);,CH=CH,
1,8-Nonadiene
T
(b) (CH3)2C=(|3C=C(CH3)2
CH,

2,3.4,5-Tetramethyl-2,4-hexadiene
(¢) CH,=CH—CH—CH=CH,

CH=CH,

3-Vinyl-1,4-pentadiene

CH,
H
CH,
(d)
3-Isopropenyl-1,4-cyclohexadiene
H H Cl
H

(e) Z N N |

Cl H H

(1Z,3E,5Z)-1,6-Dichloro-1,3,5-hexatriene

(f) H,C=C=CHCH=CHCH,

1,2,4-Hexatriene

(€9)

(1E,5E,9E)-1,5,9-Cyclododecatriene

HC ~~ CH=CH,
(h) e=c{
CH,CH, CH,CH,
(E)-3-Ethyl-4-methyl-1,3-hexadiene

10.19 (@) Since the product is 2,3-dimethylbutane we know that the carbon skeleton of the starting ma-
terial must be

C—?—?—C
Cc C

Since 2,3-dimethylbutane is CcH |, and the starting material is CgH,, two molecules of H,
must have been taken up and the starting material must have two double bonds. The starting
material can only be 2,3-dimethyl-1,3-butadiene.

Pt

H,C=C——C=CH, + 2H, (CH,),CHCH(CHS,),

CH, CH,
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10.20

10.21

10.22

CONJUGATION IN ALKADIENES AND ALLYLIC SYSTEMS

(b)  Write the carbon skeleton corresponding to 2,2,6,6-tetramethylheptane.

P

Compounds of molecular formula C,;H,, have two double bonds or one triple bond. The only
compounds with the proper carbon skeleton are the alkyne and the allene shown.

(CH,);CC=CCH,C(CH;);  (CH,),CCH=C=CHC(CH,),

2,2,6,6-Tetramethyl-3-heptyne 2,2,6,6-Tetramethyl-3,4-heptadiene

The dienes that give 2,4-dimethylpentane on catalytic hydrogenation must have the same carbon
skeleton as that alkane.

)\/k o )\/k o —C= — )\/k
= N =z X Pt
b) (c)

(@)

2,4-Dimethyl- 2,4-Dimethyl- 2,4-Dimethyl- 2,4-Dimethylpentane
1,3-pentadiene 1,4-pentadiene 2,3-pentadiene
conjugated diene isolated diene cumulated diene

The important piece of information that allows us to complete the structure properly is that the ant
repellent is an allenic substance. The allenic unit cannot be incorporated into the ring, because the
three carbons must be collinear. The only possible constitution is therefore

CH,
CH,

HO C=CHCCH,

CH,
HO

(a) Allylic halogenation of propene with N-bromosuccinimide gives allyl bromide.

N-bromosuccinimide

H,C=CHCH, CCl,, heat

H,C=CHCH,Br

Propene Allyl bromide

(b) Electrophilic addition of bromine to the double bond of propene gives 1,2-dibromopropane.

B
H,C=CHCH, 2 BrCHz(llHCH3
Br
Propene 1,2-Dibromopropane

(¢) 1,3-Dibromopropane is made from allyl bromide from part (a) by free-radical addition of
hydrogen bromide.

HBr
peroxides

H,C=CHCH,Br BrCH,CH,CH,Br

Allyl bromide 1,3-Dibromopropane
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(d)

()

)

@

(h)

1023 ()

(b)

Addition of hydrogen chloride to allyl bromide proceeds in accordance with Markovnikov’s
rule.

H,C=CHCH,Br e CH3C|HCH2Br
Cl
Allyl bromide 1-Bromo-2-chloropropane

Addition of bromine to allyl bromide gives 1,2,3-tribromopropane.

B
H,C—=CHCH,Br & BrCHz(leCHZBr
Br
Allyl bromide 1,2,3-Tribromopropane

Nucleophilic substitution by hydroxide on allyl bromide gives allyl alcohol.

H,C=CHCH,Br —Y% . H,C=CHCH,0H

Allyl bromide Allyl alcohol

Alkylation of sodium acetylide using allyl bromide gives the desired 1-penten-4-yne.

NaC=CH

H,C=CHCH,Br H,C=CHCH,C=CH

Allyl bromide 1-Penten-4-yne

Sodium—ammonia reduction of 1-penten-4-yne reduces the triple bond but leaves the double
bond intact. Hydrogenation over Lindlar palladium could also be used.

Na, NH,4
- 5
or H,, Lindlar Pd

H,C=CHCH,C=CH H,C=CHCH,CH=CH,

1-Penten-4-yne 1,4-Pentadiene

The desired allylic alcohol can be prepared by hydrolysis of an allylic halide. Cyclopentene
can be converted to an allylic bromide by free-radical bromination with N-bromosuccinimide
(NBS).

NBS H,0
—_— —_—
Q heat, peroxides Q\BI‘ Na,CO; Q\ OH

Cyclopentene 3-Bromocyclopentene 2-Cyclopenten-1-ol

Reaction of the allylic bromide from part () with sodium iodide in acetone converts it to the

corresponding iodide.
Nal
QBr acetone QI

3-Bromocyclopentene 3-Iodocyclopentene


http://www.mhhe.com/physsci/chemistry/carey/student/olc
http://www.mhhe.com

240

CONJUGATION IN ALKADIENES AND ALLYLIC SYSTEMS

(¢) Nucleophilic substitution by cyanide converts the allylic bromide to 3-cyanocyclopentene.

Q—Br —NaCN_, Q—CN

3-Bromocyclopentene 3-Cyanocyclopentene

(d) Reaction of the allylic bromide with a strong base will yield cyclopentadiene by an E2

elimination.
Br NaOCH,CH,
—_—
CH;CH,OH, heat

3-Bromocyclopentene 1,3-Cyclopentadiene

(e) Cyclopentadiene formed in part (d) is needed in order to form the required Diels—Alder

adduct.
i
i i COCH,
CH,0CC=CCOCH, /
_ s s,
TliOCH3
1,3-Cyclopentadiene Dimethyl bicyclo[2.2.1]heptadiene-

2,3-dicarboxylate

10.24 The starting material in all cases is 2,3-dimethyl-1,3-butadiene.

2,3-Dimethyl-1,3-butadiene
(a) Hydrogenation of both double bonds will occur to yield 2,3-dimethylbutane.

T
H2C=(|3—C=CH2

H,
Pt

(CH,),CHCH(CH,),
CH,

(b) Direct addition of 1 mol of hydrogen chloride will give the product of Markovnikov addition
to one of the double bonds, 3-chloro-2,3-dimethyl-1-butene.

CH, (le3
1 (CH3)2(|3C=CH2

|
H2C=C|—C=CH2
CH, Cl
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(c) Conjugate addition will lead to double bond migration and produce 1-chloro-2,3-dimethyl-
2-butene.

CH, clH3
Hel (CH,),C=CCH,CI

|
H2C=C|—C=CH2
CH,

(d) The direct addition product is 3,4-dibromo-2,3-dimethyl-1-butene.

CH, CH,

Br,

| |
H2C=(|I—C=CH2 BrCH,C—C=CH,

CH, Br CH,
(e) The conjugate addition product will be 1,4-dibromo-2,3-dimethyl-2-butene.

CH, CH,

| |
H2C=C|—C=CH2 BrCH2C=C|CH2Br

CH, CH,

(f) Bromination of both double bonds will lead to 1,2,3,4-tetrabromo-2,3-dimethylbutane irre-
spective of whether the first addition step occurs by direct or conjugate addition.

CH, CH, CH,
2Br,

|
H2C=C|—C=CH2 BrCH2$—C|CH2Br

CH, Br Br

(g) The reaction of a diene with maleic anhydride is a Diels—Alder reaction.

O H O
HC__ H,C
ot | O 0
H,C H,C
o) H o

10.25 The starting material in all cases is 1,3-cyclohexadiene.

¢

(a) Cyclohexane will be the product of hydrogenation of 1,3-cyclohexadiene:
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(b) Direct addition will occur according to Markovnikov’s rule to give 3-chlorocyclohexene

Cl
HCI
direct addition

3-Chlorocyclohexene

(c) The product of conjugate addition is 3-chlorocyclohexene also. Direct addition and conjugate
addition of hydrogen chloride to 1,3-cyclohexadiene give the same product.

HCl
conjugate addition
Cl

3-Chlorocyclohexene

(d) Bromine can add directly to one of the double bonds to give 3,4-dibromocyclohexene:

Br
Br
Br,
—_—
direct addition

3,4-Dibromocyclohexene

(e) Conjugate addition of bromine will give 3,6-dibromocyclohexene:

Br
Br,
- 5
conjugate addition
Br

3,6-Dibromocyclohexene

(f) Addition of 2 moles of bromine will yield 1,2,3,4-tetrabromocyclohexane.

Br
Br
© 2Br,
Br
Br

(g) The constitution of the Diels—Alder adduct of 1,3-cyclohexadiene and maleic anhydride will

have a bicyclo [2.2.2]octyl carbon skeleton.
H
/ 0
0)
(6}

@[ﬁ
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10.26 Bond formation takes place at the end of the diene system to give a bridged bicyclic ring system.

(|302CH3
____________________________________ !
© ' I - CO,CH,4
"""""""""""""""""" T /
CO,CH

L, CO,CH,
1,3-Cyclohexadiene Dimethyl Dimethyl bicyclo[2.2.2]octa-
acetylenedicarboxylate 2,5-diene-2,3-dicarboxylate

10.27 The two Diels—Alder adducts formed in the reaction of 1,3-pentadiene with acrolein arise by the two
alignments shown:

— CHO CHO
+ l —_— and + m _—
N CHO CHO N
CH, CH, CH;, CH,
3-Methylcyclohexene- 3-Methylcyclohexene-
4-carboxaldehyde 5-carboxaldehyde

10.28 Compound B arises by way of a Diels—Alder reaction between compound A and dimethyl
acetylenedicarboxylate. Compound A must therefore have a conjugated diene system.

CH, CO,CH,
Qﬁ + CH,0,CC=CCO,CH, %OO:
H,C CH, H,C CO,CH,

Compound A Compound B

10.29 The reaction is a nucleophilic substitution in which the nucleophile (C;HsS ™) becomes attached to
the carbon that bore the chloride leaving group. Allylic rearrangement is not observed; therefore,
it is reasonable to conclude that an allylic carbocation is not involved. The mechanism is S 2.

CH,CH=CHCH,CI + @—sm —cthanol_, CH3CH=CHCHZS©

1-Chloro-2-butene Sodium 2-Butenyl phenyl sulfide
benzenethiolate

10.30 (@) Solvolysis of (CH;),C=CHCH,CI in ethanol proceeds by an Sy1 mechanism and involves a
carbocation intermediate.

(CH,),C—=CHCH,CI (CH,),C=<CH>-CH, (CH,),C—CH=—CH,

1-Chloro-3-methyl-2-butene

This carbocation has some of the character of a tertiary carbocation. It is more stable and is
therefore formed faster than allyl cation, CH,—=CHCH, .
(b)  An allylic carbocation is formed from the alcohol in the presence of an acid catalyst.

H,S0,
CH2=CHC|?HCH3 o CH,=CHCHCH,

.
OH /O\
H H

CH,—CHCHCH, + H,0

3-Buten-2-ol
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This carbocation is a delocalized one and can be captured at either end of the allylic system by
water acting as a nucleophile.

. —> CH,=CHCHCH, —— CH,=CHCHCH,
CH,=CHCHCH, . |
O OH
HO AN
2 H H 3-Buten-2-ol
+ H
CH,CH=—CHCH, AN —ut
: — /O—CHZCH=CHCH3 HOCH,CH=CHCH,
H 2-Buten-1-ol
(c) Hydrogen bromide converts the alcohol to an allylic carbocation. Bromide ion captures this
carbocation at either end of the delocalized allylic system.
H
HBr +/ +
CH,CH=—CHCH,OH CH,CH=CHCH,— N CH,CH=—CHCH,
H

(d)

(e)

10.31

2-Buten-1-ol

. —> CH,CH=CHCH,Br
CH,CH=CHCH,

1-Bromo-2-butene

CH,CHCH=CH,

— CH3(|3HCH=CH2
Br

3-Bromo-1-butene

The same delocalized carbocation is formed from 3-buten-2-ol as from 2-buten-1-ol.

CH3C|HCH=CH2 HBr .,  CH,CHCH=CH, CH,CH=CHCH,
OH
3-Buten-2-ol

Since this carbocation is the same as the one formed in part (c), it gives the same mixture of
products when it reacts with bromide.
We are told that the major product is 1-bromo-2-butene, not 3-bromo-1-butene.

CH,CH=CHCH,Br CH3C|HCH=CH2

Br
1-Bromo-2-butene 3-Bromo-1-butene
(major) (minor)

The major product is the more stable one. It is a primary rather than a secondary halide and
contains a more substituted double bond. The reaction is therefore governed by thermody-
namic (equilibrium) control.

Since both products of reaction of hydrogen chloride with vinylacetylene are chloro-substituted

dienes, the first step in addition must involve the triple bond. The carbocation produced is an allylic
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vinyl cation for which two Lewis structures may be written. Capture of this cation gives the prod-
ucts of 1,2 and 1,4 addition. The 1,2 addition product is more stable because of its conjugated sys-
tem. The observations of the experiment tell us that the 1,4 addition product is formed faster,
although we could not have predicted that.

HC=C—CH=CH, —1° H,C—C—CH=—CH, H,C—C—CH—CH,

Vinylacetylene

H2C=(|I—CH=CH2 + H,C=C=CH—CH,CI

Cl
2-Chloro-1,3-butadiene 4-Chloro-1,2-butadiene
(1,2 addition) (1,4 addition)
10.32 (@) The two equilibria are:
For (E)-1,3-pentadiene:
H,C H H,C H
— H —
H — H / H
H H H
H
s-trans s-cis
For (Z)-1,3-pentadiene:
H H H H
— H —
He )= T HC )—H
H H H
H
s-trans s-cis

(b) The s-cis conformation of (Z)-1,3-pentadiene is destabilized by van der Waals strain involv-

ing the methyl group.
H H
Z "H Methyl-hydrogen 7 “H } Hydrqgen—hydrogen
X CH3 repulsion & H J repulsion
H CH,
s-cis conformation of s-cis conformation of
(Z2)-1,3-pentadiene (E)-1,3-pentadiene

The equilibrium favors the s-trans conformation of (Z)-1,3-pentadiene more than it does that
of the E isomer because the s-cis conformation of the Z isomer has more van der Waals strain.
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10.33

10.34
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Compare the mirror-image forms of each compound for superposability.

(@) 2-Methyl-2,3-hexadiene
H3C\ \\\\‘-CH3 H3C\ \\\\‘-CH3

C
I |
(”3 and ﬁ
C C

7N\ /N
CH,CH, H H CH,CH,
Reference structure Mirror image

Rotation of the mirror image 180° around an axis passing through the three carbons of the
C=C==C unit demonstrates that the reference structure and its mirror image are superposable.

H,CQ \\\\,CHg H,CQ \\\\,CHs
| . |
ﬁ Rotate 180 (”j
C C
/N q) 7N
H  CH,CH, CH,CH, H
Mirror image Reoriented mirror image

2-Methyl-2,3-hexadiene is an achiral allene.
(b) The two mirror-image forms of 4-methyl-2,3-hexadiene are as shown:

H,C, H HC, H H, CH
S S A e
I | . I
ﬁ ﬁ Rotate 180 ﬁ
C C q) C
H3C/ \CHZCH3 CH3CH2/ \CH3 H3C/ \CHZCH3
Reference structure Mirror image Reoriented

mirror image

The two structures cannot be superposed. 4-Methyl-2,3-hexadiene is chiral. Rotation of either
representation 180° around an axis that passes through the three carbons of the C—C=—=C unit
leads to superposition of the groups at the “bottom” carbon but not at the “top.”

(¢) 2,4-Dimethyl-2,3-pentadiene is achiral. Its two mirror-image forms are superposable.

H3C\ . CH, H3C\ . CH,
| |
C C
] !
VAN VAN
H,C CH, H,C CH,
Reference structure Mirror image

The molecule has two planes of symmetry defined by the three carbons of each CH;CCHj unit.

(a) Carbons 2 and 3 of 1,2,3-butatriene are sp-hybridized, and the bonding is an extended version
of that seen in allene. Allene is nonplanar; its two CH, units must be in perpendicular planes
in order to maximize overlap with the two mutually perpendicular p orbitals at C-2. With one
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more sp-hybridized carbon, 1,2,3-butatriene has an “extra turn” in its carbon chain, making
the molecule planar.

H H
(o
\S
H H
Nonplanar geometry of allene All atoms of 1,2,3-butatriene

lie in same plane.
(b) The planar geometry of the cumulated triene system leads to the situation where cis and trans

stereoisomers are possible for 2,3,4-hexatriene (CH,CH=C=C=CHCH,). Cis—trans
stereoisomers are diastereomers of each other.

H H H CH
AN / N s
/c=c=c=c\ /c=c=c=c\

H,C CH, H,C H

cis-2,3,4-Hexatriene trans-2,3,4-Hexatriene

10.35 Reaction (a) is an electrophilic addition of bromine to an alkene; the appropriate reagent is bromine
in carbon tetrachloride.

(74%)

Reaction () is an epoxidation of an alkene, for which almost any peroxy acid could be used.
Peroxybenzoic acid was actually used.

o
Br. [ Br
C4H,COOH
Br" Br’

(69%)

Reaction (¢) is an elimination reaction of a vicinal dibromide to give a conjugated diene and re-
quires E2 conditions. Sodium methoxide in methanol was used.

Br,
NaOCH,
Yo s O
Br’
(80%)

Reaction (d) is a Diels—Alder reaction in which the dienophile is maleic anhydride. The
dienophile adds from the side opposite that of the epoxide ring.

0 0
©>o+| 0 0
0
0 o
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10.36  To predict the constitution of the Diels—Alder adducts, we can ignore the substituents and simply
remember that the fundamental process is

=
s — O

OCH,  CO,CH, OCH,
/ & CO,CH,
(@) + Il —
(CH,),SiO ¢ (CH,),SiO CO,CH,
CO,CH,
CO,CH, 0
— |
(b) QO + ﬁ — /17 CO.CH;,
i
CH,OCH,
NO, H

© QCHZOCH3 o . / "
2

10.37 The carbon skeleton of dicyclopentadiene must be the same as that of its hydrogenation product, and
dicyclopentadiene must contain two double bonds, since 2 mol of hydrogen are consumed in its
hydrogenation (C,(H,, CioHie)-

The molecular formula of dicyclopentadiene (C,jH,,) is twice that of 1,3-cyclopentadiene
(CsHy), and its carbon skeleton suggests that 1,3-cyclopentadiene is undergoing a Diels—Alder reac-
tion with itself. Therefore:

i — = A%

CsHq CsH¢ Dicyclopentadiene CoHje
CioHiy

One molecule of 1,3-cyclopentadiene acts as the diene, and the other acts as the dienophile in this
Diels—Alder reaction.

10.38 (@) Since allyl cation is positively charged, examine the process in which electrons “flow” from
the HOMO of ethylene to the LUMO of allyl cation.

HOMO

Antibonding \ \.‘/—Bonding

LUMO
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This reaction is forbidden. The symmetries of the orbitals are such that one interaction is
bonding and the other is antibonding.
The same answer is obtained if the HOMO of allyl cation and the LUMO of ethylene are
examined.
(b) In this part of the exercise we consider the LUMO of allyl cation and the HOMO of 1,3-
butadiene.

[B onding

Bonding ]

This reaction is allowed by the Woodward—Hoffmann rules. Both interactions are bonding.
The same prediction would be arrived at if the HOMO of allyl cation and LUMO of 1,3-buta-
diene were the orbitals considered.

10.39 Since oxygen has two unpaired electrons, it can abstract a hydrogen atom from the allylic position
of cyclohexene to give a free-radical intermediate.

+-0—0 + HQ—0
H H 0

The cyclohexenyl radical is resonance-stabilized. It reacts further via the following two propagation
steps:

b H—0-
H H O—0O
+ —_— +
H 0—0- H H H 00H !

10.40-10.41 Solutions to molecular modeling exercises are not provided in this Study Guide and Solutions Man-

SELF-TEST

ual. You should use Learning By Modeling for these exercises.

PART A

A-1. Give the structures of all the constitutionally isomeric alkadienes of molecular formula
C,H;. Indicate which are conjugated and which are allenes.

A-2. Provide the IUPAC name for each of the conjugated dienes of the previous problem, includ-
ing stereoisomers.

A-3. Hydrolysis of 3-bromo-3-methylcyclohexene yields two isomeric alcohols. Draw their
structures and the structure of the intermediate that leads to their formation.
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A-4.

A-S.

A-7.

CONJUGATION IN ALKADIENES AND ALLYLIC SYSTEMS

Give the chemical structure of the reactant, reagent, or product omitted from each of the
following:

Br.
(@) CH,CH=CHCH=CHCH, = 2 (two products)

HCI (1 mol)
() CH,=CHCH=CH, ——— ? (two products)

9 Diels—Alder

()

o
(0)

Br
o (1) —— CQOJ
Br

| |
(e @ + CH;0CC=CCOCH,

One of the isomeric conjugated dienes having the formula C.Hy is not able to react with a
dienophile in a Diels—Alder reaction. Draw the structure of this compound.

Draw the structure of the carbocation formed on ionization of the compound shown. A con-
stitutional isomer of this compound gives the same carbocation; draw its structure.

CH,4

|
()

CH,4

Give the structures of compounds A and B in the following reaction scheme.

NBS
CCly, heat

Nal
acetone

Compound A Compound B

Give the reagents necessary to carry out the following conversion. Note that more than one
reaction step is necessary.

Br

PART B

B-1.

2,3-Pentadiene, CH;CH=—C=—CHCHS,, is

(a) A planar substance

(b) An allene

(c)  Aconjugated diene

(d) A substance capable of cis-trans isomerism
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B-2. Rank the following carbocations in order of increasing stability (least — most):

CH,CHCH, CH,CHCH—=CHCH, (CH,),CCH,
1 2 3

(@ 1<2<3 () 3<1<2
b 2<3<1 d 2<1<3

B-3. Hydrogenation of cyclohexene releases 120 kJ/mol (28.6 kcal/mol) of heat. Which of the
following most likely represents the observed heat of hydrogenation of 1,3-cyclohexadiene?

(@) 232 kJ/mol (55.4 kcal/mol)
(b) 240 kJ/mol (57.2 kcal/mol)
(c) 247 kl/mol (59.0 kcal/mol)
(d) 120 kJ/mol (28.6 kcal/mol)

B-4. Which of the following compounds give the same carbocation on ionization?

1 2 3 4
(@) land3 (¢) land2
(b) 2and4 (d) 1land4

B-5. For the following reactions the major products are shown:

CH,—CH—CH=CH, —g* CH2=CH$HCH3 e, (|IH2CH=CHCH3
Br Br
These provide an example of control at low temperature and control at
1 2

higher temperature.

1 2
(a) Kkinetic thermodynamic
(b) thermodynamic kinetic
(¢) kinetic kinetic
(d) thermodynamic thermodynamic

B-6. Which of the following C—H bonds would have the smallest bond dissociation energy?
H H
(a) CH,;CHCH, (c) CH,CH,CH,

H H
(b)) CH,;CH=—CH (d) H,C=CH—CHCH,
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B-7.

B-8.

B-9.

B-10.

CONJUGATION IN ALKADIENES AND ALLYLIC SYSTEMS
Which of the following compounds would undergo solvolysis (Sy1) most rapidly in aqueous
ethanol?

CH, CH,

(a) ©LBI‘ (C) @LBr

Br

CH, CH,
(b) @i (d)
Br

Which of the following compounds will undergo hydrolysis (Sy1) to give a mixture of two
alcohols that are constitutional isomers?

(a) - Cl (©) Cl

5
g

%
b

(b) Cl ) _~__ql

What hydrocarbon reacts with the compound shown (on heating) to give the indicated
product?

0] 0]
H,C
| o 0
(0] O
(a) 2-Methyl-1-butene (d) 2-Methyl-1,3-butadiene
(b) 2-Methyl-2-butene (e) 1,3-Pentadiene

(c) 3-Methyl-1-butyne


http://www.mhhe.com/physsci/chemistry/carey/student/olc
http://www.mhhe.com

CHAPTER 11
ARENES AND AROMATICITY

SOLUTIONS TO TEXT PROBLEMS

11.1  Toluene is C;H;CHj; it has a methyl group attached to a benzene ring.

CH, CH, CH,

Kekulé forms of toluene Robinson symbol
for toluene

Benzoic acid has a —CO,H substituent on the benzene ring.

CO,H COH CO,H
Kekulé forms of benzoic acid Robinson symbol

for benzoic acid

AH° = —110kJ (—26.3 kcal)

Cycloheptene Cycloheptane

11.2 Given

and assuming that there is no resonance stabilization in 1,3,5-cycloheptatriene, we predict that
its heat of hydrogenation will be three times that of cycloheptene or 330 kJ/mol (78.9 kcal/mol).

253
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The measured heat of hydrogenation is

AH® = —305 kJ (—73.0 keal)

+  3H,

1,3,5-Cycloheptatriene Cycloheptane
Therefore

Resonance energy = 330 kJ/mol (predicted for no delocalization) — 305 kJ/mol (observed)
= 25 kJ/mol (5.9 kcal/mol)

The value given in the text for the resonance energy of benzene (152 kJ/mol) is six times larger than
this. 1,3,5-Cycloheptatriene is not aromatic.

11.3 (b) The parent compound is styrene, C;(H;CH==CH,. The desired compound has a chlorine in the
meta position.

CH=CH,

Cl

m-Chlorostyrene

(¢) The parent compound is aniline, C¢cH;NH,. p-Nitroaniline is therefore

NH,

NO,
p-Nitroaniline
11.4 The most stable resonance form is the one that has the greatest number of rings that correspond to

Kekulé formulations of benzene. For chrysene, electrons are moved in pairs from the structure given
to generate a more stable one:

oY —od”

Less stable: two rings have More stable: four rings have
benzene bonding pattern. benzene bonding pattern.

11.5  Birch reductions of monosubstituted arenes yield 1,4-cyclohexadiene derivatives in which the alkyl
group is a substituent on the double bond. With p-xylene, both methyl groups are double-bond sub-
stituents in the product.

Na, NH,
H,C CH, m’ H,C CH,

p-Xylene 1,4-Dimethyl-1,4-
cyclohexadiene
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11.7

11.8
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(b)  Only the benzylic hydrogen is replaced by bromine in the reaction of 4-methyl-3-nitroanisole
with N-bromosuccinimide.

OCH, OCH,
NBS
80°C, peroxides
NO, NO,
CH, CH,Br

Only these hydrogens
are benzylic.

The molecular formula of the product is C,,H,,0,. Since it contains four oxygens, the product must
have two —CO,H groups. None of the hydrogens of a fert-butyl substituent on a benzene ring is
benzylic, and so this group is inert to oxidation. Only the benzylic methyl groups of 4-tert-butyl-1,2-
dimethylbenzene are susceptible to oxidation; therefore, the product is 4-tert-butylbenzene-1,2-
dicarboxylic acid.

CH,),C (CH.).C
( 3)3 Na,Cr,0, 373
—_——
H,0, H,SO,, heat
. CH, con
Not benzylic A\—/S centibl
hydrogens; CH, usceptible CO,H

not readily to oxidation

oxidized 4-tert-Butylbenzene-
1,2-dicarboxylic acid

Each of these reactions involves nucleophilic substitution of the Sy2 type at the benzylic position of
benzyl bromide.

e (’\
()  (CH,),CO: CH,-Br CH,OC(CH.,),
tert-Butoxide Benzyl bromide Benzyl tert-butyl ether
ion
e + ee 7N (\ . + os _
(o) :N=N=N: CH,—Br CH,N=N=N:
Azide ion  Benzyl bromide Benzyl azide

e T
(d)  HS cH, CBr CH,SH

Hydrogen Benzyl bromide Phenylmethanethiol

sulfide ion
CH,I
— @

Iodide ion Benzyl bromide Benzyl iodide

© a7 en,Cbr
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11.9 The dihydronaphthalene in which the double bond is conjugated with the aromatic ring is more sta-
ble; thus 1,2-dihydronaphthalene has a lower heat of hydrogenation than 1,4-dihydronaphthalene.

1,2-Dihydronaphthalene 1,4-Dihydronaphthalene
Heat of hydrogenation Heat of hydrogenation
101 kJ/mol (24.1 kcal/mol) 113 kJ/mol (27.1 kcal/mol)

11.10 (b) The regioselectivity of alcohol formation by hydroboration—oxidation is opposite that pre-
dicted by Markovnikov’s rule.

1. B,H,
©7$=CH2 W Q?HCHon
CH, CH,

2-Phenylpropene 2-Phenyl-1-propanol (92%)

(c) Bromine adds to alkenes in aqueous solution to give bromohydrins. A water molecule acts as
a nucleophile, attacking the bromonium ion at the carbon that can bear most of the positive
charge, which in this case is the benzylic carbon.

?H
CH=CH, CHCH,Br
Br,
J - O
Styrene 2-Bromo- 1-phenylethanol (82%)
(d) Peroxy acids convert alkenes to epoxides.
i i
QCH=CH2 + Q—COOH QCH—CHZ + Q—COH

N

o
Styrene Peroxybenzoic acid Epoxystyrene Benzoic acid

(69-75%)

11.11  Styrene contains a benzene ring and will be appreciably stabilized by resonance, which makes it
lower in energy than cyclooctatetraene.

O)-cn=cn,

Structure contains an
aromatic ring.

Styrene: heat of Cyclooctatetraene (not aromatic):
combustion 4393 kJ/mol heat of combustion 4543 kJ/mol
(1050 kcal/mol) (1086 kcal/mol)

11.12 The dimerization of cyclobutadiene is a Diels—Alder reaction in which one molecule of cyclobuta-
diene acts as a diene and the other as a dienophile.

Eh ] — LI
Diene Dienophile Diels—Alder adduct

11.13 (b) Since twelve 2p orbitals contribute to the cyclic conjugated system of [12]-annulene, there
will be 127 molecular orbitals. These MOs are arranged so that one is of highest energy, one
is of lowest energy, and the remaining ten are found in pairs between the highest and lowest
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energy orbitals. There are 127 electrons, and so the lowest 5 orbitals are each doubly occu-
pied, whereas each of the next 2 orbitals—orbitals of equal energy—is singly occupied.

Antibonding orbitals (5)

Nonbonding orbitals (2) + +
Bonding orbitals (5)  —H— +H-

11.14 One way to evaluate the relationship between heats of combustion and structure for compounds that
are not isomers is to divide the heat of combustion by the number of carbons so that heats of com-
bustion are compared on a “per carbon” basis.

o O Qp

Benzene Cyclooctatetraene [16]-Annulene [18]-Annulene

Heats of combustion:

3265 kJ/mol 4543 kJ/mol 9121 kJ/mol 9806 kJ/mol
(781 kcal/mol) (1086 kcal/mol) (2182 kcal/mol) (2346 kcal/mol)
Heats of combustion
per carbon:
544 kJ/mol 568 kJ/mol 570 kJ/mol 545 kJ/mol
(130 kcal/mol) (136 kcal/mol) (136 kcal/mol) (130 kcal/mol)

As the data indicate (within experimental error), the heats of combustion per carbon of the two aro-
matic hydrocarbons, benzene and [18]-annulene, are equal. Similarly, the heats of combustion per
carbon of the two nonaromatic hydrocarbons, cyclooctatetraene and [16]-annulene, are equal. The
two aromatic hydrocarbons have heats of combustion per carbon that are less than those of the
nonaromatic hydrocarbons. On a per carbon basis, the aromatic hydrocarbons have lower potential
energy (are more stable) than the nonaromatic hydrocarbons.

11.15 The seven resonance forms for tropylium cation (cycloheptatrienyl cation) may be generated by
moving 7 electrons in pairs toward the positive charge. The resonance forms are simply a succes-
sion of allylic carbocations.

H H H H
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11.16 Resonance structures are generated for cyclopentadienide anion by moving the unshared electron
pair from the carbon to which it is attached to a position where it becomes a shared electron pair in
a 7 bond.

H H HF}H H H H H H H
> > > g.‘ >
H H H H H

11.17 The process is an acid—base reaction in which cyclopentadiene transfers a proton to amide ion (the
base) to give the aromatic cyclopentadienide anion. The sodium ion (Na*) has been omitted from
the equation.

1,3-Cyclopentadiene Amide ion Cyclopentadienide Ammonia
anion

11.18 (b) Cyclononatetraenide anion has 10 7 electrons; it is aromatic. The 10 7 electrons are most
easily seen by writing a Lewis structure for the anion: there are 2 7 electrons for each of four
double bonds, and the negatively charged carbon contributes 2.

11.19 Indole is more stable than isoindole. Although the bonding patterns in both five-membered rings are
the same, the six-membered ring in indole has a pattern of bonds identical to benzene and so is
highly stabilized. The six-membered ring in isoindole is not of the benzene type.

Six-membered \ — Six-membered ring does
ring corresponds :NH not have same pattern of
to benzene. N S bonds as benzene.

H

Indole Isoindole
more stable less stable

11.20  The prefix benz- in benzimidazole (structure given in text) signifies that a benzene ring is fused to
an imidazole ring. By analogy, benzoxazole has a benzene ring fused to oxazole.

silies

Benzimidazole Benzoxazole

Similarly, benzothiazole has a benzene ring fused to thiazole.

L

Benzothiazole
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11.21  Write structural formulas for the species formed when a proton is transferred to either of the two
nitrogens of imidazole.

Protonation of N-1:

SN . SN
[y —— [}
iN IN

| H/ \H
H

The species formed on protonation of N-1 is not aromatic. The electron pair of N-1 that contributes
to the aromatic 6 7r-electron system of imidazole is no longer available for this purpose because it is
used to form a covalent bond to the proton in the conjugate acid.

Protonation of N-3:

H
38 o 31(1/
/oy e L)
4%.9 ng
H H

The species formed on protonation of N-3 is aromatic. Electron delocalization represented by the
resonance forms shown allows the 6 7r-electron aromatic system of imidazole to be retained in its
conjugate acid. The positive charge is shared equally by both nitrogens.

/H /H
(P — 03
N N
h i

11.22  Since the problem requires that the benzene ring be monosubstituted, all that needs to be examined
are the various isomeric forms of the C,H, substituent.

g
: CH,CH,CH,CH, : CHCH,CH,
Butylbenzene sec-Butylbenzene
(1-phenylbutane) (2-phenylbutane)
©/CH2CH(CH3)2 O/C(CH3)3
Isobutylbenzene tert-Butylbenzene
(2-methyl-1-phenylpropane) (2-methyl-2-phenylpropane)

These are the four constitutional isomers. sec-Butylbenzene is chiral and so exists in enantiomeric
R and S forms.

11.23 (a) An allyl substituent is —CH,CH=CH,.

: CH,CH=CH,

Allylbenzene
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(b) The constitution of 1-phenyl-1-butene is C(H{CH=CHCH,CH,;. The E stereoisomer is

o
c=c_

H~ ~ CH,CH,

(E)-1-Phenyl-1-butene

The two higher ranked substituents, phenyl and ethyl, are on opposite sides of the double bond.
(¢)  The constitution of 2-phenyl-2-butene is CH,C=CHCH,. The Z stereoisomer is

C6H5
O\ C C/ CH,
HCe o  OH

(Z)-2-Phenyl-2-butene

The two higher ranked substituents, phenyl and methyl, are on the same side of the double bond.
(d) 1-Phenylethanol is chiral and has the constitution CH3C|3HC6H5. Among the substituents

OH
attached to the stereogenic center, the order of decreasing precedence is

HO > CH, > CH, > H

In the R enantiomer the three highest ranked substituents must appear in a clockwise sense in
proceeding from higher ranked to next lower ranked when the lowest ranked substituent is di-
rected away from you.

H
H3C\'-_2

©/C—OH

(R)-1-Phenylethanol

(e)  Abenzyl group is C(H;CH,—. Benzyl alcohol is therefore C;H;CH,OH and o-chlorobenzyl

alcohol is
Cl

(f) In p-chlorophenol the benzene ring bears a chlorine and a hydroxyl substituent in a 1,4-

substitution pattern.
OH
Cl

p-Chlorophenol

(g) Benzenecarboxylic acid is an alternative IUPAC name for benzoic acid.
CO,H

i NO,

2-Nitrobenzenecarboxylic acid
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(h)  Two isopropyl groups are in a 1,4 relationship in p-diisopropylbenzene.

CH(CH,),

CH(CH,),
p-Diisopropylbenzene
(7))  Aniline is C;H;NH,. Therefore

NH,
Br Br

Br

2.,4,6-Tribromoaniline

|
(j)  Acetophenone (from text Table 11.1) is C;H;CCH,. Therefore

HC 0O
7
N

NO,

m-Nitroacetophenone

(k)  Styrene is C¢qH;CH=CH, and numbering of the ring begins at the carbon that bears the side
chain.

CH,CH,
3 2

Br—; —CH=CH,

5 6

4-Bromo-3-ethylstyrene

11.24 (a) Anisole is the name for C;H;OCH,, and allyl is an acceptable name for the group

H,C=CHCH,—. Number the ring beginning with the carbon that bears the methoxy group.

(b) Phenol is the name for C;H;OH. The ring is numbered beginning at the carbon that bears the
hydroxyl group, and the substituents are listed in alphabetical order.

(¢c) Aniline is the name given to C;H;NH,. This compound is named as a dimethyl derivative of

aniline. Number the ring sequentially beginning with the carbon that bears the amino group.

OCH, OH NH,
‘ I I H,C._ CH,
6 2 6 2 6 2
5 3 5 3 5 3
4 4 4
CH,CH=CH, NO,
Estragole Diosphenol m-Xylidine

4-Allylanisole 2,6-Diiodo-4-nitrophenol 2,6-Dimethylaniline
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11.25
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(a) There are three isomeric nitrotoluenes, because the nitro group can be ortho, meta, or para to

the methyl group.

CH,

NO,

o-Nitrotoluene
(2-nitrotoluene)

CH

w

NO,

m-Nitrotoluene
(3-nitrotoluene)

CH,

NO,

p-Nitrotoluene
(4-nitrotoluene)

(b) Benzoic acid is C;H;CO,H. In the isomeric dichlorobenzoic acids, two of the ring hydrogens
of benzoic acid have been replaced by chlorines. The isomeric dichlorobenzoic acids are

COH
cl

Cl

2,3-Dichlorobenzoic
acid

COH
cl cl

2,6-Dichlorobenzoic

acid

CO,H
cl

Cl

2.,4-Dichlorobenzoic
acid

COH

Cl
Cl

3,4-Dichlorobenzoic
acid

COH
cl

Cl

2,5-Dichlorobenzoic
acid

COH

Cl Cl

3,5-Dichlorobenzoic
acid

The prefixes o-, m-, and p- may not be used in trisubstituted arenes; numerical prefixes are
used. Note also that benzenecarboxylic may be used in place of benzoic.

(¢) In the various tribromophenols, we are dealing with tetrasubstitution on a benzene ring.
Again, o-, m-, and p- are not valid prefixes. The hydroxyl group is assigned position 1 because

the base name is phenol.

OH
Br

Br
Br

2,3,4-Tribromophenol

OH
Br

Br
Br

2,4,5-Tribromophenol

OH
Br

Br Br

2,3,5-Tribromophenol

OH
Br Br

Br
2,4,6-Tribromophenol

OH
Br Br

Br

2,3,6-Tribromophenol

OH

Br Br
Br
3,4,5-Tribromophenol
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(d) There are only three tetrafluorobenzenes. The two hydrogens may be ortho, meta, or para to

each other.
H H H
F H F F F F
F F F H F F
F F H
1,2,3,4-Tetrafluorobenzene 1,2,3,5-Tetrafluorobenzene 1,2,4,5-Tetrafluorobenzene

(e)  There are only two naphthalenecarboxylic acids.

CO,H
Naphthalene-1- Naphthalene-2-
carboxylic acid carboxylic acid

(f) There are three isomeric bromoanthracenes. All other positions are equivalent to one of
these.

soonlicce

1-Bromoanthracene 2-Bromoanthracene 9-Bromoanthracene

11.26  There are three isomeric trimethylbenzenes:

CH, CH, CH,
Jv\ :CH3 CH, i
CH, H,C CH,
CH,

1,2,3-Trimethylbenzene 1,2,4-Trimethylbenzene 1,3,5-Trimethylbenzene

Their relative stabilities are determined by steric effects. Mesitylene (the 1,3,5-trisubstituted iso-
mer) is the most stable because none of its methyl groups are ortho to any other methyl group.
Ortho substituents on a benzene ring, depending on their size, experience van der Waals strain in the
same way that cis substituents on a carbon—carbon double bond do. Because the carbon—carbon
bond length in benzene is somewhat longer than in an alkene, these effects are smaller in magni-
tude, however. The 1,2,4-substitution pattern has one methyl-methyl repulsion between ortho sub-
stituents. The least stable isomer is the 1,2,3-trimethyl derivative, because it is the most crowded.
The energy differences between isomers are relatively small, heats of combustion being 5198,
5195, and 5193 kJ/mol (1242.4, 1241.6, and 1241.2 kcal/mol) for the 1,2,3, 1,2,4, and 1,3,5
isomers, respectively.
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11.27 p-Dichlorobenzene has a center of symmetry. Each of its individual bond moments is balanced
by an identical bond dipole oriented opposite to it. p-Dichlorobenzene has no dipole moment.
o-Dichlorobenzene has the largest dipole moment.

Cl Cl Cl
Cl
Cl
Cl
o-Dichlorobenzene m-Dichlorobenzene p-Dichlorobenzene
u=227D n=148D u=0D

11.28  The shortest carbon—carbon bond in styrene is the double bond of the vinyl substituent; its length is
much the same as the double-bond length of any other alkene. The carbon—carbon bond lengths of
the ring are intermediate between single- and double-bond lengths. The longest carbon—carbon bond
is the sp” to sp” single bond connecting the vinyl group to the benzene ring.

134 pm

lCH
Appenen

140 pm 147 pm

11.29 Move 7 electron pairs as shown so that both six-membered rings have an arrangement of bonds that

corresponds to benzene.

Less stable More stable

11.30 (a) In the structure shown for naphthalene, one ring but not the other corresponds to a Kekulé
form of benzene. We say that one ring is benzenoid, and the other is not.

k\ This six-membered ring is not benzenoid
/ (does not correspond to Kekulé form of

benzene).

This six-membered ring is benzenoid
‘corresponds to a Kekulé form of benzene).

By rewriting the benzenoid ring in its alternative Kekulé form, both rings become benzenoid.

E0—aC

Both rings
are benzenoid.

(b) Here a cyclobutadiene ring is fused to benzene. By writing the alternative resonance form of
cyclobutadiene, the six-membered ring becomes benzenoid.

TE— O
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(c) The structure portrayed for phenanthrene contains two terminal benzenoid rings and a non-
benzenoid central ring. All three rings may be represented in benzenoid forms by converting
one of the terminal six-membered rings to its alternative Kekulé form as shown:

sogies)

Central ring All three rings
not benzenoid benzenoid

(d) Neither of the six-membered rings is benzenoid in the structure shown. By writing the cyclo-
octatetraene portion of the molecule in its alternative representation, the two six-membered
rings become benzenoid.

Six-membered rings Six-membered rings
. D .
are not benzenoid. are benzenoid.

11.31 (a) Hydrogenation of isopropylbenzene converts the benzene ring to a cyclohexane unit.

H, (3 mol)
QCH(CH3)2 > (Ptmo %\CH(CHz.)z

Isopropylbenzene Isopropylcyclohexane

(b) Sodium and ethanol in liquid ammonia is the combination of reagents that brings about Birch
reduction of benzene rings. The 1,4-cyclohexadiene that is formed has its isopropyl group as
a substituent on one of the double bonds.

Qcm%» sl Qcmcm

Isopropylbenzene 1-Isopropyl-1,4-cyclohexadiene

(¢) Oxidation of the isopropyl side chain occurs. The benzene ring remains intact.

Na2Cr,O H,0 ”
CH(CH3)2 T H,SO, heat ,S0,, heat

Isopropylbenzene Benzoic acid

(d) N-Bromosuccinimide is a reagent effective for the substitution of a benzylic hydrogen.

I
N-Bromosuccinimide
S OTomosuet e, P
QCH(CH3)2 benzoyl peroxide, QC Br
heat |
CH,

Isopropylbenzene 2-Bromo-2-phenylpropane
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(e) The tertiary bromide undergoes E2 elimination to give a carbon—carbon double bond.

CH,

| _NaOCH,CH;

?—Br TCH,CH,0H \

CH, H,
2-Bromo-2-phenylpropane 2-Phenylpropene

11.32  All the specific reactions in this problem have been reported in the chemical literature with results
as indicated.

(a) Hydroboration—oxidation of alkenes leads to syn anti-Markovnikov hydration of the double

bond.

H OH
CH; CH, i

hmf O

—_—
2.H,0,,HO~

1-Phenylcyclobutene trans-2-Phenyl-

cyclobutanol (82%)

(b) The compound contains a substituted benzene ring and an alkene-like double bond. When hy-
drogenation of this compound was carried out, the alkene-like double bond was hydrogenated

cleanly.
CH,CH, CH,CH,
eI
1-Ethylindene 1-Ethylindan (80%)

(c) Free-radical chlorination will lead to substitution of benzylic hydrogens. The starting material
contains four benzylic hydrogens, all of which may eventually be replaced.

excess Cl2 C ccl
CCl4 light | 3

Cl
(65%)
(d) Epoxidation of alkenes is stereospecific.
(0}
CH H
NS CH£00H CGHS. M
/C_C\\ acetic acid & .,
H C¢H; H O CgHs
(E)-1,2-Diphenylethene trans-1,2-Diphenylepoxyethane
(78-83%)

(e)  The reaction is one of acid-catalyzed alcohol dehydration.

H,S0,
[ —
acetic acid H3C

cis-4-Methyl-1-phenylcyclohexanol 4-Methyl-1-
phenylcyclohexene (81%)
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(f) This reaction illustrates identical reactivity at two equivalent sites in a molecule. Both alcohol
functions are tertiary and benzylic and undergo acid-catalyzed dehydration readily.

HOC(CH,), CH,C=CH,
KHSO,
heat
HOC(CH,), CH,C=CH,
1,4-Di-(1-hydroxy-1-methylethyl) 1,4-Diisopropenylbenzene (68%)
benzene

(g) The compound shown is DDT (standing for the nonsystematic name dichlorodiphenyl-
trichloroethane). It undergoes 3-elimination to form an alkene.

( ) NaOCH, ( ) o
cl jcHeel, g (o lc=ca,

(100%)

(h)  Alkyl side chains on naphthalene undergo reactions analogous to those of alkyl groups on

benzene.
CH, CH,Br
N Bromosuccinimide
CCl4 heat
1- Methylnaphthalene 1-(Bromomethyl)
naphthalene (46%)

(i) Potassium carbonate is a weak base. Hydrolysis of the primary benzylic halide converts it to

an alcohol.
K,CO,
NC CH,Cl o NC CH,OH

p-Cyanobenzyl chloride p-Cyanobenzyl alcohol (85%)

11.33  Only benzylic (or allylic) hydrogens are replaced by N-bromosuccinimide. Among the four
bromines in 3,4,5-tribromobenzyl bromide, three are substituents on the ring and are not capable of
being introduced by benzylic bromination. The starting material must therefore have these three
bromines already in place.

Br Br

N-Bromosuccinimide

Br CH, —— ————> Br CH,Br

benzoyl peroxide

Br Br
3,4,5-Tribromotoluene 3,4,5-Tribromobenzyl bromide
Compound A

11.34  2,3,5-Trimethoxybenzoic acid has the structure shown. The three methoxy groups occupy the same
positions in this oxidation product that they did in the unknown compound. The carboxylic acid
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function must have arisen by oxidation of the —CH,CH==C(CH,), side chain. Therefore

CH,CH=C(CH,), COH
OCH, OCH,
Na,Cr,0,
H,0, H,50,, heat
CH,0 OCH, CH,O OCH,
(C,4H,,05) 2,3,5-Trimethoxybenzoic acid

11.35 Hydroboration—oxidation leads to stereospecific syn addition of H and OH across a carbon—carbon
double bond. The regiochemistry of addition is opposite to that predicted by Markovnikov’s rule.
Hydroboration—oxidation of the E alkene gives alcohol A.

OH H-R_CH,
An H N
>_< 1. BoHq H CH, OH
2.H,0,, HO~ H An CH,
H,C CH, S
An R CH3 H
(E)-2-(p-Anisyl)-2-butene 25,3R 2R,3S

Alcohol A is a racemic mixture of the 25,3R and 2R,3S enantiomers of 3-( p-anisyl)-2-butanol.
Hydroboration—oxidation of the Z alkene gives alcohol B.

OH H,C-S_H
An CH, R
— _LBH H,C/—H OH
2. H,0,, HO~ H An CH,
H,C H
An~Rr—CH;, H
(Z)-2-(p-Anisyl)-2-butene (2R,3R) (28,35)

Alcohol B is a racemic mixture of the 2R,3R and 25,3S enantiomers of 3-(p-anisyl)-2-butanol.
Alcohols A and B are stereoisomers that are not enantiomers; they are diastereomers.

11.36 Dehydrohalogenation of alkyl halides is stereospecific, requiring an anti arrangement between the
hydrogen being lost and the leaving group in the transition state. (Z)-1,2-Diphenylpropene must
therefore be formed from the diastereomer shown.

Cl
; CHs— _H
CHs/ "H  NaocH,cH, /Z
_—
CH; 3 CH, C¢H; CH,
H
(15,25)-1-Chloro-1,2- (Z)-1,2-Diphenylpropene

diphenylpropane (90%)

The mirror-image chloride, 1R,2R, will also give the Z alkene. In fact, the reaction was carried out
on a racemic mixture of the 1R,2R and 1S,2S stereoisomers.
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The E isomer is formed from either the 1R,2S or the 15,2R chloride (or from a racemic mixture

of the two).
Rc1 Ho _C,H,
H CeHs NaOCH,CH, ]
CHs 3 CH, CH: CH,
H
(1R,25)-1-Chloro-1,2- (E)-1,2-Diphenylpropene
diphenylpropane (87%)

11.37 (a) The conversion of ethylbenzene to 1-phenylethyl bromide is a benzylic bromination. It can be
achieved by using either bromine or N-bromosuccinimide (NBS).

Br,, light

C,H,CH,CH, - CH,CHCH,
NBS, heat |
Br
Ethylbenzene 1-Phenylethyl bromide

(b) The conversion of 1-phenylethyl bromide to 1,2-dibromo-1-phenylethane

C(,Hs(leCH3 C6H5C|HCH2Br
Br Br

cannot be achieved cleanly in a single step. We must reason backward from the target mole-
cule, that is, determine how to make 1,2-dibromo-1-phenylethane in one step from any start-
ing material. Vicinal dibromides are customarily prepared by addition of bromine to alkenes.
This suggests that 1,2-dibromo-1-phenylethane can be prepared by the reaction

CH,CH=CH, + Br, CﬁHs?HCHzBr
Br
Styrene 1,2-Dibromo-1-
phenylethane

The necessary alkene, styrene, is available by dehydrohalogenation of the given starting
material, 1-phenylethyl bromide.

NaOCH,CH,
C6H5|CHCH3 cicnon ~  CoHsCH=CH,
Br
1-Phenylethyl bromide Styrene

Thus, by reasoning backward from the target molecule, the synthetic scheme becomes apparent.

NaOCH,CH, Br,

C6H5(|IHCH3 ciicion = CoHsCH=CH, C6H5(|IHCH2Br
Br Br
1-Phenylethyl Styrene 1,2-Dibromo-1-
bromide phenylethane

(c) The conversion of styrene to phenylacetylene cannot be carried out in a single step. As
was pointed out in Chapter 9, however, a standard sequence for converting terminal alkenes
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to alkynes consists of bromine addition followed by a double dehydrohalogenation in strong

base.
Br, NaNH,

CH,CH=CH, C6H5|CHCH2Br —m, > CH,C=CH
Br
Styrene 1,2-Dibromo-1- Phenylacetylene
phenylethane

The conversion of phenylacetylene to butylbenzene requires both a carbon—carbon bond for-
mation step and a hydrogenation step. The acetylene function is essential for carbon—carbon
bond formation by alkylation. The correct sequence is therefore:

NH,

C,H,C=CH N, CH,C=C: Na’

Phenylacetylene

C{H,C=C: Na' + CH,CH,Br C4H,C=CCH,CH,

H,

C,H,C=CCH,CH, = C,H,CH,CH,CH,CH,

Butylbenzene

The transformation corresponds to alkylation of acetylene, and so the alcohol must first be
converted to a species with a good leaving group such as its halide derivative.

PBr;

CH,CH,CH,0H CH,CH,CH,Br
2-Phenylethanol 2-Phenylethyl bromide
C,H,CH,CH,Br + NaC=CH CH,CH,CH,C=CH
2-Phenylethyl Sodium 4-Phenyl-1-butyne

bromide acetylide

The target compound is a bromohydrin. Bromohydrins are formed by addition of bromine and
water to alkenes.

KOC(CH,), o Br,
CH,CHCHBr oo CH;CH=CH, o C6H5C|HCH2Br
OH
2-Phenylethyl bromide Styrene 2-Bromo-1-phenylethanol

The stability of free radicals is reflected in their ease of formation. Toluene, which forms a benzyl rad-
ical, reacts with bromine 64,000 times faster than does ethane, which forms a primary alkyl radical.
Ethylbenzene, which forms a secondary benzylic radical, reacts 1 million times faster than ethane.

@—cmem + Brr —— @—CHCH3 + HBr

Ethylbenzene Secondary benzylic
(most reactive) radical
@—CH3 + Brr —— <j>—CH2 + HBr
Toluene Primary benzylic
radical

CH,CH, + Brr —— CH,CH, + HBr

Ethane Primary
(least reactive) radical
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11.39 A good way to develop alternative resonance structures for carbocations is to move electron pairs
toward sites of positive charge.

"CH, CH, CH, CH,
Q _CH, CH, CH, CH,
o-Methylbenzyl cation Tertiary
carbocation
*CH, CH, CH, CH,
k)
CH, CH, CH, CH,

m-Methylbenzyl cation

Only one of the Lewis structures shown is a tertiary carbocation. o-Methylbenzyl cation has tertiary
carbocation character; m-methylbenzyl cation does not.

11.40 The resonance structures for the cyclopentadienide anions formed by loss of a proton from
1-methyl-1,3-cyclopentadiene and 5-methyl-1,3-cyclopentadiene are equivalent.

H H H H
1-Methyl-1,3-cyclopentadiene
— CH,
H
H H 5-Methyl-1,3-cyclopentadiene H
-H -

H H H ., H H H H H H H
> B — > go‘ > \
H ¢y~ ~CH, H CH, H {5~CH, H CH, H CH,
H H H H H

11.41 Cyclooctatetraene is not aromatic. 1,2,3,4-Tetramethylcyclooctatetraene and 1,2,3,8-tetramethyl-
cyclooctatetraene are constitutional isomers.

CH, CH,
CH, CH,

CH, CH,
CH, CH,

1,2,3,4-Tetramethyl- 1,2,3,8-Tetramethyl-
cyclooctatetraene cyclooctatetraene

Leo A. Paquette at Ohio State University synthesized each of these compounds independently of the
other and showed them to be stable enough to be stored separately without interconversion.
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11.42 Cyclooctatetraene has eight 7 electrons and thus does not satisfy the (4n + 2) 7 electron require-

11.43

11.44

ment

of the Hiickel rule.
H H
H H
H H
H H
Cyclooctatetraene.

Each double bond contributes
2 7 electrons to give a total of 8.

All of the exercises in this problem involve counting the number of 7 electrons in the various species
derived from cyclooctatetraene and determining whether they satisfy the (4n + 2) 7 electron rule.

(a)
(b)
(0)
(d)

(a, b)

()

(d)

(@)

(b)

Adding 1 7 electron gives a species (CgHg ™) with 9 7 electrons. 4n + 2, where n is a whole
number, can never equal 9. This species is therefore not aromatic.

Adding 2 7 electrons gives a species (CgHg? ") with 10 77 electrons. 4n + 2 = 10 whenn = 2.
The species CgHg”~ is aromatic.

Removing 1 7 electron gives a species (CgHg ") with 7 7 electrons. 4n + 2 cannot equal 7.
The species CgHg " is not aromatic.

Removing 2 7 electrons gives a species (CgH,> ") with 6 77 electrons. 4n + 2 = 6 whenn = 1.
The species CgHg>" is aromatic. (It has the same number of 7 electrons as benzene.)

Cyclononatetraene does not have a continuous conjugated system of 7 electrons. Conjuga-
tion is incomplete because it is interrupted by a CH, group. Thus (a) adding one more
ar electron or (b) two more 7 electrons will not give an aromatic system.

sp? carbon in ring
@v

Removing a proton from the CH, group permits complete conjugation. The species pro-
duced has 10 7 electrons and is aromatic, since 4n + 2 = 10 whenn = 2.

H gt 2 11 electrons for each double bond
— —H +
U H 2 ar electrons for unshared pair
= 10 7 electrons

Removing a proton from one of the sp*-hybridized carbons of the ring does not produce
complete conjugation; the CH, group remains present to interrupt cyclic conjugation. The
anion formed is not aromatic.

Cycloundecapentaene is not aromatic. Its 77 system is not conjugated; it is interrupted by an
sp>-hybridized carbon.

sp3-hybridized carbon;
/‘ not a completely conjugated
monocyclic 7 system

Cycloundecapentaenyl radical is not aromatic. Its 7 system is completely conjugated and
monocyclic but contains 11 7 electrons—a number not equal to (4n + 2) where n is an integer.

There are 11 electrons in the conjugated 7 system.
The five double bonds contribute 10 7 electrons;
the odd electron of the radical is the eleventh.
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(c) Cycloundecapentaenyl cation is aromatic. It includes a completely conjugated 7 system
which contains 10 7 electrons (10 equals 4n + 2 where n = 2).

+

Empty p orbital is conjugated with
10-electron 7 system.

(d) Cycloundecapentadienide anion is not aromatic. It contains 12 7r electrons and thus does not
satisfy the (4n + 2) rule.

There are 12 7r electrons. The five
double bonds contribute 10;
the anionic carbon contributes 2.

11.45 (a) The more stable dipolar resonance structure is A because it has an aromatic cyclopentadienide
anion bonded to an aromatic cyclopropenyl cation. In structure B neither ring is aromatic.

Six 7 electrons Four 7 electrons
(aromatic) TN @ / (not aromatic)
Two 7 eleqtrons — / Four 7 electrpns
(aromatic) (not aromatic)
A B

(b) Structure D can be stabilized by resonance involving the dipolar form.

<« Six 7 electrons

(aromatic)
L — |
Q @ «— Six m electrons
(aromatic)
D

Comparable stabilization is not possible in structure C because neither a cyclopropenyl sys-
tem nor a cycloheptatrienyl system is aromatic in its anionic form. Both are aromatic as
cations.

Eight 7 electrons — =
(not aromatic) .
~— Six 7 electrons
(aromatic)
Two 7 electrons — I Four 7 electrons
(aromatic) A A (not aromatic)
C

11.46 (a) This molecule, called oxepin, is not aromatic. The three double bonds each contribute 2 7
electrons, and an oxygen atom contributes 2 7 electrons to the conjugated system, giving a
total of 8 m electrons. Only one of the two unshared pairs on oxygen can contribute to the 7
system; the other unshared pair is in an sp*-hybridized orbital and cannot interact with it.

— D orbital aligned for overlap
— O with 7 system of ring

| 0 “~— spZ-hybridized orbital

_—
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(b) This compound, called azonine, has 10 electrons in a completely conjugated planar mono-
cyclic 7 system and therefore satisfies Hiickel’s rule for (4n + 2) 7 electrons where n = 2.
There are 8 7 electrons from the conjugated tetraene and 2 electrons contributed by the nitro-
gen unshared pair.

Two 7 electrons ), C Two 7 electrons _ -
o / Unshared pair on nitrogen
‘NH is delocalized into 7 system

N of ring.
Two m electrons \) L Two 7r electrons

(c) Borazole, sometimes called inorganic benzene, is aromatic. Six 7 electrons are contributed
by the unshared pairs of the three nitrogen atoms. Each boron contributes a p orbital to main-
tain the conjugated system but no electrons.

(d) This compound has 8 7 electrons and is not aromatic.

Two 7r electrons
Two 7 electrons ~ Ve Two 7 electrons

. . @N . .
Electrons in sp2 orbital —> GO O_2)<— Electrons in sp? orbital
do not interact with the O% do not interact with the

Tr system. T Tr system.

Two r electrons

The structure and numbering system for pyridine are given in Section 11.21, where we are also told
that pyridine is aromatic. Oxidation of 3-methylpyridine is analogous to oxidation of toluene. The
methyl side chain is oxidized to a carboxylic acid.

CH COH
= 3 o =
| oxidation |
SN SN
3-Methylpyridine Niacin

The structure and numbering system for quinoline are given in Section 11.21. Nitroxoline has the
structural formula:

NO,
5 4

6 X3

7 2
R
OH

5-Nitro-8-hydroxyquinoline

We are told that the ring system of acridine (C,;H,N) is analogous to that of anthracene (i.e., tricyclic
and linearly fused). Furthermore, the two most stable resonance forms are equivalent to each other.
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The nitrogen atom must therefore be in the central ring, and the structure of acridine is

L D—C 0
|
N7 SN
The two resonance forms would not be equivalent if the nitrogen were present in one of the termi-
nal rings. Can you see why?

Solutions to molecular modeling exercises are not provided in this Study Guide and Solutions Man-
ual. You should use Learning By Modeling for these exercises.

PART A
A-1. Give an acceptable [UPAC name for each of the following:
O
CH, I
CCH,
(@) © @[
Br Cl
OH
(|3H3 NO,
(b) CGHSCHC|HCH3 (d)
Cl
NO,
A-2. Draw the structure of each of the following:
(a) 3,5-Dichlorobenzoic acid (¢) 2,4-Dimethylaniline
(b) p-Nitroanisole (d) ~m-Bromobenzyl chloride

A-3. Write a positive (+) or negative (—) charge at the appropriate position so that each of the fol-
lowing structures contains the proper number of 7 electrons to permit it to be considered an
aromatic ion. For purposes of this problem ignore strain effects that might destabilize the
molecule.

O -

A-4. For each of the following, determine how many 7 electrons are counted toward satisfying
Hiickel’s rule. Assuming the molecule can adopt a planar conformation, is it aromatic?

.. N: R
K [
(@) { J b N © Z AN
0 1|{ N~

A-5. Azulene, shown in the following structure, is highly polar. Draw a dipolar resonance struc-

ture to explain this fact.

Azulene
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A-6.

A-7.

A-8.

A-9.

A-10.
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Give the reactant, reagent, or product omitted from each of the following:

CH,CH,CH, CO,H

NBS ?
_— 97 _—
(a) @O peroxides, heat : (d)

Cl Cl

I
NaOCH, CH,COOH
® ? —aron~ CeHsCH,OCH, (e) E—
3
H,0 Br.
© s o) cmen=onen, g

Provide two methods for the synthesis of 1-bromo-1-phenylpropane from an aromatic
hydrocarbon.

Write the structures of the resonance forms that contribute to the stabilization of the inter-
mediate in the reaction of styrene (C;H;CH=CH,) with hydrogen bromide in the absence
of peroxides.

Write one or more resonance structures that represent the delocalization of the following
carbocation.

TN

An unknown compound, C,,H,4 reacts with sodium dichromate (Na,Cr,0O,) in warm aque-
ous sulfuric acid to give p-tert-butylbenzoic acid. What is the structure of the unknown?

PART B
B-1. The number of possible dichloronitrobenzene isomers is
(@) 3 © 6
(b) 4 d 8
B-2. Which of the following statements is correct concerning the class of reactions to be expected
for benzene and cyclooctatetraene?
(a) Both substances undergo addition reactions.
(b) Both substances undergo substitution reactions.
(c) Benzene undergoes substitution; cyclooctatetraene undergoes addition.
(d) Benzene undergoes addition; cyclooctatetraene undergoes substitution.
B-3. Which, if any, of the following structures represents an aromatic species?
(@) ) Q (c) Q (d) None of these is aromatic.
H H H
B-4. Which of the following compounds has a double bond that is conjugated with the 7 system

of the benzene ring?
(a) p-Benzyltoluene (c) 3-Phenylcyclohexene

(b) 2-Phenyl-1-decene (d) 3-Phenyl-1,4-pentadiene
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B-5. Rank the following compounds in order of increasing rate of solvolysis (Sy1) in aqueous
acetone (slowest — fastest):

]|3r l|3r
(CH,),CHCH,CH,Br (CH;),CHCHCH, C.H;CHCH(CH,),

1 2 3
(@ 1<2<3 b)) 2<1<3 () 3<2<1 d 1<3<2
B-6. When comparing the hydrogenation of benzene with that of a hypothetical 1,3,5-cyclohexa-
triene, benzene than the cyclohexatriene.

(@) Absorbs 152 kJ/mol (36 kcal/mol) more heat
(b)  Absorbs 152 kJ/mol (36 kcal/mol) less heat
(¢) Gives off 152 kJ/mol (36 kcal/mol) more heat
(d) Gives off 152 kJ/mol (36 kcal/mol) less heat

B-7. The reaction

gives as the major elimination product

(b) O‘ (¢) Equal amounts of (a) and (b)
(d) Neither (a) nor (b)

B-8. Which one of the following is best classified as a heterocyclic aromatic compound?

(@) :N—H () O\Iz (e) <;>—NH2
N: (d) @:
P

B-9. Which of the following has the smallest heat of combustion?

(@)

(b)

7 N\

(@) ()

(b) (d)

Y
=7

(e) The compounds are all isomers; the heats
of combustion would be the same.

B-10. Which one of the following alcohols undergoes dehydration at the fastest rate on being
heated with sulfuric acid? (The potential for rearrangement does not affect the rate.)

(@) QCHZCHZCHszoH (©) <j>—CHZC|HCHZCH3
OH
(b) @CHZCH2$HCH3 () Q?HCHZCH2CH3

OH OH
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B-11.

B-12.

B-13.

B-14.

B-15.
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Ethylbenzene is treated with the reagents listed, in the order shown.
1. NBS, peroxides, heat

2. CH,CH,0™
3. B,H;
4. H,0,,HO”
The structure of the final product is:
?H
(a) C¢H;CH,CH,OH (d) C¢H;CHCH,OH
Br (l)H
(b)) C¢H;CHCH,OH (e) C¢H;CHCH,Br

OH
(c) CH,CHCH,

Which of the following hydrogens is most easily abstracted (removed) on reaction with

bromine atoms, Br-?
CH3CH24<j>7CH3
(@) (D) (c) (d)

All the hydrocarbons shown are very weak acids. One, however, is far more acidic than the
others. Which one is the strongest acid?

(b) () (d) (e)

The compound shown is planar, and all the carbon—carbon bond lengths are the same. What
(if anything) can you deduce about the bonding of boron from these observations?

@B—CH3

(a) The boron is sp>hybridized, and the p orbital contains an unshared pair of electrons.
(b) Theboron is sp>-hybridized, and a hybrid orbital contains an unshared pair of electrons.
(c) The boron is sp>-hybridized, and a hybrid orbital is vacant.

(d) The boron is sp>-hybridized, and the p orbital is vacant.

(e) Nothing about the bonding of boron can be deduced from these observations.

(@)

How many benzylic hydrogens are present in the hydrocarbon shown?

(@ 3 (b) 4 (0 5 d) 6 (e) 8
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REACTIONS OF ARENES:
ELECTROPHILIC AROMATIC SUBSTITUTION

SOLUTIONS TO TEXT PROBLEMS

12.1 The three most stable resonance structures for cyclohexadienyl cation are

H H H

The positive charge is shared equally by the three carbons indicated. Thus the two carbons ortho to
the sp*-hybridized carbon and the one para to it each bear one third of a positive charge (+0.33).
None of the other carbons is charged. The resonance picture and the simple MO treatment agree
with respect to the distribution of charge in cyclohexadienyl cation.

12.2  Electrophilic aromatic substitution leads to replacement of one of the hydrogens directly attached to
the ring by the electrophile. All four of the ring hydrogens of p-xylene are equivalent; so it does not
matter which one is replaced by the nitro group.

CH, CH,
NO,
HNO,
H,SO,
CH, CH,
p-Xylene 1,4-Dimethyl-2-
nitrobenzene

279
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12.3 The aromatic ring of 1,2,4,5-tetramethylbenzene has two equivalent hydrogen substituents. Sul-
fonation of the ring leads to replacement of one of them by —SO;H.

SO,H
H,C CH, H.C CH,
H,SO,
H,C CH, H,C CH,
1,2,4,5-Tetramethylbenzene 2,3,5,6-Tetramethylbenzene-

sulfonic acid

12.4 The major product is isopropylbenzene.

o CH,CH,CH, CH(CH,),
@ + CH,CH,CH,CI : ©/ + ©/

Benzene 1-Chloropropane Propylbenzene Isopropylbenzene
(20% yield) (40% yield)

Aluminum chloride coordinates with 1-chloropropane to give a Lewis acid/Lewis base complex,
which can be attacked by benzene to yield propylbenzene or can undergo an intramolecular hydride
shift to produce isopropyl cation. Isopropylbenzene arises by reaction of isopropyl cation with

benzene.
;
_ ,
CH,—CH—CH u(:1 AICl, —s CHy—CH—CH, + AICI,”

Isopropyl cation

12.5 The species that attacks the benzene ring is cyclohexyl cation, formed by protonation of

cyclohexene.
H HL\Q—SOon A
@:\/ — GﬁH +  :0—s0,0H
H H
Cyclohexene Sulfuric acid Cyclohexyl cation Hydrogen sulfate ion

The mechanism for the reaction of cyclohexyl cation with benzene is analogous to the general mech-
anism for electrophilic aromatic substitution.

0 — B e (P

Benzene Cyclohexyl Cyclohexadienyl cation Cyclohexylbenzene
cation intermediate

12.6 The preparation of cyclohexylbenzene from cyclohexene and benzene was described in text Sec-
tion 12.6. Cyclohexylbenzene is converted to 1-phenylcyclohexene by benzylic bromination, fol-
lowed by dehydrohalogenation.

Br
+ H,S0, N-Bromosuccinimide (NBS), NaOCH,CH;
benzoyl peroxide, heat

Benzene  Cyclohexene Cyclohexylbenzene 1-Bromo-1- 1-Phenylcyclohexene
phenylcyclohexane
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12.7 Treatment of 1,3,5-trimethoxybenzene with an acyl chloride and aluminum chloride brings about
Friedel-Crafts acylation at one of the three equivalent positions available on the ring.

OCH, o OC(I)L
| alct, I
CH;0 + (CH,;),CHCH,CCl CH;0 CCH,CH(CHy),
OCH, OCH,
1,3,5-Trimethoxybenzene 3-Methylbutanoyl chloride Isobutyl 1,3,5-trimethoxyphenyl ketone

12.8 Because the anhydride is cyclic, its structural units are not incorporated into a ketone and a car-
boxylic acid as two separate product molecules. Rather, they become part of a four-carbon unit
attached to benzene by a ketone carbonyl. The acyl substituent terminates in a carboxylic acid func-
tional group.

0
O o
AIC, | |
+ 0o — CCH,CH,COH
(0]
Benzene Succinic 4-Oxo-4-phenylbutanoic acid
anhydride

12.9 (b) A Friedel-Crafts alkylation of benzene using 1-chloro-2,2-dimethylpropane would not be a
satisfactory method to prepare neopentylbenzene because of the likelihood of a carbocation
rearrangement. The best way to prepare this compound is by Friedel-Crafts acylation fol-
lowed by Clemmensen reduction.

0 0
| AlC, | Zn(Hg), HCI
(CHy,CCCl + — (CHy),CC ————— (CH,),CCH,

2,2-Dimethylpropanoyl Benzene 2,2-Dimethyl-1- Neopentylbenzene
chloride phenyl-1-propanone

12.10 (b) Partial rate factors for nitration of toluene and fert-butylbenzene, relative to a single position
of benzene, are as shown:

CH, C(CH,),
42 42 4.5 4.5
25 25 3 3

58 75

The sum of these partial rate factors is 147 for toluene, 90 for ferz-butylbenzene. Toluene is
147/90, or 1.7, times more reactive than tert-butylbenzene.
(c¢)  The product distribution for nitration of fert-butylbenzene is determined from the partial rate

factors.

Ortho: M = 10%

90

2(3)

Meta: —= =6.7%
eta % o

7

Para: —5 = 83.3%

90
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12.11 The compounds shown all undergo electrophilic aromatic substitution more slowly than benzene.
Therefore, —CH,Cl, —CHCI,, and —CCl, are deactivating substituents.

Benzyl chloride (Dichloromethyl)benzene (Trichloromethyl)benzene

The electron-withdrawing power of these substituents, and their tendency to direct incoming elec-
trophiles meta to themselves, will increase with the number of chlorines each contains. Thus, the
substituent that gives 4% meta nitration (96% ortho + para) contains the fewest chlorine atoms
(—CH,C)), and the one that gives 64% meta nitration contains the most (—CCl,).

—CH,Cl —CHCl, —CCl,
Deactivating, ortho, Deactivating, ortho, Deactivating,
para-directing para-directing meta-directing

12.12 (b)) Attack by bromine at the position meta to the amino group gives a cyclohexadienyl cation in-
termediate in which delocalization of the nitrogen lone pair cannot participate in dispersal of
the positive charge.

:NH, :NH, :NH,
@vm @vm @Br
H H H

(c) Attack at the position para to the amino group yields a cyclohexadienyl cation intermediate
that is stabilized by delocalization of the electron pair of the amino group.

H, (:,NHz aNH2 :NH,
Br H Br H Br H Br

12.13  Electrophilic aromatic substitution in biphenyl is best understood by considering one ring as the
functional group and the other as a substituent. An aryl substituent is ortho, para-directing. Nitration
of biphenyl gives a mixture of o-nitrobiphenyl and p-nitrobiphenyl.

HNO,
H,S0, + NO,
o,N

Biphenyl o-Nitrobiphenyl p-Nitrobiphenyl
(37%) (63%)

12.14 (b) The carbonyl group attached directly to the ring is a signal that the substituent is a meta-
directing group. Nitration of methyl benzoate yields methyl m-nitrobenzoate.

o o
I HNO, I
COCH;  —55. COCH;
O,N
Methyl benzoate Methyl m-nitrobenzoate

(isolated in 81-85% yield)
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(c) The acyl group in 1-phenyl-1-propanone is meta-directing; the carbonyl is attached directly to
the ring. The product is 1-(m-nitrophenyl)-1-propanone.

i i
QCCHQCH3 —mien CCH,CH,
O,N
1-Phenyl-1-propanone 1-(m-Nitrophenyl)-1-propanone

(isolated in 60% yield)

12.15  Writing the structures out in more detail reveals that the substituent —IJ{I(CH3)3 lacks the unshared
electron pair of —N(CHy), .

CH,
. .t P
—N—CH, —N( —N
| CH, No-
CH, ~

This unshared pair is responsible for the powerful activating effect of an —I'\'I(CH3)2 group. On the

v
other hand, the nitrogen in —N(CH,); is positively charged and in that respect resembles the nitro-
gen of a nitro group. We expect the substituent —N(CH,), to be deactivating and meta-directing.

12.16 The reaction is a Friedel-Crafts alkylation in which 4-chlorobenzyl chloride serves as the carboca-
tion source and chlorobenzene is the aromatic substrate. Alkylation occurs at the positions ortho and
para to the chlorine substituent of chlorobenzene.

cl
CHZO—G
AICI,
c1@ + c1CH2@—C1 — + C1O—CH2©—C1

Chlorobenzene 4-Chlorobenzyl chloride 1-Chloro-2-(4'-chlorobenzyl)- 1-Chloro-4-(4'-chlorobenzyl)-
benzene benzene

12.17 (b) Halogen substituents are ortho, para-directing, and the disposition in m-dichlorobenzene is
such that their effects reinforce each other. The major product is 2,4-dichloro-1-nitrobenzene.
Substitution at the position between the two chlorines is slow because it is a sterically hin-

dered position.
Cl Cl
QL
Cl (@]
T NO,

Most reactive positions in 2.4-Dichloro-1-nitrobenzene
electrophilic aromatic substitution (major product of nitration)
of m-dichlorobenzene

(¢) Nitro groups are meta-directing. Both nitro groups of m-dinitrobenzene direct an incoming
substituent to the same position in an electrophilic aromatic substitution reaction. Nitration of
m-nitrobenzene yields 1,3,5-trinitrobenzene.

NO, NO,
-~ NO, O,N NO,
Both nitro groups of 1,3,5-Trinitrobenzene

m-dinitrobenzene direct (principal product of nitration

electrophile to same position. of m-dinitrobenzene)
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(d) A methoxy group is ortho, para-directing, and a carbonyl group is meta-directing. The open
positions of the ring that are activated by the methoxy group in p-methoxyacetophenone are
also those that are meta to the carbonyl, so the directing effects of the two substituents reinforce
each other. Nitration of p-methoxyacetophenone yields 4-methoxy-3-nitroacetophenone.

/ 0 NO,

i ||
CH;>«<::>—OCH3 CH,C OCH,

Positions ortho to the methoxy 4-Methoxy-3-nitroacetophenone
group are meta to the carbonyl.

(e) The methoxy group of p-methylanisole activates the positions that are ortho to it; the methyl
activates those ortho to itself. Methoxy is a more powerful activating substituent than methyl,
S0 nitration occurs ortho to the methoxy group.

\5 ‘6/ NO,
4

CH, OCH, CH, OCH,
/N

Methyl activates C-3 and C-5; 4-Methyl-2-nitroanisole

methoxy activates C-2 and C-6. (principal product of nitration)

(f) All the substituents in 2,6-dibromoanisole are ortho, para-directing, and their effects are felt at
different positions. The methoxy group, however, is a far more powerful activating substituent
than bromine, so it controls the regioselectivity of nitration.

OCH, OCH,
Br_¢ ! Br Br. Br
2
5
et 3 3™
f NO,
Methoxy directs toward C-4; 2,6-Dibromo-4-nitroanisole
bromines direct toward C-3 and C-5. (principal product of nitration)

12.18 The product that is obtained when benzene is subjected to bromination and nitration depends on the

order in which the reactions are carried out. A nitro group is meta-directing, and so if it is introduced
prior to the bromination step, m-bromonitrobenzene is obtained.

NO, NO,
HNO, Br,
H,SO, FeBry
Br
Benzene Nitrobenzene m-Bromonitrobenzene

Bromine is an ortho, para-directing group. If it is introduced first, nitration of the resulting
bromobenzene yields a mixture of o-bromonitrobenzene and p-bromonitrobenzene.

Br Br Br
NO,
Br, HNO,
@ FeBr; H,SO0, +
NO,

Benzene Bromobenzene o-Bromonitrobenzene p-Bromonitrobenzene
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A straightforward approach to the synthesis of m-nitrobenzoic acid involves preparation of ben-
zoic acid by oxidation of toluene, followed by nitration. The carboxyl group of benzoic acid is
meta-directing. Nitration of toluene prior to oxidation would lead to a mixture of ortho and para
products.

CH, CO,H CO,H
Na,Cr,0, HNO,
—_—
H,0, H,SO,, heat H,SO,
NO,
Toluene Benzoic acid m-Nitrobenzoic acid

The text points out that C-1 of naphthalene is more reactive than C-2 toward electrophilic aromatic
substitution. Thus, of the two possible products of sulfonation, naphthalene-1-sulfonic acid should
be formed faster and should be the major product under conditions of kinetic control. Since the
problem states that the product under conditions of thermodynamic control is the other isomer,
naphthalene-2-sulfonic acid is the major product at elevated temperature.

H H SOH
L SO,H
L == 9@
+
Naphthalene Naphthalene-1-sulfonic acid Naphthalene-2-sulfonic acid
major product at 0°C; major product at 160°C;
formed faster more stable

Naphthalene-2-sulfonic acid is the more stable isomer for steric reasons. The hydrogen at C-8 (the
one shown in the equation) crowds the —SO;H group in naphthalene-1-sulfonic acid.

The text states that electrophilic aromatic substitution in furan, thiophene, and pyrrole occurs at
C-2. The sulfonation of thiophene gives thiophene-2-sulfonic acid.

S
Thiophene Thiophene-2-

sulfonic acid

(a) Nitration of benzene is the archetypical electrophilic aromatic substitution reaction.

NO,
HNO,
—_—
H,S0,
Benzene Nitrobenzene

(b) Nitrobenzene is much less reactive than benzene toward electrophilic aromatic substitution.
The nitro group on the ring is a meta director.

NO NO
2 HNO, 2
H,S0,
NO,

Nitrobenzene m-Dinitrobenzene
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(c) Toluene is more reactive than benzene in electrophilic aromatic substitution. A methyl sub-
stituent is an ortho, para director.

CH, CH, CH,
Br
Br,
FeBr; +
Br
Toluene o-Bromotoluene p-Bromotoluene

(d) Trifluoromethyl is deactivating and meta-directing.

CF, CF,
Br,
FeBry
Br
(Trifluoromethyl)- m-Bromo(trifluoromethyl)-
benzene benzene

(e)  Anisole is ortho, para-directing, strongly activated toward electrophilic aromatic substitution,
and readily sulfonated in sulfuric acid.

OCH, OCH, OCH,
SOH
H,S0, -
+
SO,H
Anisole o-Methoxybenzene- p-Methoxybenzene-
sulfonic acid sulfonic acid

Sulfur trioxide could be added to the sulfuric acid to facilitate reaction. The para isomer is the
predominant product.
(f) Acetanilide is quite similar to anisole in its behavior toward electrophilic aromatic substitution.

HNCCH HNCCH HNCCH
Q= ™ 0
2504
SO,H
Acetanilide o-Acetamidobenzene- p-Acetamidobenzene-
sulfonic acid sulfonic acid

(g) Bromobenzene is less reactive than benzene. A bromine substituent is ortho, para-directing.

Br Br Br
Cl
al,
FeCl, +
Cl

Bromobenzene o-Bromochloro- p-Bromochloro-
benzene benzene
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(h)  Anisole is a reactive substrate toward Friedel-Crafts alkylation and yields a mixture of o- and
p-benzylated products when treated with benzyl chloride and aluminum chloride.

CH,CI
i i i ,CHZC H, i
AlCl
CH,C,H,
Anisole Benzyl chloride o-Benzylanisole p-Benzylanisole

(i) Benzene will undergo acylation with benzoyl chloride and aluminum chloride.

CCl
O
-0 = oLo
+ ., C

Benzene Benzoyl Benzophenone
chloride

(j) Abenzoyl substituent is meta-directing and deactivating.

(0]
|| ||
T Hso, C

NO,

Benzophenone m-Nitrobenzophenone

(k)  Clemmensen reduction conditions involve treating a ketone with zinc amalgam and concen-
trated hydrochloric acid.

|| Zn(H
n g)

Benzophenone Diphenylmethane

(I)  Wolff—Kishner reduction utilizes hydrazine, a base, and a high-boiling alcohol solvent to
reduce ketone functions to methylene groups.

” _HNNH, CH
~ KoH 2
diethylene glycol

Benzophenone Diphenylmethane

12.23 (@) There are three principal resonance forms of the cyclohexadienyl cation intermediate formed
by attack of bromine on p-xylene.

CH, CH, CH,
°"H "H H
Br Br Br
CH, CH, CH,
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Any one of these resonance forms is a satisfactory answer to the question. Because of its ter-
tiary carbocation character, this carbocation is more stable than the corresponding intermedi-
ate formed from benzene.

(b) Chlorination of m-xylene will give predominantly 4-chloro-1,3-dimethylbenzene.

CH, CH, CH,
cl,
—_— via
CH, CH, CH,
Cl H Cl
m-Xylene 4-Chloro-1,3- More stable
dimethylbenzene cyclohexadienyl cation

The intermediate shown (or any of its resonance forms) is more stable for steric reasons than
CH,

H
Cl

CH,

Less stable
cyclohexadienyl cation

The cyclohexadienyl cation intermediate leading to 4-chloro-1,3-dimethylbenzene is more
stable and is formed faster than the intermediate leading to chlorobenzene because of its ter-
tiary carbocation character.

CH,

more stable than
CH, H
H Cl H Cl

(c) The most stable carbocation intermediate formed during nitration of acetophenone is the one
corresponding to meta attack.

i i i
CCH, y GCH, CCH,

O,N

more stable than or

H

NO, H NO,

An acyl group is electron-withdrawing and destabilizes a carbocation to which it is attached.
The most stable carbocation intermediate in the nitration of acetophenone is less stable and
is formed more slowly than is the corresponding carbocation formed during nitration of
benzene.

less stable than

NO, NO,
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(d) The methoxy group in anisole is strongly activating and ortho, para-directing. For steric rea-

sons and because of inductive electron withdrawal by oxygen, the intermediate leading to para
substitution is the most stable.

OCH, OCH, OCH,
H
slightly more stable than ﬁCH3 more stable than -
o
H ﬁCH3 (||:CH3
o (0]

Of the various resonance forms for the most stable intermediate, the most stable one has eight
electrons around each oxygen and carbon atom.

"OCH,

H (”:CH3

Most stable
resonance form

This intermediate is much more stable than the corresponding intermediate from acylation of
benzene.

(e)  Anisopropyl group is an activating substituent and is ortho, para-directing. Attack at the ortho
position is sterically hindered. The most stable intermediate is

CH(CH,),

H NO,

or any of its resonance forms. Because of its tertiary carbocation character, this cation is more
stable than the corresponding cyclohexadienyl cation intermediate from benzene.

(f) Anitro substituent is deactivating and meta-directing. The most stable cyclohexadienyl cation
formed in the bromination of nitrobenzene is

(0) O
XN
N

H
Br
This ion is less stable than the cyclohexadienyl cation formed during bromination of benzene.

(g) Sulfonation of furan takes place at C-2. The cationic intermediate is more stable than the cyclo-
hexadienyl cation formed from benzene because it is stabilized by electron release from oxygen.

U SO, @\sogﬁ via @H @H

NN
0 ¥ SoH Q" %oH

Furan Furan-2-
sulfonic acid
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(h) Pyridine reacts with electrophiles at C-3. It is less reactive than benzene, and the carbocation
intermediate is less stable than the corresponding intermediate formed from benzene.

12.24 (a) Toluene is more reactive than chlorobenzene in electrophilic aromatic substitution reac-
tions because a methyl substituent is activating but a halogen substituent is deactivating.
Both are ortho, para-directing, however. Nitration of toluene is faster than nitration of

chlorobenzene.
CH, CH,
NO,
__HNO, 4
Faster: ~Hso,
NO,
Toluene o-Nitrotoluene p-Nitrotoluene
Cl Cl
NO,
Slower: % +
owe ~ im0,
NO,
Chlorobenzene o-Chloronitrobenzene p-Chloronitrobenzene

(b) A fluorine substituent is not nearly as strongly deactivating as a trifluoromethyl group. The
reaction that takes place is Friedel-Crafts alkylation of fluorobenzene.

F
CH,C¢H,
_CHICH,CI
AL

CH,C,H,
o-Benzylfluorobenzene p-Benzylfluorobenzene
(15%) (85%)

Strongly deactivated aromatic compounds do not undergo Friedel-Crafts reactions.

CF,

AICI,

+ C(H,CH,CI no reaction

(c) A carbonyl group directly bonded to a benzene ring strongly deactivates it toward elec-
trophilic aromatic substitution. Methyl benzoate is much less reactive than benzene.

O O
& B

©/COCH3 ©/COCH3
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An oxygen substituent directly attached to the ring strongly activates it toward electrophilic
aromatic substitution. Phenyl acetate is much more reactive than benzene or methyl benzoate.

|| || i

:OCCH, OCCH, OCCH,
Br
Br,
acetic acid
Br

Phenyl acetate o-Bromophenyl p-Bromophenyl

acetate acetate

Bromination of methyl benzoate requires more vigorous conditions; catalysis by iron(III) bro-
mide is required for bromination of deactivated aromatic rings.

(d) Acetanilide is strongly activated toward electrophilic aromatic substitution and reacts faster
than nitrobenzene, which is strongly deactivated.

-l 0.0
HNCCH, N
Acetanilide Nitrobenzene
(Lone pair on nitrogen can (Nitrogen is positively charged
stabilize cyclohexadienyl and is electron-withdrawing.)
cation intermediate.)
HNCCH, HNCCH, HNCCH,
SO,H
SO,
H,S0, +
SO,H
Acetanilide o-Acetamidobenzene- p-Acetamidobenzene-
sulfonic acid sulfonic acid
(e) Both substrates are of the type
R
R = alkyl
R

and are activated toward Friedel-Crafts acylation. Since electronic effects are comparable, we
look to differences in steric factors and conclude that reaction will be faster for R = CH, than
for R = (CH,;),C—.

CH, CH, (ﬁ
C

I AlCI ™~
+ CHCC  —— CH,

CH, CH,

p-Xylene Acetyl chloride 2,5-Dimethylacetophenone
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(f) A phenyl substituent is activating and ortho, para-directing. Biphenyl will undergo chlorina-
tion readily.

cl,
e CH, + Cl CH;
Cl

Biphenyl o0-Chlorobiphenyl p-Chlorobiphenyl

Each benzene ring of benzophenone is deactivated by the carbonyl group.

(@) (O
[~ |
C — C
¥
Benzophenone

Benzophenone is much less reactive than biphenyl in electrophilic aromatic substitution
reactions.

12.25 Reactivity toward electrophilic aromatic substitution increases with increasing number of electron-
releasing substituents. Benzene, with no methyl substituents, is the least reactive, followed by
toluene, with one methyl group. 1,3,5-Trimethylbenzene, with three methyl substituents, is the most

reactive.
CH, CH,
: H.C CH,
Benzene Toluene 1,3,5-Trimethylbenzene
Relative
reactivity: 1 60 2 X107

o0-Xylene and m-xylene are intermediate in reactivity between toluene and 1,3,5-trimethylben-
zene. Of the two, m-xylene is more reactive than o-xylene because the activating effects of the two
methyl groups reinforce each other.

CH,

CH,
~ o
~ ©/CH3 ~ o~
/ : ~ CH,

!
!

0-Xylene m-Xylene
(all positions (activating effects
somewhat activated) reinforce each other)
Relative
reactivity: 5 X 102 5% 104

12.26 (@) Chlorine is ortho, para-directing, carboxyl is meta-directing. The positions that are ortho
to the chlorine are meta to the carboxyl, so that both substituents direct an incoming
electrophile to the same position. Introduction of the second nitro group at the remaining
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position that is ortho to the chlorine puts it meta to the carboxyl and meta to the first nitro

group.
Cl Cl Cl
NO, O,N NO,
HNO; HNO,
_— —_—
H,SO,, heat H,S0,, heat

CO,H CO,H CO,H

p-Chlorobenzoic 4-Chloro-3,5-
acid dinitrobenzoic acid (90%)

(b)  An amino group is one of the strongest activating substituents. The para and both ortho posi-
tions are readily substituted in aniline. When aniline is treated with excess bromine, 2,4,6-
tribromoaniline is formed in quantitative yield.

NH, NH,
Br. Br
+ 3Br, E—

Br

Aniline 2.4,6-Tribromoaniline
(100%)

(c) The positions ortho and para to the amino group in o-aminoacetophenone are the ones most
activated toward electrophilic aromatic substitution.

Br
| Br, |
CH,C CH,C
H,N HN  Br
o-Aminoacetophenone 2-Amino-3,5-

dibromoacetophenone (65%)

(d) The carboxyl group in benzoic acid is meta-directing, and so nitration gives m-nitrobenzoic
acid. The second nitration step introduces a nitro group meta to both the carboxyl group and
the first nitro group.

CO,H CO,H CO,H
HNO, HNO,
3 5 3
H,S0, H,SO,
NO, O,N NO,
Benzoic acid m-Nitrobenzoic acid 3,5-Dinitrobenzoic

acid (54-58%)

(e) Both bromine substituents are introduced ortho to the strongly activating hydroxyl group in
p-nitrophenol.

OH OH
Br Br
Br,
_—
NO, NO,
p-Nitrophenol 2,6-Dibromo-4-

nitrophenol (96-98%)
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(f) Friedel-Crafts alkylation occurs when biphenyl is treated with fert-butyl chloride and iron
(ITT) chloride (a Lewis acid catalyst); the product of monosubstitution is p-tert-butylbiphenyl.
All the positions of the ring that bears the tert-butyl group are sterically hindered, so the sec-
ond alkylation step introduces a tert-butyl group at the para position of the second ring.

C(CH;),4 C(CH;),
(CH;);CCl1 (CH;);CCl1
—_— —_—
FeCl, FeCl,
C(CH;),
Biphenyl 4,4'-Di-tert-

butylbiphenyl (70%)

(g) Disulfonation of phenol occurs at positions ortho and para to the hydroxyl group. The ortho,
para product predominates over the ortho, ortho one.

OH OH
SOH
H,SO, :
SO,H
Phenol 2-Hydroxy-1,5-

benzenedisulfonic acid

12.27 When carrying out each of the following syntheses, evaluate how the structure of the product differs
from that of benzene or toluene; that is, determine which groups have been substituted on the ben-
zene ring or altered in some way. The sequence of reaction steps when multiple substitution is de-
sired is important; recall that some groups direct ortho, para and others meta.

(a) Isopropylbenzene may be prepared by a Friedel-Crafts alkylation of benzene with isopropyl
chloride (or bromide, or iodide).

AlCI,
+ (CHy),CHCI ——— CH(CH,),

Benzene Isopropyl chloride Isopropylbenzene

It would not be appropriate to use propyl chloride and trust that a rearrangement would lead
to isopropylbenzene, because a mixture of propylbenzene and isopropylbenzene would be
obtained.

Isopropylbenzene may also be prepared by alkylation of benzene with propene in the pres-
ence of sulfuric acid.

@ + CH,CH—CH, —=22% QCH(CH3)2

Benzene Propene Isopropylbenzene

(b)  Since the isopropyl and sulfonic acid groups are para to each other, the first group introduced
on the ring must be the ortho, para director, that is, the isopropyl group. We may therefore use
the product of part (a), isopropylbenzene, in this synthesis. An isopropyl group is a fairly
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bulky ortho, para director, and so sulfonation of isopropylbenzene gives mainly p-isopropyl-
benzenesulfonic acid.

SO,

Isopropylbenzene p-Isopropylbenzenesulfonic acid

A sulfonic acid group is meta-directing, so that the order of steps must be alkylation followed
by sulfonation rather than the reverse.

(c) Free-radical halogenation of isopropylbenzene occurs with high regioselectivity at the ben-
zylic position. N-Bromosuccinimide (NBS) is a good reagent to use for benzylic bromination

reactions.
Br
Br,, light |
CH(CH,), “oNBS C|CH3
CH,
Isopropylbenzene 2-Bromo-2-phenylpropane

(d) Toluene is an obvious starting material for the preparation of 4-fert-butyl-2-nitrotoluene. Two
possibilities, both involving nitration and alkylation of toluene, present themselves; the prob-
lem to be addressed is in what order to carry out the two steps. Friedel-Crafts alkylation must
precede nitration.

CH, CH, CH,
NO,
(CH,),CCl HNO,
_— —_—
AICI, H,SO,
C(CH,), C(CH,);
Toluene p-tert-Butyltoluene 4-tert-Butyl-

2-nitrotoluene

Introduction of the nitro group as the first step is an unsatisfactory approach since
Friedel-Crafts reactions cannot be carried out on nitro-substituted aromatic compounds.

(e) Two electrophilic aromatic substitution reactions need to be performed: chlorination and
Friedel-Crafts acylation. The order in which the reactions are carried out is important; chlo-
rine is an ortho, para director, and the acetyl group is a meta director. Since the groups are
meta in the desired compound, introduce the acetyl group first.

(H) o (0]
CH,CCl I cl, I
AICI, CCH, AICI, CCH,
Cl
Benzene Acetophenone m-Chloroacetophenone

(f) Reverse the order of steps in part (e) to prepare p-chloroacetophenone.

(H) o
cl, CH,CCI |
FeCl, Cl AlCl, Cl CCH,

Benzene Chlorobenzene p-Chloroacetophenone

Friedel-Crafts reactions can be carried out on halobenzenes but not on arenes that are more
strongly deactivated.


http://www.mhhe.com/physsci/chemistry/carey/student/olc
http://www.mhhe.com

296

(€9)

(h)

(D)

()

REACTIONS OF ARENES: ELECTROPHILIC AROMATIC SUBSTITUTION

Here again the problem involves two successive electrophilic aromatic substitution reactions,
in this case using toluene as the initial substrate. The proper sequence is Friedel-Crafts acyla-
tion first, followed by bromination of the ring.

CH, CH, CH,4
: O
[ Br
CH,CCl Br,
_— _—
AIC, AlBr,
CCH CCH
= 3 _ 3
o~ o
Toluene p-Methylacetophenone 3-Bromo-4-
methylacetophenone

If the sequence of steps had been reversed, with halogenation preceding acylation, the first in-
termediate would be o-bromotoluene, Friedel-Crafts acylation of which would give a com-
plex mixture of products because both groups are ortho, para-directing. On the other hand, the
orienting effects of the two groups in p-methylacetophenone reinforce each other, so that its
bromination is highly regioselective and in the desired direction.

Recalling that alkyl groups attached to the benzene ring by CH, may be prepared by reduction
of the appropriate ketone, we may reduce 3-bromo-4-methylacetophenone, as prepared in
part (g), by the Clemmensen on Wolff-Kishner procedure to give 2-bromo-4-ethyltoluene.

CH, CH,
Br Br
Zn(Hg), HCI

== — 5
or H,NNH,, KOH
diethylene glycol,

heat

_CCH, CH,CH,
O
3-Bromo-4- 2-Bromo-4-
methylacetophenone ethyltoluene

This is a relatively straightforward synthetic problem. Bromine is an ortho, para-directing
substituent; nitro is meta-directing. Nitrate first, and then brominate to give 1-bromo-
3-nitrobenzene.

NO, NO,
HNO, Br,
—_— —_—
H,S0, AlBr,
Br
Benzene Nitrobenzene 1-Bromo-3-nitrobenzene

Take advantage of the ortho, para-directing properties of bromine to prepare 1-bromo-2,4-
dinitrobenzene. Brominate first, and then nitrate under conditions that lead to disubstitution.
The nitro groups are introduced at positions ortho and para to the bromine and meta to each
other.

Br Br
NO,
Br,, FeBr; HNO,
B ———— —_—
H,SO,, heat
NO,
Benzene Bromobenzene 1-Bromo-2,4-

dinitrobenzene
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(k)  Although bromo and nitro substituents are readily introduced by electrophilic aromatic substi-
tution, the only methods we have available so far to prepare carboxylic acids is by oxidation of
alkyl side chains. Thus, use toluene as a starting material, planning to convert the methyl group
to a carboxyl group by oxidation. Nitrate next; nitro and carboxyl are both meta-directing
groups, so that the bromination in the last step occurs with the proper regioselectivity.

CH, CO,H CO,H CO,H
Na,Cr,0, HNO; Br,
—_— B — B ————
H,0, H,S0,, heat H,SO, FeBr,
NO, Br NO,
Toluene Benzoic acid 3-Nitrobenzoic acid 3-Bromo-5-

nitrobenzoic acid

If bromination is performed prior to nitration, the bromine substituent will direct an incoming
electrophile to positions ortho and para to itself, giving the wrong orientation of substituents
in the product.

(I)  Again toluene is a suitable starting material, with its methyl group serving as the source of the
carboxyl substituent. The orientation of the substituents in the final product requires that the
methyl group be retained until the final step.

CH, CH, CH, COH
Br Br
HNO, Br, Na,Cr,0,
. — —_— —_—
H,SO, FeBr, H,0, H,SO0,, heat
NO NO
NO, 2 2
Toluene p-Nitrotoluene 2-Bromo-4- 2-Bromo-4-
nitrotoluene nitrobenzoic acid

Nitration must precede bromination, as in the previous part, in order to prevent formation of
an undesired mixture of isomers.

(m) Friedel-Crafts alkylation of benzene with benzyl chloride (or benzyl bromide) is a satisfac-
tory route to diphenylmethane.

AICL,
O+ Oron =2 O

Benzene Benzyl chloride Diphenylmethane

Benzyl chloride is prepared by free-radical chlorination of toluene.

cl,
QCH3 light or heat @ CH2C1

Toluene Benzyl chloride

Alternatively, benzene could have been subjected to Friedel-Crafts acylation with benzoyl
chloride to give benzophenone. Clemmensen or Wolff-Kishner reduction of benzophenone
would then furnish diphenylmethane.

(n) 1-Phenyloctane cannot be prepared efficiently by direct alkylation of benzene, because of the
probability that rearrangement will occur. Indeed, a mixture of 1-phenyloctane and 2-phenyl-
octane is formed under the usual Friedel-Crafts conditions, along with 3-phenyloctane.

CH, CH,CH,

1Bry

CH, + CH,(CH,),CH,Br CH,CH,(CH,),CH, + C,H,CH(CH,),CH, + C,H,CH(CH,),CH,

Benzene 1-Bromooctane 1-Phenyloctane (40%) 2-Phenyloctane (30%) 3-Phenyloctane (30%)
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A method that permits the synthesis of 1-phenyloctane free of isomeric compounds is acyla-
tion followed by reduction.

AlCI, l Zn(Hg)

CH, + CH,(CH,),CCl CH;C(CH,)CH; — g C¢HsCH,(CH,)CH,
Benzene Octanoyl chloride 1-Phenyl-1-octanone 1-Phenyloctane

Alternatively, Wolff—Kishner conditions (hydrazine, potassium hydroxide, diethylene glycol)
could be used in the reduction step.

(o) Direct alkenylation of benzene under Friedel-Crafts reaction conditions does not take place,
and so 1-phenyl-1-octene cannot be prepared by the reaction

AlC,

CH, + CICH=CH(CH,),CH,

Benzene 1-Chloro-1-octene 1-Phenyl-1-octene

C H,CH=CH(CH,),CH,
No! Reaction effective only with
alkyl halides, not 1-haloalkenes.

Having already prepared 1-phenyloctane in part (1), however, we can functionalize the ben-
zylic position by bromination and then carry out a dehydrohalogenation to obtain the target

compound.
Br,, light KOCH;
CeHsCH,(CH,)CH;  — s C6H5(|TH(CH2)6CH3 —cmon CH;CH=CH(CH,);CH,
Br
1-Phenyloctane 1-Bromo-1-phenyloctane 1-Phenyl-1-octene

(p) 1-Phenyl-1-octyne cannot be prepared in one step from benzene; 1-haloalkynes are unsuitable
reactants for a Friedel-Crafts process. In Chapter 9, however, we learned that alkynes may be
prepared from the corresponding alkene:

RC=CR obtained from RCH—CHR obtained from RCH=CHR

Br Br
Using the alkene prepared in part (0),
Br, NaNH,
CH,CH=CH(CH,),CH, C6H5$HC|IH(CH2)5CH3 NI C,H,C=C(CH,),CH,
Br Br
1-Phenyl-1-octene 1,2-Dibromo-1-phenyloctane 1-Phenyl-1-octyne

(99 Nonconjugated cyclohexadienes are prepared by Birch reduction of arenes. Thus the last step
in the synthesis of 1,4-di-fert-butyl-1,4-cyclohexadiene is the Birch reduction of 1,4-di-ferz-

butylbenzene.
C(CH,), C(CH,), C(CH,),
O (CH,);CCl (CH,),CCl Na, NH;
R _ > —_—
AICly AlCly ethanol
C(CH3)3 C(CH3)3
Benzene tert-Butylbenzene p-Di-tert- 1,4-Di-tert-butyl-1,4-

butylbenzene cyclohexadiene
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12.28 (a) Methoxy is an ortho, para-directing substituent. All that is required to prepare p-methoxy-
benzenesulfonic acid is to sulfonate anisole.

OCH,4 OCH,
H,S0,
_—
SOH
Anisole p-Methoxybenzene-

sulfonic acid

(b) Inreactions involving disubstitution of anisole, the better strategy is to introduce the para sub-
stituent first. The methoxy group is ortho, para-directing, but para substitution predominates.

OCH, OCH, OCH,
Br
HNO, Br,
—_— —_—
H,SO, FeBr,
NO, NO,
Anisole p-Nitroanisole 2-Bromo-4-
nitroanisole

(c) Reversing the order of the steps used in part () yields 4-bromo-2-nitroanisole.

OCH, OCH, OCH,
NO,
Br, HNO,
—_—
FeBr; H,S0,
Br Br
Anisole p-Bromoanisole 4-Bromo-2-
nitroanisole

(d) Direct introduction of a vinyl substituent onto an aromatic ring is not a feasible reaction.
p-Methoxystyrene must be prepared in an indirect way by adding an ethyl side chain and then
taking advantage of the reactivity of the benzylic position by bromination (e.g., with N-
bromosuccinimide) and dehydrohalogenation.

OCH, OCH, OCH, OCH,
CH,CH,CI NBS NaOCH,
B ——— —_—
AlCI, peroxides,
l heat
CH,CH, BrCHCH, CH=CH,
Anisole p-Ethylanisole p-(1-Bromoethyl)anisole p-Methoxystyrene

12.29 (@) Methyl is an ortho, para-directing substituent, and toluene yields mainly o-nitrotoluene and
p-nitrotoluene on mononitration. Some m-nitrotoluene is also formed.

CH, CH, CH,
NO,
HNO, N N
40°C
NO,
NO,

Toluene o-Nitrotoluene m-Nitrotoluene p-Nitrotoluene

CH,
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There are six isomeric dinitrotoluenes:

CH, CH, CH, CH,
i NO, NO, i NO, ON i NO,
NO, O,N
NO,

2,3-Dinitrotoluene 2,5-Dinitrotoluene 2,6-Dinitrotoluene

CH, CH,
O,N” i “NO, i “NO,
NO,

3,5-Dinitrotoluene

2.4-Dinitrotoluene

3,4-Dinitrotoluene

The least likely product is 3,5-dinitrotoluene because neither of its nitro groups is ortho or
para to the methyl group.
There are six trinitrotoluene isomers:

CH, CH, CH,
O,N NO, NO, /@iNOZ
NO, O,N NO,

NO, NO,
2,4,6-Trinitrotoluene

2,3,4-Trinitrotoluene 2,3,5-Trinitrotoluene

CH,

CH, CH,
O,N NO, NO,
NO, ON NO, ON

NO, NO,

2,3,6-Trinitrotoluene 3,4,5-Trinitrotoluene 2,4,5-Trinitrotoluene

The most likely major product is 2,4,6-trinitrotoluene because all the positions activated by
the methyl group are substituted. This is, in fact, the compound commonly known as TNT.

From o-xylene:

CH, CH,
CH, C”’ CH,
AICI
+ CH,CCI :
ﬁCH3
o
o0-Xylene Acetyl chloride 3,4-Dimethyl-

acetophenone (94%)
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From m-xylene:

CH, CH,
| AICI,
+ CH,CCI
CH, CH;
ﬁCH3
@)
m-Xylene 2,4-Dimethyl-

acetophenone (86%)

From p-xylene:

CH, cH, §
CCH,
I AlC, ;
+ CH,CCI :
CH, CH,
p-Xylene 2,5-Dimethyl-

acetophenone (99%)

12.31 The ring that bears the nitrogen in benzanilide is activated toward electrophilic aromatic substitu-
tion. The ring that bears the C—=0 is strongly deactivated.

(0] <l O (0]

| o, | |

NHC _— NHC + Cl NHC
Benzanilide N-(o-Chlorophenyl)benzamide N-(p-Chlorophenyl)benzamide

12.32 (@) Nitration of the ring takes place para to the ortho, para-directing chlorine substituent; this
position is also meta to the meta-directing carboxyl groups.

CO,H CO,H
Cl Cl
HNO,
H,SO,
CO,H O,N CO,H
2-Chloro-1,3- 2-Chloro-5-nitro-1,3-
benzenedicarboxylic acid benzenedicarboxylic acid (86%)

(b) Bromination of the ring occurs at the only available position activated by the amino group, a
powerful activating substituent and an ortho, para director. This position is meta to the meta-
directing trifluoromethyl group and to the meta-directing nitro group.

CF, CF,
NH, NH,
Br,
acetic acid
O,N O,N Br
4-Nitro-2-(trifluoromethyl)- 2-Bromo-4-nitro-6-
aniline (trifluoromethyl)aniline

(81%)
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(c) This may be approached as a problem in which there are two aromatic rings. One of them
bears two activating substituents and so is more reactive than the other, which bears only one
activating substituent. Of the two activating substituents (—OH and C¢Hy—), the hydroxyl
substituent is the more powerful and controls the regioselectivity of substitution.

Br,
OH —q— OH

Br
p-Phenylphenol 2-Bromo-4-phenylphenol

(d) Both substituents are activating, nitration occurring readily even in the absence of sulfuric
acid; both are ortho, para-directing and comparable in activating power. The position at which
substitution takes place is therefore

C(CH,),
Not here; too hindered — — Not here; too hindered

[

Ortho to isopropyl,
para to fert-butyl

CH(CH,),

C(CH,), C(CH,),
HNO,
acetic acid
CH(CH,), CH(CH,),
NO,
1-tert-Butyl-3- 4-tert-Butyl-2-isopropyl-
isopropylbenzene 1-nitrobenzene (78%)

(e) Protonation of 1-octene yields a secondary carbocation, which attacks benzene.

CH,CH(CH,),CH,

H,S0,
@ + CH,=CH(CH,),CH, ———

Benzene 1-Octene 2-Phenyloctane (84%)

(f) The reaction that occurs with arenes and acid anhydrides in the presence of aluminum chloride
is Friedel-Crafts acylation. The methoxy group is the more powerful activating substituent, so
acylation occurs para to it.

AlCl,

I
OCH, + CH,COCCH, CH,C OCH, + CH,CO,H

F F

o-Fluoroanisole Acetic anhydride 3-Fluoro-4-methoxyacetophenone
(70-80%)
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(g) The isopropyl group is ortho, para-directing, and the nitro group is meta-directing. In this case
their orientation effects reinforce each other. Electrophilic aromatic substitution takes place
ortho to isopropyl and meta to nitro.

CH(CH,), CH(CH,),
NO,
HNO,
H,SO,
NO, NO,
p-Nitroisopropyl- 2,4-Dinitroisopropyl-
benzene benzene (96%)

(h)  Inthe presence of an acid catalyst (H,SO,), 2-methylpropene is converted to fert-butyl cation,
which then attacks the aromatic ring ortho to the strongly activating methoxy group.

(CH;),C=CH, + H' (CH,),C*
OCH, OCH,
C(CH,),
+ (CH,),C"
CH, CH,

In this particular example, 2-tert-butyl-4-methylanisole was isolated in 98% yield.

(i)  There are two things to consider in this problem: (1) In which ring does bromination occur,
and (2) what is the orientation of substitution in that ring? All the substituents are activating
groups, so substitution will take place in the ring that bears the greater number of sub-
stituents. Orientation is governed by the most powerful activating substituent, the hydroxyl
group. Both positions ortho to the hydroxyl group are already substituted, so that bromina-
tion takes place para to it. The product shown was isolated from the bromination reaction in
100% yield.

H,C OH H,C OH
Br,
Orandron 2 Oranl ron
Br

3-Benzyl-2,6-dimethylphenol 3-Benzyl-4-bromo-2,
6-dimethylphenol
(100%)

(j) Wolff—Kishner reduction converts benzophenone to diphenylmethane.
0]
| H,NNH,, KOH
C triethylene CH2

glycol, heat
Benzophenone Diphenylmethane (83%)
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(k)  Fluorine is an ortho, para-directing substituent. It undergoes Friedel-Crafts alkylation on
being treated with benzyl chloride and aluminum chloride to give a mixture of o-fluoro-
diphenylmethane and p-fluorodiphenylmethane.

F
C.H,CH
AICI, 62
+ C.H,CH,Cl +
C.H,CH,
Fluorobenzene Benzyl chloride o-Fluorodiphenylmethane p-Fluorodiphenylmethane
(15%) (85%)

(I) The —NHCCH3 substituent is a more powerful activator than the ethyl group. It directs
Friedel-Crafts acylation primarily to the position para to itself.

| |
CH,CNH CH,CNH

CH,CH, i - CH,CH,
+  CH,CCl - + HCI
CCH,
oo
o-Ethylacetanilide Acetyl chloride 4-Acetamido-3-

ethylacetophenone (57%)

(m) Clemmensen reduction converts the carbonyl group to a CH, unit.

(0]
CH, I CH,

CCH, CH,CH;

i Zn(Hg) ’
HCI
H,C CH, H,C CH,
2,4,6-Trimethylacetophenone 2-Ethyl-1,3,5-trimethylbenzene
(74%)

(n) Bromination occurs at C-5 on thiophene-3-carboxylic acid. Reaction does not occur at C-2
since substitution at this position would place a carbocation adjacent to the electron-
withdrawing carboxyl group.

CO,H CO,H
B B
5 2 acetic acid
S Br™ g
Thiophene-3- 2-Bromo-thiophene-4-
carboxylic acid carboxylic acid (69%)

12.33 In a Friedel-Crafts acylation reaction an acyl chloride or acid anhydride reacts with an arene to yield
an aryl ketone.

| AlCH, |
AH + RCCI ———  ArCR
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or

[yl AlCH, | |
ArH + RCOCR ——— ArCR + RCOH

The ketone carbonyl is bonded directly to the ring. In each of these problems, therefore, you should
identify the bond between the aromatic ring and the carbonyl group and realize that it arises as
shown in this general reaction.

O

(a) The compound is derived from benzene and C,H;CH,CCl. The observed yield in this reac-
tion is 82%.

] i
QCCHZO arises from @H and ClCCHz@

(b) The presence of the ArCCH,CH,CO,H unit suggests an acylation reaction using succinic

anhydride.
H3C4<j%7CH3 arises from HQCOCHg and A
CCHZCH2C02H Succinic
(”) anhydride

In practice, this reaction has been carried out in 55% yield.
(c) Two methods seem possible here but only one actually works. The only effective combination
is
o

| AlCI, ||
O,N CCl +

p-Nitrobenzoyl Benzene p-Nitrobenzophenone (87%)
chloride

The alternative combination

_AcL .
2N@ + CICO no reaction

fails because it requires a Friedel-Crafts reaction on a strongly deactivated aromatic ring
(nitrobenzene).

(d) Here also two methods seem possible, but only one is successful in practice. The valid
synthesis is

H,C o H,C o
| AIC, |
CCl + — C

H,C H,C

3,5-Dimethylbenzoyl Benzene 3,5-Dimethylbenzophenone
chloride (89%)
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The alternative combination will not give 3,5-dimethylbenzophenone, because of the ortho,
para-directing properties of the methyl substituents in m-xylene. The product will be 2,4-
dimethylbenzophenone.

H,C H.C

0]
” AlCl,
+ CIC _—
H,C H,C C@
3 3 //
(0)

m-Xylene Benzoyl chloride 2,4-Dimethylbenzophenone

(e) The combination that follows is not effective, because it involves a Friedel-Crafts reaction on
a deactivated aromatic ring.

0)
| AlCl .
H,C cclr o+ — no reaction

HO,C

p-Methylbenzoyl chloride Benzoic acid

The following combination, utilizing toluene, therefore seems appropriate:

0 0
| AIC, |
H,C + CIC ——— HC C
HO,C

HO,C

The actual sequence used a cyclic anhydride, phthalic anhydride, in a reaction analogous to
that seen in part (b).

0
Hﬁ@ + O L TN H3C—< %g@
0
0

HO,C

Toluene Phthalic anhydride 0-(4-Methylbenzoyl)benzoic acid
(96%)

12.34 (@) The problem to be confronted here is that two meta-directing groups are para to each other in
the product. However, by recognizing that the carboxylic acid function can be prepared by
oxidation of the isopropyl group

CH(CH,), COH

oxidize

SO.H SO.H

we have a reasonable last step in the synthesis. The key intermediate has its sulfonic acid
group para to the ortho, para-directing isopropyl group, which suggests the following
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approach:
CH(CH,), CH(CH,), CO,H
SO, Na,Cr,0,
H,SO, H,0, H,S0,, heat
SO,H SO.H
Isopropylbenzene p-Isopropylbenzene- p-Carboxylbenzene-

sulfonic acid

sulfonic acid

(b) In this problem two methyl groups must be oxidized to carboxylic acid functions, and a terz-
butyl group must be introduced, most likely by a Friedel-Crafts reaction. Since Friedel-Crafts
alkylations cannot be performed on deactivated aromatic rings, oxidation must follow, not pre-
cede, alkylation. The following reaction sequence therefore seems appropriate:

CH, CH, CO,H
CH, CH, CO,H
AICY, Na,Cr,0,
+ (CH3)3CC1 H,0, H,SO,, heat
C(CH,), C(CH,);
o0-Xylene 4-tert-Butyl-1,2- 4-tert-Butylbenzene-1,2-

dimethylbenzene dicarboxylic acid
In practice, zinc chloride was used as the Lewis acid to catalyze the Friedel-Crafts reaction
(64% yield). Oxidation of the methyl groups occurs preferentially because the tert-butyl group
has no benzylic hydrogens.

(c) The carbonyl group is directly attached to the naphthalene unit in the starting material. Reduce
it in the first step so that a Friedel-Crafts acylation can be accomplished on the naphthalene
ring. An aromatic ring that bears a strongly electron-withdrawing group such as C=0 does

not undergo Friedel-Crafts reactions.
(0]
0 I
l CH,C
Zn(Hg)’ = OO‘ CH3CC1 OO‘
_— R ————
AICL,

(d) m-Dimethoxybenzene is a strongly activated aromatic compound and so will undergo elec-
trophilic aromatic substitution readily. The ring position between the two methoxy groups is
sterically hindered and less reactive than the other activated positions.

OCH,
~

OCH,

!

Arrows indicate equivalent ring
positions strongly activated by
methoxy groups.
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Because Friedel-Crafts reactions may not be performed on deactivated aromatic rings, the
tert-butyl group must be introduced before the nitro group. The correct sequence is therefore

OCH, OCH, OCH,
i O,N
OCH, OCH, OCH,

C(CH;)4 C(CH;),4

This is essentially the procedure actually followed. Alkylation was effected, however, not
with tert-butyl chloride and aluminum chloride but with 2-methylpropene and phosphoric

acid.
OCH, OCH,
H,PO,
+  (CH,),C=CH, :
OCH, OCH,
C(CH;);
m-Dimethoxybenzene 2-Methylpropene 1-tert-Butyl-2,4-

dimethoxybenzene (75%)

Nitration was carried out in the usual way. the orientation of nitration is controlled by the more
powerfully activating methoxy groups rather than by the weakly activating tert-butyl.

OCH, OCH,

O,N
HNO,

H,S0,
OCH, OCH,

C(CH,), C(CH,),

1-tert-Butyl-2,4-
dimethoxy-5-nitrobenzene

12.35 The first step is a Friedel-Crafts acylation reaction. The use of a cyclic anhydride introduces both
the acyl and carboxyl groups into the molecule.

(@) 0]
O | |
CCH,CH,COH
AICI,
© + O | ©/
(0]
Benzene Succinic 4-Oxo0-4-phenylbutanoic acid
anhydride

The second step is a reduction of the ketone carbonyl to a methylene group. A Clemmensen reduc-
tion is normally used for this step.

o0 i
CCH,CH,COH CH,CH,CH,COH
I e O
HCl

4-0Ox0-4-phenylbutanoic acid 4-Phenylbutanoic acid
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The cyclization phase of the process is an intramolecular Friedel-Crafts acylation reaction. It
requires conversion of the carboxylic acid to the acyl chloride (thionyl chloride is a suitable reagent)
followed by treatment with aluminum chloride.

(0]
| |
CH,CH,CH,COH CH,CH,CH,CCI
©/ socl, @/ AlCI,

4-Phenylbutanoic acid 4-Phenylbutanoyl chloride O

12.36  Intramolecular Friedel-Crafts acylation reactions that produce five-membered or six-membered
rings occur readily. Cyclization must take place at the position ortho to the reacting side chain.

©/> AICL, @ ind @/j AIC, @Q
C C
O/ \Cl O o/ \Cl 0

(a) Afive-membered cyclic ketone is formed here.

CH,

| AlC1
(CH3)3COC<CH3 —= . (CHy)C
_CH,8
CIC

|
© 46%)

(b) This intramolecular Friedel-Crafts acylation takes place to form a six-membered cyclic
ketone in excellent yield.

CHzﬁCl
o)

93%

(¢) Inthis case two aromatic rings are available for attack in the acylation reaction. The more reac-
tive ring is the one that bears the two activating methoxy groups, and cyclization occurs on it.

CH,0

cmo@m CHCH @
O
taster w\/er

CH;0

o O

Only product (78% yield) (Not observed)
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12.37

12.38

REACTIONS OF ARENES: ELECTROPHILIC AROMATIC SUBSTITUTION

(a) To determine the total rate of chlorination of biphenyl relative to that of benzene, we add up
the partial rate factors for all the positions in each substrate and compare them.

0 250 250, 0 1 1

0 250 250 0 1 1
Biphenyl Benzene
(sum = 2580) (sum = 6)

Biphenyl _ 2580 _ 430

Relative rate of chlorination:
Benzene 6 1

(b) The relative rate of attack at the para position compared with the ortho positions is given by
the ratio of their partial rate factors.

Para 1580 1.58

Ortho 1000 1
Therefore, 15.8 g of p-chlorobiphenyl is formed for every 10 g of o-chlorobiphenyl.

The problem stipulates that the reactivity of various positions in o-bromotoluene can be estimated
by multiplying the partial rate factors for the corresponding positions in toluene and bromobenzene.
Therefore, given the partial rate factors:

CH,4
Very small
4.5 4.5 0.0003
and
4.8 4.8 0.084 Very small
750 0.0003

the two are multiplied together to give the combined effects of the two substituents at the various
ring positions.

CH, CH,
45 X 00003 Br 0.0013 Br
or
4.8 X 0.084 Very small 0.403 Very small
750 X 0.0003 0.225

The most reactive position is the one that is para to bromine. The predicted product is therefore
4-bromo-3-methylacetophenone. Indeed, this is what is observed experimentally.

CH, CH,
Br (”) Br
AICH
+ CH,CCI
CH3(”‘
o
o-Bromotoluene Acetyl 4-Bromo-3-methyl-

chloride acetophenone

This was first considered to be “anomalous” behavior on the part of o-bromotoluene, but, as can be
seen, it is consistent with the individual directing properties of the two substituents.
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12.39 The isomerization is triggered by protonation of the aromatic ring, an electrophilic attack by HCI1

catalyzed by AICI,.
CH(CH,), H CH(CH,),
H,C CH, CH,
HCl H,C ;
AICI,
H H H H
CH, CH,

2-Isopropyl-1,3,5-
trimethylbenzene

The carbocation then rearranges by a methyl shift, and the rearranged cyclohexadienyl cation
loses a proton to form the isomeric product

CH(CH,), CH(CH,), CH(CH,),
He CH, H CH, CH,
3 +
H & H H,C H H.C o
H 3
CH, CH, CH,

1-Isopropyl-2,4,5-
trimethylbenzene

The driving force for rearrangement is relief of steric strain between the isopropyl group and one of
its adjacent methyl groups. Isomerization is acid-catalyzed. Protonation of the ring generates the
necessary carbocation intermediate and rearomatization occurs by loss of a proton.

12.40 The relation of compound A to the starting material is

|
C¢H4(CH,),CCl

A + HCI

(C1pH5C10) (CpH140)

The starting acyl chloride has lost the elements of HCI in the formation of A. Because A forms
benzene-1,2-dicarboxylic acid on oxidation, it must have two carbon substituents ortho to each

other.
C CO,H
Na,Cr,0,
@: H,0, H,S0,, heat @:
C CO,H

These facts suggest the following process:

I
CH,).CCl H,C—CH
@/( 2s AlCl, 2 \(I%Hz
(=CI') /CHz (-H")
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The reaction leading to compound A is an intramolecular Friedel-Crafts acylation. Since cyclization
to form an eight-membered ring is difficult, it must be carried out in dilute solution to minimize
competition with intermolecular acylation.

12.41 Although hexamethylbenzene has no positions available at which ordinary electrophilic aromatic
substitution might occur, electrophilic atfack on the ring can still take place to form a cyclohexadi-

enyl cation.
CH, CH,
H,C CH, Ll H,C CH,
3
AlC,
H,C CH, H,C CH,
CH,

H,C' CH,

Compound A is the tetrachloroaluminate (AICl, ) salt of the carbocation shown. It undergoes
deprotonation on being treated with aqueous sodium bicarbonate.

3,
CHy-H  “0H CH,
H,C CH, H,C CH,
— + H,0
H,C CH, H,C CH,
H,C" CH, H,C" CH,
B

1242 By examining the structure of the target molecule, compound C, we see that the bond indicated
in the following structure joins two fragments that are related to the given starting materials A

and B:
1
CH,O CH

CH,0O CH,4 :©/ A
L ano

CH,O

y Cl

CH;0 0
O CH,0O

CH,O B

Compound C CH;0

The bond connecting the two fragments can be made by a Friedel-Crafts acylation-reduction
sequence using the acyl chloride B.

CH,0O CH,

r cHo
CH,O ‘
. 0] mmensen
AlCl CH,0 o or

CH,

Cl O ——— CH,O Wolff_Kishner

reduction

CH,O
CH,O
CH,0
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The orientation is right; attack is para to one of the methoxy groups and ortho to the methyl. The
substrate for the Friedel-Crafts acylation reaction, 3,4-dimethoxytoluene, is prepared from com-
pound A by a Clemmensen or Wolff—Kishner reduction. Compound A cannot be acylated directly
because it bears a strongly deactivating —CH substituent.

In the presence of aqueous sulfuric acid, the side-chain double bond of styrene undergoes protona-
tion to form a benzylic carbocation.

C,H.CHCH,

C,H,CH=CH, + H'

Styrene 1-Phenylethyl cation

This carbocation then reacts with a molecule of styrene in the manner we have seen earlier (Chap-
ter 6) for alkene dimerization.

C.H,CHCH, + C,H,CH=CH, CﬁHséHCHzclHC6H5

CH,

The carbocation produced in this step can lose a proton to form 1,3-diphenyl-1-butene

C6H5C+IHCH2(|IHC6H5 C6H5CH=CH(|ZHC6H5 + H
CH, CH,
1,3-Diphenyl-1-butene

or it can undergo a cyclization reaction in what amounts to an intramolecular Friedel-Crafts
alkylation

CH,
| CH,
cu
/CH2 + H *
+
C|H
CeH; CeHs

1-Methyl-3-phenylindan

The alcohol is tertiary and benzylic. In the presence of sulfuric acid a carbocation is formed.

H,S0,
CH, — CH,
CH,

(lj(CHa)z /(E_
OH CH,

An intramolecular Friedel-Crafts alkylation reaction follows, in which the carbocation attacks the
adjacent aromatic ring.
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SELF-TEST

PART A

A-1.

A-2.

A-3.

REACTIONS OF ARENES: ELECTROPHILIC AROMATIC SUBSTITUTION

Write the three most stable resonance contributors to the cyclohexadienyl cation found in the

ortho bromination of toluene.

Give the major product(s) for each of the following reactions. Indicate whether the reaction
proceeds faster or slower than the corresponding reaction of benzene.

NO,
@ HNO,
H,S0,

SO,
() O\ H,50,
Cl

Write the formula of the electrophilic reagent species present in each reaction of the preced-

ing problem.

Provide the reactant, reagent, or product omitted from each of the following:

CH,CH(CH,),
Zn(Hy)
(@ 7 HCI
C(CHy),

Cl

CH CH2CH2C(CH3)2

@

()

(e) O FeCl3 ?

) \)b —se—

AlCI,

OCH, ”

CC H

OCH,

0=C—C,H,
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A-5. Draw the structure(s) of the major product(s) formed by reaction of each of the following
compounds with Cl, and FeCl,. If two products are formed in significant amounts, draw

them both.
NO, 0
(@) ]
CH,
CN
(b) () CH3CH2@OH
OCH,

A-6. Provide the necessary reagents for each of the following transformations. More than one step

may be necessary.
(a) <;>—CH(CH3)2 HO3S@COZH

(b) @ ;’ QCHZCH2C6H5

Cl

CH CH,
o (J —— T
CH,C

Br
o () —— @
SO,H
(e) @ (CH3)2CHON02

Outline a reasonable synthesis of each of the following from either benzene or toluene and

any necessary organic or inorganic reagents.

A-7.

H3C\ /CH2
CO,H ~ CH,CH(CH,),

C

@ J@L ® © @ @

O,N NO, cl
NO, CH,
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A-8.

REACTIONS OF ARENES: ELECTROPHILIC AROMATIC SUBSTITUTION

Outline a reasonable synthesis of the compound shown using anisole (C;H;OCH,) and any

necessary inorganic reagents.
CH;}«§:3>—N02

Br

PART B

B-1.

B-2.

Consider the following statements concerning the effect of a trifluoromethyl group, —CF;,
on an electrophilic aromatic substitution.

1. The CF; group will activate the ring.

2. The CF; group will deactivate the ring.

3. The CF, group will be a meta director.

4. The CF; group will be an ortho, para director.

Which of these statements are correct?

(@ 1,3 b 1,4 () 2,3 d) 2,4

Which of the following resonance structures is not a contributor to the cyclohexadienyl
cation intermediate in the nitration of benzene?

H NO, H NO,
+
(a) ()
Y
NO
H 2
(b) H (d) None of these (all are contributors)

+

All the following groups are activating ortho, para directors when attached to a benzene ring

except
(a) 70CH3 (C) —Cl

|
(by —NHCCH; (d) —N(CHy),

Rank the following in terms of increasing reactivity toward nitration with HNO,, H,SO,
(least — most):

cl NHCH,

1 2 3
(@ 1<2<3 () 3<1<2
b 2<1<3 d 3<2<1

For the reaction

Br
: — (X
NO,
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the best reactants are:

(@) C¢HBr + HNO,, H,SO, (¢) C¢HsBr + H,SO,, heat
(b) C¢HsNO, + Br,, FeBr; (d) C¢HsNO, + HBr
B-6. For the reaction
Cl
7?7 —
//CC6H5
o
the best reactants are
|
(a) C¢HsCl+ C.H,CCl, AICI, (¢) C¢H,CH,C/H; + Cl,, FeCl,, followed
by oxidation with chromic acid
i
() C(H,CCH;+ Cl,, FeCl, (d) None of these yields the

desired product.

HNO,/H,S0
gives as the major product:
NO,

B-7. The reaction

(@) H,C

c1 © H,
NO, O,N
®) H3CC1 ) H3CC1
O,N
B-8. Which one of the following compounds undergoes bromination of its aromatic ring (elec-
trophilic aromatic substitution) at the fastest rate?

20 OO OO OO

o
(@) (b) () (d)

B-9. Which one of the following is the most stable?
H Br H Br H Br Br H
H H H H H H H
H
H H H H H H H H
:NH, :NH, “NH, :NH,
(a) (b) (©) (d)
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B-10.

B-11.

B-12.

B-13.

REACTIONS OF ARENES: ELECTROPHILIC AROMATIC SUBSTITUTION

The major product of the reaction

is

Br
0 Dy 0 3

(c) An equal mixture of compound (a) and (b) would form.
(d) None of these; substitution would not occur.

What is the product of the following reaction?

CH,
| H,S0,
OCH, + C—CH,
$H3 OCH,
(@) @—cmm@—ocm ) (CH3)2CH

C|H3 OCH, C|H3
o O 0 OE
CH,
(©) (CH3)2CHOCH3

Partial rate factors are shown for nitration of a particular aromatic compound. Based on these
data, the most reasonable choice for substituent X is:

X
0.003 0.003
0.001 0.001
01
(@) —N(CHy), (¢) —Br (e) —CH=O
(b)) —SO,H (d) —CH(CHy,),
Which reactants combine to give the species shown at the right as a reactive intermediate?
(a) Benzene, isopropyl bromide, and HBr CH(CH,),
(b) Bromobenzene, isopropyl chloride, and AICl, H H
(c) Isopropylbenzene, Br,, and FeBr, H q
(d) Isopropylbenzene, Br,, light, and heat H Br

(e) Isopropylbenzene, N-bromosuccinimide, benzoyl peroxide, and heat
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B-14. Which sequence of steps describes the best synthesis of the compound shown?

< >—CH2—< E}
CH,CH,CI Br,
(@) AICI FeBr,
b Br, CH,CH,CI
) FeBr AICI
3 3
I
C¢HsCCl1 Br, Zn(Hg)
(© AICL FeBr, HCI
i
4 Br, CHCCl Zn(Hg)
(@) FeBr, AICI, HCI

Br

B-15. Which one of the following is the best synthesis of 2-chloro-4-nitrobenzoic acid?

CO,H
Cl
NO,
2-Chloro-4-
nitrobenzoic acid
(a) 1. Heatbenzoic acid with HNO;, (d)
H,SO0,

. Cl,, FeCl,, heat
(b) 1. Treat toluene with HNO;,
H,SO, (e)
2. K,Cr,0, H,0, H,SO,, heat
. Cl,, FeCl,, heat
(¢) 1. Treat toluene with HNO;,
H,SO,
2. Cl,, FeCl,, heat
3. K,Cr,0, H,0, H,SO,, heat

Treat nitrobenzene with Cl,,
FeCl,, heat

CH,C], AIC],

K,Cr,0,, H,0, H,SO,, heat
Treat chlorobenzene with
HNO;, H,SO,

CH,C], AIC,

K,Cr,0,, H,0, H,SO,, heat
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SPECTROSCOPY

SOLUTIONS TO TEXT PROBLEMS

320

13.1

13.2

13.3

134

13.5

The field strength of an NMR spectrometer magnet and the frequency of electromagnetic radia-
tion used to observe an NMR spectrum are directly proportional. Thus, the ratio 4.7 T/200 MHz
is the same as 1.41 T/60 MHz. The magnetic field strength of a 60-MHz NMR spectrometer is
1.41°T.

The ratio of '"H and "C resonance frequencies remains constant. When the 'H frequency is
200 MHz, '*C NMR spectra are recorded at 50.4 MHz. Thus, when the 'H frequency is 100 MHz,
3C NMR spectra will be observed at 25.2 MHz.

(a) Chemical shifts reported in parts per million (ppm) are independent of the field strength of the
NMR spectrometer. Thus, to compare the '"H NMR signal of bromoform (CHBr;) recorded at
300 MHz with that of chloroform (CHCl,) recorded at 200 MHz as given in the text, the chem-
ical shift of bromoform must be converted from hertz to parts per million. The chemical shift
for the proton in bromoform is

2065 Hz

= 300 MHz 088 ppm

(b) The chemical shift of the proton in bromoform (6 6.88 ppm) is less than that of chloroform
(6 7.28 ppm). The proton signal of bromoform is farther upfield and thus is more shielded
than the proton in chloroform.

In both chloroform (CHCI;) and 1,1,1-trichloroethane (CH,CCl,) three chlorines are present. In
CH,CCl;, however, the protons are one carbon removed from the chlorines, and thus the deshield-
ing effect of the halogens will be less. The 'H NMR signal of CH,CCl, appears 4.6 ppm upfield
from the proton signal of chloroform. The chemical shift of the protons in CH;CCl, is 6 2.6 ppm.

1,4-Dimethylbenzene has two types of protons: those attached directly to the benzene ring and those
of the methyl groups. Aryl protons are significantly less shielded than alkyl protons. As shown in
text Table 13.1 they are expected to give signals in the chemical shift range 6 6.5-8.5 ppm. Thus, the
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signal at 6 7.0 ppm is due to the protons of the benzene ring. The signal at 6 2.2 ppm is due to the
methyl protons.
H

'/2.2 ppm

H,C CH,

H H<-/7'O ppm

13.6 (b) Four nonequivalent sets of protons are bonded to carbon in 1-butanol as well as a fifth distinct
type of proton, the one bonded to oxygen. There should be five signals in the 'H NMR spec-
trum of 1-butanol.

CH,CH,CH,CH,0H

rrrt

Five different proton environments
in 1-butanol; five signals

(c) Apply the “proton replacement” test to butane.
CH,CH,CH,CH, CICH,CH,CH,CH, CH3(|3HCH3CH3
Cl

Butane 1-Chlorobutane 2-Chlorobutane

CH3CH2(|?HCH3 CH,CH,CH,CH,CI
cl

2-Chlorobutane 1-Chlorobutane

Butane has two different types of protons; it will exhibit two signals in its '"H NMR spectrum.
(d) Like butane, 1,4-dibromobutane has two different types of protons. This can be illustrated by
using a chlorine atom as a test group.

Cl (|:1 (|:1 c|1
BrCH,CH,CH,CH,Br BrCHCH,CH,CH,Br ~ BrCH,CHCH,CH,Br ~ BrCH,CH,CHCH,Br ~ BrCH,CH,CH,CHBr

1,4-Dibromobutane 1,4-Dibromo-1-chlorobutane  1,4-Dibromo-2-chlorobutane  1,4-Dibromo-2-chlorobutane  1,4-Dibromo-1-chlorobutane

The '"H NMR spectrum of 1,4-dibromobutane is expected to consist of two signals.

(e)  All the carbons in 2,2-dibromobutane are different from each other, and so protons attached to
one carbon are not equivalent to the protons attached to any of the other carbons. This com-
pound should have three signals in its "H NMR spectrum.

Br
CH3$CH2CH3
Br

2,2-Dibromobutane has three
nonequivalent sets of protons.

(f) All the protons in 2,2,3,3-tetrabromobutane are equivalent. Its '"H NMR spectrum will consist
of one signal.
Br Br

CH3(|3—C|?CH3
Br Br

2,2,3,3-Tetrabromobutane
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There are four nonequivalent sets of protons in 1,1,4-tribromobutane. It will exhibit four sig-
nals in its '"H NMR spectrum.

I|3r
Br(|ICH2CH2CH2Br

H
/

1,1,4-Tribromobutane

The seven protons of 1,1,1-tribromobutane belong to three nonequivalent sets, and hence the
"H NMR spectrum will consist of three signals.

Br,CCH,CH,CH,

1,1,1-Tribromobutane

Apply the replacement test to each of the protons of 1,1-dibromoethene.

B H B Cl B H
r\C_ C/ r\C_ e r\C_ «

Br/ \H Br/ \H Br/ \Cl

1,1-Dibromoethene 1,1-Dibromo-2-chloroethene 1,1-Dibromo-2-chloroethene

Replacement of one proton by a test group (Cl) gives exactly the same compound as replace-
ment of the other. The two protons of 1,1-dibromoethene are equivalent, and there is only one
signal in the "H NMR spectrum of this compound.

The replacement test reveals that both protons of cis-1,2-dibromoethene are equivalent.

Br Br Br Br Br Br
o= Se—c{ Se—c{
H H Cl H H Cl
cis-1,2-Dibromoethene (Z)-1,2-Dibromo-1-chloroethene (Z)-1,2-Dibromo-1-chloroethene

Because both protons are equivalent, the '"HNMR spectrum of cis-1,2-dibromoethene consists
of one signal.
Both protons of trans-1,2-dibromoethene are equivalent; each is cis to a bromine substituent.

trans-1,2-Dibromoethene
(one signal in the 'H NMR spectrum)

Four nonequivalent sets of protons occur in allyl bromide.

\C_C/
—u"  CHBr

Allyl bromide (four signals in
the 'H NMR spectrum)
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(f) The protons of a single methyl group are equivalent to one another, but all three methyl groups
of 2-methyl-2-butene are nonequivalent. The vinyl proton is unique.

| |

2-Methyl-2-butene (four signals in
the 'H NMR spectrum)

13.8 (b) The three methyl protons of 1,1,1-trichloroethane (Cl,CCHy,) are equivalent. They have the
same chemical shift and do not split each other’s signals. The 'H NMR spectrum of CI;CCH,
consists of a single sharp peak.

(c) Separate signals will be seen for the methylene (CH,) protons and for the methine (CH) pro-
ton of 1,1,2-trichloroethane.

C12(|3—CH2C1
[v H
Triplet Doublet

1,1,2-Trichloroethane

The methine proton splits the signal for the methylene protons into a doublet. The two
methylene protons split the methine proton’s signal into a triplet.
(d) Examine the structure of 1,2,2-trichloropropane.

cl
ClCH2C|CH3
ol

1,2,2-Trichloropropane

The 'H NMR spectrum exhibits a signal for the two equivalent methylene protons and one for
the three equivalent methyl protons. Both these signals are sharp singlets. The protons of the
methyl group and the methylene group are separated by more than three bonds and do not split
each other’s signals.

(e)  The methine proton of 1,1,1,2-tetrachloropropane splits the signal of the methyl protons into
a doublet; its signal is split into a quartet by the three methyl protons.

Cl

C13C(|:_CH3‘~\D0ublet

H
~ Quartet

1,1,1,2-Tetrachloropropane
13.9 (b) The ethyl group appears as a triplet—quartet pattern and the methyl group as a singlet.
CH,CH,OCH,

Triplet Quartet Singlet; not vicinal to any
other protons in molecule
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The two ethyl groups of diethyl ether are equivalent to each other. The two methyl groups
appear as one triplet and the two methylene groups as one quartet.

CH3CH20CH2CH3\

Triplet

Triplet Quartet

Quartet

The two ethyl groups of p-diethylbenzene are equivalent to each other and give rise to a
single triplet—quartet pattern.

CH,CH, CH,CH,

H H

Three signals:
CH, triplet;
CH, quartet;

aromatic H singlet

All four protons of the aromatic ring are equivalent, have the same chemical shift, and do not
split either each other’s signals or any of the signals of the ethyl group.
Four nonequivalent sets of protons occur in this compound:

CICH,CH,0CH,CH,

Triplet
Triplet

Triplet
Quartet

Vicinal protons in the CICH,CH,O group split one another’s signals, as do those in the
CH,CH,0 group.

13.10 Both H, and H, in m-nitrostyrene appear as doublets of doublets. H; is coupled to H, by a coupling
constant of 12 Hz and to H_ by a coupling constant of 2 Hz. H_ is coupled to H, by a coupling con-
stant of 16 Hz and to H, by a coupling constant of 2 Hz.

13.11 (b

Iy I
bl bl bl b

(diagrams not to scale)

Ha
%
N\
C—H,
O,N VAR
H

[

The signal of the proton at C-2 is split into a quartet by the methyl protons, and each line of
this quartet is split into a doublet by the aldehyde proton. It appears as a doublet of quartets.
(Note: 1t does not matter whether the splitting pattern is described as a doublet of quartets or
a quartet of doublets. There is no substantive difference in the two descriptions.)

These three O

protons split ||
the signal for H3C—C—CH This proton splits the signal
for the proton at C-2

proton at C—2/4 |
into a quartet: Br into a doublet.
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13.12 () The two methyl carbons of the isopropyl group are equivalent.

n
Xy CH,
O
w = H
\n
Xy CH,

Four different types of carbons occur in the aromatic ring and two different types are present
in the isopropyl group. The '*C NMR spectrum of isopropylbenzene contains six signals.
(c)  The methyl substituent at C-2 is different from those at C-1 and C-3:

The four nonequivalent ring carbons and the two different types of methyl carbons give rise to
a *C NMR spectrum that contains six signals.
(d) The three methyl carbons of 1,2,4-trimethylbenzene are different from one another:

H,C

Hﬁ@—cm

Also, all the ring carbons are different from each other. The nine different carbons give rise to
nine separate signals.
(e)  All three methyl carbons of 1,3,5-trimethylbenzene are equivalent.

Because of its high symmetry 1,3,5-trimethylbenzene has only three signals in its '*°C NMR
spectrum.

13.13  sp’-Hybridized carbons are more shielded than sp>-hybridized ones. Carbon x is the most shielded,
and has a chemical shift of § 20 ppm. The oxygen of the OCH; group decreased the shielding of
carbon z; its chemical shift is 0 55 ppm. The least shielded is carbon y with a chemical shift of

6 157 ppm.
20ppm H H 55 ppm
H,C OCH,
157 ppm

H

13.14 The '*C NMR spectrum in Figure 13.22 shows nine signals and is the spectrum of 1,2,4-trimethyl-
benzene from part (d) of Problem 13.12. Six of the signals, in the range 6 127-138 ppm, are due to
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13.16

13.17

13.18

13.19
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the six nonequivalent carbons of the benzene ring. The three signals near 6 20 ppm are due to the

three nonequivalent methyl groups.
H3CQCH3

CH,

1,2,4-Trimethylbenzene

The infrared spectrum of Figure 13.31 has no absorption in the 1600—1800-cm ' region, and so the
unknown compound cannot contain a carbonyl (C=O0) group. It cannot therefore be acetophenone
or benzoic acid.

The broad, intense absorption at 3300 cm ™! is attributable to a hydroxyl group. Although both
phenol and benzyl alcohol are possibilities, the peaks at 2800-2900 cm ™' reveal the presence of hy-
drogen bonded to sp’-hybridized carbon. All carbons are sp*-hybridized in phenol. The infrared
spectrum is that of benzyl alcohol.

The energy of electromagnetic radiation is inversely proportional to its wavelength. Since excitation
of an electron for the = — 7 * transition of ethylene occurs at a shorter wavelength (A ,,, = 170 nm)
than that of cis, trans-1,3-cyclooctadiene (A, = 230 nm), the HOMO-LUMO energy difference in
ethylene is greater.

Conjugation shifts A_,, to longer wavelengths in alkenes. The conjugated diene 2-methyl-1,3-
butadiene has the longest wavelength absorption, A, = 222 nm. The isolated diene 1,4-pentadiene
and the simple alkene cyclopentene both absorb below 200 nm.

-
2-Methyl-1,3-butadiene
A = 222 nm)

max

(b) The distribution of molecular-ion peaks in o-dichlorobenzene is identical to that in the para
isomer. As the sample solution to part (a) in the text describes, peaks at m/z 146, 148, and 150
are present for the molecular ion.

() The two isotopes of bromine are ”Br and 3'Br. When both bromines of p-dibromobenzene are
"Br, the molecular ion appears at m/z 234. When one is "’Br and the other is *'Br, m/ for the
molecular ion is 236. When both bromines are ®'Br, m/z for the molecular ion is 238.

(d) The combinations of ¥Cl, *’Cl, Br, and ¥'Br in p-bromochlorobenzene and the values of m/z
for the corresponding molecular ion are as shown.

1, Br) m/z =190
’Cl, Br) or (°Cl, 8'Br) m/z =192
FCL¥Br)  m/z = 194

The base peak in the mass spectrum of alkylbenzenes corresponds to carbon—carbon bond cleavage
at the benzylic carbon.

H,C_ =CH;
CH,$CH, CH,$CH,CH, CH
H,C CH, CH, CH,
Base peak: CoH, " Base peak: CgH,y" Base peak: CoH, ;"

mlz 119 m/z 105 m/z 119
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(b) The index of hydrogen deficiency is given by the following formula:
Index of hydrogen deficiency = %(CHHZH - —CH)
The compound given contains eight carbons (CgHy); therefore,
Index of hydrogen deficiency = 5(CgH,; — CyHy)
=5

The problem specifies that the compound consumes 2 mol of hydrogen, and so it contains two
double bonds (or one triple bond). Since the index of hydrogen deficiency is equal to 5, there
must be three rings.

(c) Chlorine substituents are equivalent to hydrogens when calculating the index of hydrogen
deficiency. Therefore, consider CgH¢Cl, as equivalent to CgH, . Thus, the index of hydrogen
deficiency of this compound is 4.

Index of hydrogen deficiency = 3(CgH,; — CgH,o)
=4
Since the compound consumes 2 mol of hydrogen on catalytic hydrogenation, it must there-
fore contain two rings.

(d) Oxygen atoms are ignored when calculating the index of hydrogen deficiency. Thus, CgH,O is
treated as if it were CgHg.

Index of hydrogen deficiency = %(CSH18 — CgHy)
=5
Since the problem specifies that 2 mol of hydrogen is consumed on catalytic hydrogenation,
this compound contains three rings.
(e) Ignoring the oxygen atoms in CgH,,O,, we treat this compound as if it were CgH ;.
Index of hydrogen deficiency = %(CgH18 — CGH,p)
=4
Because 2 mol of hydrogen is consumed on catalytic hydrogenation, there must be two rings.

(f) Ignore the oxygen, and treat the chlorine as if it were hydrogen. Thus, CgHClO is treated as
if it were CgH,,. Its index of hydrogen deficiency is 4, and it contains two rings.

Since each compound exhibits only a single peak in its "H NMR spectrum, all the hydrogens are
equivalent in each one. Structures are assigned on the basis of their molecular formulas and chemi-
cal shifts.

(a) This compound has the molecular formula CgH, 4 and so must be an alkane. The 18 hydrogens
are contributed by six equivalent methyl groups.
(CH;),CC(CHj;),4

2,2,3,3-Tetramethylbutane
(8 0.9 ppm)

(b) A hydrocarbon with the molecular formula C;H,, has an index of hydrogen deficiency of 1
and so is either a cycloalkane or an alkene. Since all ten hydrogens are equivalent, this com-

pound must be cyclopentane.

Cyclopentane
(6 1.5 ppm)
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The chemical shift of the eight equivalent hydrogens in CgHy is 6 5.8 ppm, which is consistent
with protons attached to a carbon—carbon double bond.

1,3,5,7-Cyclooctatetraene
(6 5.8 ppm)

The compound C,HyBr has no rings or double bonds. The nine hydrogens belong to three
equivalent methyl groups.

(CH,);CBr

tert-Butyl bromide (5 1.8 ppm)

The dichloride has no rings or double bonds (index of hydrogen deficiency = 0). The four
equivalent hydrogens are present as two —CH,CI groups.

CICH,CH,CI

1,2-Dichloroethane (6 3.7 ppm)

All three hydrogens in C,H;Cl; must be part of the same methyl group in order to be
equivalent.
CH,CCl,
1,1,1-Trichloroethane (8 2.7 ppm)

This compound has no rings or double bonds. To have eight equivalent hydrogens it must have
four equivalent methylene groups.

CH,CI
ClCH2C|CH2Cl
CH,CI

1,3-Dichloro-2,2-di(chloromethyl)propane
(6 3.7 ppm)

A compound with a molecular formula of C,H, has an index of hydrogen deficiency of 4.
A likely candidate for a compound with 18 equivalent hydrogens is one with six equivalent
CHj, groups. Thus, 6 of the 12 carbons belong to CH, groups, and the other 6 have no hydro-
gens. The compound is hexamethylbenzene.

CH,
H,C CH,

H,C CH,
CH,

A chemical shift of 6 2.2 ppm is consistent with the fact that all of the protons are benzylic
hydrogens.

The molecular formula of C;HBr, tells us that the compound has no double bonds and no
rings. All six hydrogens are equivalent, indicating two equivalent methyl groups. The com-
pound is 2,2-dibromopropane, (CH,),CBr,.
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In each of the parts to this problem, nonequivalent protons must not be bonded to adjacent carbons,
because we are told that the two signals in each case are singlets.

(@)

(b)

()

(d)

(a)

(b)

(o

Each signal corresponds to four protons, and so each must result from two equivalent CH,
groups. The four CH, groups account for four of the carbons of C{Hy, leaving two carbons that
bear no hydrogens. A molecular formula of C.Hg corresponds to an index of hydrogen defi-
ciency of 3. A compound consistent with these requirements is

HZC:<>:CH2

The signal at 6 5.6 ppm is consistent with that expected for the four vinylic protons. The sig-
nal at § 2.7 ppm corresponds to that for the allylic protons of the ring.

The compound has a molecular formula of C;H,,Br and therefore has no double bonds or
rings. A 9-proton singlet at § 1.1 ppm indicates three equivalent methyl groups, and a 2-proton
singlet at 6 3.3 ppm indicates a CH,Br group. The correct structure is (CH;);CCH,Br.

This compound (C.H,,0) has three equivalent CH, groups, along with a fourth CH, group that
is somewhat less shielded. Its molecular formula indicates that it can have either one double

bond or one ring. This compound is (CH;);CCCH; .
A molecular formula of C.H,,0, corresponds to an index of hydrogen deficiency of 2. The
signal at 0 2.2 ppm (6H) is likely due to two equivalent CH, groups, and the one at 6 2.7 ppm

(4H) to two equivalent CH, groups. The compound is CH;CCH,CH,CCHj;.

A 5-proton signal at § 7.1 ppm indicates a monosubstituted aromatic ring. With an index of
hydrogen deficiency of 4, CgH,, contains this monosubstituted aromatic ring and no other rings
or multiple bonds. The triplet—quartet pattern at high field suggests an ethyl group.

QCH2CH3
j

Quartet Triplet
8 2.6 ppm 6 1.2 ppm
(Benzylic)

Ethylbenzene

The index of hydrogen deficiency of 4 and the 5-proton multiplet at 6 7.0 to 7.5 ppm are
accommodated by a monosubstituted aromatic ring. The remaining four carbons and nine
hydrogens are most reasonably a fert-butyl group, since all nine hydrogens are equivalent.

QC(CH3)3
\

Singlet; 6 1.3 ppm
tert-Butylbenzene
Its molecular formula requires that C;H,, be an alkane. The doublet—septet pattern is consis-

tent with an isopropyl group, and the total number of protons requires that two of these groups
be present.

(CH,),CHCH(CH,),

Doublet Septet
60.8ppm 6 1.4 ppm

2,3-Dimethylbutane
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Note that the methine (CH) protons do not split each other, because they are equivalent and
have the same chemical shift.

(d) The molecular formula C,H,, requires the presence of one double bond or ring. A peak at
6 5.1 ppm is consistent with —C=—=CH, and so the compound is a noncyclic alkene. The vinyl
proton gives a triplet signal, and so the group C=CHCH, is present. The '"H NMR spectrum
shows the presence of the following structural units:

H 5.1 ppm (Triplet)

/
C=C

\CH/\

2 2.0 ppm (Allylic)

CHZCH(_\ 0.9 ppm (Triplet)

/CH;/“ 1.6 ppm (Singlet; allylic)
C=C\

CH

X 1.7 ppm (Singlet; allylic)

Putting all these fragments together yields a unique structure.

Singlet—\ v/—Triplet
HC ~ H
AN
H.C CH,CH,
Singlet v A\—Triplet
Pentet

2-Methyl-2-pentene

(¢e) The compound C,HCl, contains no double bonds or rings. There are no high-field peaks
(6 0.5 to 1.5 ppm), and so there are no methyl groups. At least one chlorine substituent must
therefore be at each end of the chain. The most likely structure has the four chlorines divided
into two groups of two.

CL,CHCH,CH,CHCI,
6 4.6 ppm 6 3.9 ppm
(Triplet) (Doublet)

1,1,4,4-Tetrachlorobutane

(f) The molecular formula C,H.Cl, indicates the presence of one double bond or ring. A signal at
6 5.7 ppm is consistent with a proton attached to a doubly bonded carbon. The following struc-
tural units are present:

u — 5.7 ppm (Triplet)
/
C=C

“cH,

2.2 ppm (Allylic)
C=CCH¥
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For the methyl group to appear as a singlet and the methylene group to appear as a doublet,
the chlorine substituents must be distributed as shown:

Singlet
H,C
C=CHCH,CI
Cl
Triplet Doublet (6 4.1 ppm)

1,3-Dichloro-2-butene

The stereochemistry of the double bond (E or Z) is not revealed by the 'H NMR spectrum.

(¢) A molecular formula of C;H,CIO is consistent with the absence of rings and multiple bonds
(index of hydrogen deficiency = 0). None of the signals is equivalent to three protons, and so
no methyl groups are present. Three methylene groups occur, all of which are different from
each other. The compound is therefore:

CICH,CH,CH,0H
8 2.8 ppm (Singlet)
6 3.7 or 3.8 ppm 8 3.7 or 3.8 ppm
Triplet 62.0 ppm i
(Triplet) (Pentet) (Triplet)

(h)  The compound has a molecular formula of C,,H,, and an index of hydrogen deficiency of 8.
With a 10-proton signal at 6 7.1 ppm, a logical conclusion is that there are two monosubsti-
tuted benzene rings. The other four protons belong to two equivalent methylene groups.

O agon

4 2.9 ppm (Singlet; benzylic)
1,2-Diphenylethane
The compounds of molecular formula C,H,Cl are the isomeric chlorides: butyl, isobutyl, sec-butyl,
and rert-butyl chloride.

(@)  All nine methyl protons of tert-butyl chloride (CH,),CCl are equivalent; its 'H NMR spectrum
has only one peak.

(b) A doublet at 6 3.4 ppm indicates a —CH,CI group attached to a carbon that bears a single
proton.

(CH,),CHCH,CI

6 3.4 ppm (Doublet)

Isobutyl chloride

(¢) Atriplet at 6 3.5 ppm means that a methylene group is attached to the carbon that bears the
chlorine.

CH,CH,CH,CH,CI
6 3.5 ppm (Triplet)

Butyl chloride
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(d) This compound has two nonequivalent methyl groups.

N N
4 L.5ppm  CH,CHCH,CH, o 1.0ppm
(Doublet) - | . (Triplet)

Cl

sec-Butyl chloride

13.25 Compounds with the molecular formula C;H;Br have either one ring or one double bond.

(a) The two peaks at 6 5.4 and 5.6 ppm have chemical shifts consistent with the assumption that
each peak is due to a vinyl proton (C=CH). The remaining three protons belong to an allylic
methyl group (6 2.3 ppm).

The compound cannot be CH,CH=CHB}r, because the methyl signal would be split into a
doublet. Isomer A can only be

CH,
H,C=C
Br

2-Bromo-1-propene

(b) Two of the carbons of isomer B have chemical shifts characteristic of sp>-hybridized carbon.
One of these bears two protons (6 118.8 ppm); the other bears one proton (6 134.2 ppm). The
remaining carbon is sp*-hybridized and bears two hydrogens. Isomer B is allyl bromide.

H,C=CHCH,Br
6 118.8 ppm ~ 6 134.2 ppm 6 32.6 ppm

Allyl bromide

(c)  All the carbons are sp*-hybridized in this isomer. Two of the carbons belong to equivalent CH,
groups, and the other bears only one hydrogen. Isomer C is cyclopropyl bromide.

Cyclopropyl bromide
13.26  All these compounds have the molecular formula C,H,,0. They have neither multiple bonds nor
rings.
(a) Two equivalent CH; groups occur at 6 18.9 ppm. One carbon bears a single hydrogen. The
least shielded carbon, presumably the one bonded to oxygen, has two hydrogen substituents.
Putting all the information together reveals this compound to be isobutyl alcohol.
(CH,),CHCH,OH

6 18.9 ppm 6 30.8 ppm 6 69.4 ppm

Isobutyl alcohol

(b)  This compound has four distinct peaks, and so none of the four carbons is equivalent to any of
the others. The signal for the least shielded carbon represents CH, and so the oxygen is at-
tached to a secondary carbon. Only one carbon appears at low field; the compound is an alco-
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(o

hol, not an ether. Therefore;

6 69.2 ppm

CH3(|IHCH2CH3

5227 ppm OH §10.0 ppm
6 32.0 ppm

sec-Butyl alcohol

Signals for three equivalent CH; carbons indicate that this isomer is tert-butyl alcohol. This
assignment is reinforced by the observation that the least shielded carbon has no hydrogens
attached to it.

(CH,);COH
6 31.2 ppm 6 68.9 ppm

tert-Butyl alcohol

13.27 The molecular formula of C;H,, for each of these isomers requires that all of them be alkanes.

(@)

(b)

(0

(d)

This compound contains only CH, and CH carbons.

(CH3)2(E\HCH(CH3)2
6 19.1 ppm 6 33.9 ppm

2,3-Dimethylbutane

This isomer has no CH carbons, and two different kinds of CH, groups.

CH39\H2CH2CH2CH2CH3
6 13.7 ppm 622.8 ppm 6 31.9 ppm

Hexane

CH,, CH,, and CH carbons are all present in this isomer. There are two different kinds of CH,
groups.

6 29.1 ppm w ( 6 36.4 ppm

CH3CH2C|IHCH2CH3
CH,
6 11.1 ppm L518.4ppm

3-Methylpentane

This isomer contains a quaternary carbon in addition to a CH, group and two different kinds
of CH, groups.

6 28.7 ppm \ CH3
H,C—C—CH,CH,

L

CH3 6 8.5 ppm
6 30.2 ppm 6 36.5 ppm

2,2-Dimethylbutane
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(e)  This isomer contains two different kinds of CH, groups, two different kinds of CH, groups,

and a CH group.
6 27.6 ppm \ f 6 20.5 ppm
CH,CHCH,CH,CH,
CH3 6 14.0 ppm
6 22.4 ppm 6 41.6 ppm

2-Methylpentane

13.28 The index of hydrogen deficiency of the compound C,H; is 2. It can have two double bonds, two
rings, one ring and one double bond, or one triple bond.
The chemical shift data indicate that two carbons are sp>-hybridized and two are sp. The most
reasonable structure that is consistent with '>*C NMR data is cyclobutene.

]

6 136 ppm 6 30.2 ppm

Cyclobutene

The compound cannot be 1- or 2-methylcyclopropene. Neither of the carbon signals represents a
methyl group.

13.29  Each of the carbons in the compound gives its '*C NMR signal at relatively low field; it is likely that
each one bears an electron-withdrawing substituent. The compound is

8 72.0 ppm
ClCH2$HCH20H
5 46.8 ppm OH 8 63.5 ppm

3-Chloro-1,2-propanediol

The isomeric compound 2-chloro-1,3-propanediol

HOCH2C|HCH20H
Cl
cannot be correct. The C-1 and C-3 positions are equivalent; the '>*C NMR spectrum of this com-
pound exhibits only two peaks, not three.

1330 (a) All the hydrogens are equivalent in p-dichlorobenzene; therefore it has the simplest '"H NMR
spectrum of the three compounds chlorobenzene, o-dichlorobenzene, and p-dichloroben-
zene.

Cl Cl Cl
+H Hx xH Cl xH Hx
yH Hy yH Hx xH Hx
H: Hy Cl
Chlorobenzene o-Dichlorobenzene p-Dichlorobenzene

(three different kinds of protons) (two different kinds of protons) (all protons are equivalent)
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(b—d) 1In addition to giving the simplest "H NMR spectrum, p-dichlorobenzene gives the simplest
13C NMR spectrum. It has two peaks in its *C NMR spectrum, chlorobenzene has four, and
o-dichlorobenzene has three.

Cl Cl Cl
w X Cl X

X X y, % y y

y y z y y y
Z X
Cl

Chlorobenzene o-Dichlorobenzene p-Dichlorobenzene
(four different kinds of carbon) (three different kinds of carbon) (two different kinds of carbon)

13.31 Compounds A and B (C,,H,,) have an index of hydrogen deficiency of 4. Both have peaks in the
8 130-140-ppm range of their *C NMR spectra, so that the index of hydrogen deficiency can be
accommodated by a benzene ring.

The '*C NMR spectrum of compound A shows only a single peak in the upfield region, at
6 20 ppm. Thus, the four remaining carbons, after accounting for the benzene ring, are four equiva-
lent methyl groups. The benzene ring is symmetrically substituted as there are only two signals in
the aromatic region at 6 132 and 135 ppm. Compound A is 1,2,4,5-tetramethylbenzene.

H,C CH,

6 132 ppm
\ \

0 135 ppm

H.C  CH,

1,2,4,5-Tetramethylbenzene
(Compound A)

In compound B the four methyl groups are divided into two pairs. Three different carbons occur in the
benzene ring, as noted by the appearance of three signals in the aromatic region (6 128—135 ppm).
Compound B is 1,2,3,4-tetramethylbenzene.

6 128 ppm

H,C

CH,
8 134, 135 ppm—— /
H,C CH, /' ™>516,21 ppm

1,2,3,4-Tetramethylbenzene
(Compound B)

13.32  Since the compound has a 5-proton signal at § 7.4 ppm and an index of hydrogen deficiency of 4,
we conclude that six of its eight carbons belong to a monosubstituted benzene ring. The infrared
spectrum exhibits absorption at 3300 cm ™!, indicating the presence of a hydroxyl group. The com-
pound is an alcohol. A 3-proton doublet at 1.6 ppm, along with a 1-proton quartet at 6 4.9 ppm,
suggests the presence of a CH,CH unit.

The compound is 1-phenylethanol.

6 4.9 ppm
(Quartet)
1
87.4 ppm { QC—CH;‘\S 1.6 ppm
(l)H (Doublet)
6 4.2 ppm —/
(Singlet)

1-Phenylethanol
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13.33

13.34

13.35

SPECTROSCOPY

The peak at highest m/z in the mass spectrum of the compound is m/z = 134; this is likely to cor-
respond to the molecular ion. Among the possible molecular formulas, C,,H,, correlates best with
the information from the '"H NMR spectrum. What is evident is that there is a signal due to aromatic
protons, as well as a triplet—quartet pattern of an ethyl group. A molecular formula of C,, H,, sug-
gests a benzene ring that bears two ethyl groups. Because the signal for the aryl protons is so sharp,
they are probably equivalent. The compound is p-diethylbenzene.

CH,CH, CH,CH,

o 74.2 ppm—"" H 627ppm 6 1.3 ppm
(Singlet) (Quartet) (Triplet)

p-Diethylbenzene

There is a prominent peak in the infrared spectrum of the compound at 1725 cm ™', characteristic of
C=0 stretching vibrations.

The 'H NMR spectrum shows only two sets of signals, a triplet at § 1.1 ppm and a quartet at
0 2.4 ppm. The compound contains a CH;CH, group as its only protons.

Its C NMR spectrum has three peaks, one of which is at ver