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CHAPTER 11
ARENES AND AROMATICITY

arenes. Arenes are hydrocarbons based on the benzene ring as a structural unit. Ben-

I n this chapter and the next we extend our coverage of conjugated systems to include
zene, toluene, and naphthalene, for example, are arenes.

H CH; H H
H H H H H H
H H H H
Benzene Toluene Naphthalene

One factor that makes conjugation in arenes special is its cyclic nature. A conju-
gated system that closes upon itself can have properties that are much different from
those of open-chain polyenes. Arenes are also referred to as aromatic hydrocarbons.
Used in this sense, the word ““aromatic” has nothing to do with odor but means instead
that arenes are much more stable than we expect them to be based on their formulation
as conjugated trienes. Our goal in this chapter is to develop an appreciation for the con-
cept of aromaticity—to see what are the properties of benzene and its derivatives that
reflect its special stability, and to explore the reasons for it. This chapter develops the
idea of the benzene ring as a fundamental structural unit and examines the effect of a
benzene ring as a substituent. The chapter following this one describes reactions that
involve the ring itself.
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Let’s begin by tracing the history of benzene, its origin, and its structure. Many of
the terms we use, including aromaticity itself, are of historical origin. We’ll begin with
the discovery of benzene.

11.1 BENZENE

In 1825, Michael Faraday isolated a new hydrocarbon from illuminating gas, which he
called “bicarburet of hydrogen.” Nine years later Eilhardt Mitscherlich of the University
of Berlin prepared the same substance by heating benzoic acid with lime and found it
to be a hydrocarbon having the empirical formula C,H,,.

heat

C6H5C02H + CaO — C6H6 + CaCO3

Benzoic acid Calcium oxide Benzene Calcium carbonate

Eventually, because of its relationship to benzoic acid, this hydrocarbon came to be
named benzin, then later benzene, the name by which it is known today.

Benzoic acid had been known for several hundred years by the time of Mitscher-
lich’s experiment. Many trees exude resinous materials called balsams when cuts are
made in their bark. Some of these balsams are very fragrant, which once made them
highly prized articles of commerce, especially when the trees that produced them could
be found only in exotic, faraway lands. Gum benzoin is a balsam obtained from a tree
that grows in Java and Sumatra. “Benzoin” is a word derived from the French equiva-
lent, benjoin, which in turn comes from the Arabic luban jawi, meaning “incense from
Java.” Benzoic acid is itself odorless but can easily be isolated from gum benzoin.

Compounds related to benzene were obtained from similar plant extracts. For
example, a pleasant-smelling resin known as folu balsam was obtained from the South
American tolu tree. In the 1840s it was discovered that distillation of tolu balsam gave
a methyl derivative of benzene, which, not surprisingly, came to be named foluene.

Although benzene and toluene are not particularly fragrant compounds themselves,
their origins in aromatic plant extracts led them and compounds related to them to be
classified as aromatic hydrocarbons. Alkanes, alkenes, and alkynes belong to another
class, the aliphatic hydrocarbons. The word “aliphatic” comes from the Greek aleiphar
(meaning “oil” or “unguent”) and was given to hydrocarbons that were obtained by the
chemical degradation of fats.

Benzene was prepared from coal tar by August W. von Hofmann in 1845. Coal tar
remained the primary source for the industrial production of benzene for many years,
until petroleum-based technologies became competitive about 1950. Current production
is about 6 million tons per year in the United States. A substantial portion of this ben-
zene is converted to styrene for use in the preparation of polystyrene plastics and films.

Toluene is also an important organic chemical. Like benzene, its early industrial
production was from coal tar, but most of it now comes from petroleum.

11.2 KEKULE AND THE STRUCTURE OF BENZENE

The classification of hydrocarbons as aliphatic or aromatic took place in the 1860s when
it was already apparent that there was something special about benzene, toluene, and
their derivatives. Their molecular formulas (benzene is C4Hg, toluene is C;Hg) indicate
that, like alkenes and alkynes, they are unsaturated and should undergo addition reac-
tions. Under conditions in which bromine, for example, reacts rapidly with alkenes and
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Faraday is better known in
chemistry for his laws of
electrolysis and in physics for
proposing the relationship
between electric and mag-
netic fields and for demon-
strating the principle of
electromagnetic induction.
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In 1861, Johann Josef
Loschmidt, who was later to
become a professor at the
University of Vienna, pri-
vately published a book con-
taining a structural formula
for benzene similar to that
which Kekulé would propose
five years later. Loschmidt’s
book reached few readers,
and his ideas were not well
known.

How many isomers of CgHg
can you write? An article in
the March 1994 issue of the
Journal of Chemical Educa-
tion (pp. 222-224) claims
that there are several hun-
dred and draws structural
formulas for 25 of them.
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alkynes, however, benzene proved to be inert. Benzene does react with Br, in the pres-
ence of iron(Ill) bromide as a catalyst, but even then addition isn’t observed. Substitu-
tion occurs instead!

ccl .
—> 1o observable reaction

CeHe

Benzene

+ Br2

1 FeBr;
Bromine 25 CHsBr HBr

Bromobenzene Hydrogen bromide

Furthermore, only one monobromination product of benzene was ever obtained, which
suggests that all the hydrogen atoms of benzene are equivalent. Substitution of one
hydrogen by bromine gives the same product as substitution of any of the other
hydrogens.

Chemists came to regard the six carbon atoms of benzene as a fundamental struc-
tural unit. Reactions could be carried out that altered its substituents, but the integrity of
the benzene unit remained undisturbed. There must be something “special” about ben-
zene that makes it inert to many of the reagents that add to alkenes and alkynes.

In 1866, only a few years after publishing his ideas concerning what we now rec-
ognize as the structural theory of organic chemistry, August Kekulé applied it to the
structure of benzene. He based his reasoning on three premises:

1. Benzene is CgHg.
2. All the hydrogens of benzene are equivalent.
3. The structural theory requires that there be four bonds to each carbon.
Kekulé advanced the venturesome notion that the six carbon atoms of benzene were

joined together in a ring. Four bonds to each carbon could be accommodated by a sys-
tem of alternating single and double bonds with one hydrogen on each carbon.

A flaw in Kekulé’s structure for benzene was soon discovered. Kekulé’s structure
requires that 1,2- and 1,6-disubstitution patterns create different compounds (isomers).

1,2-Disubstituted
derivative of benzene

1,6-Disubstituted
derivative of benzene

The two substituted carbons are connected by a double bond in one but by a single bond
in the other. Since no such cases of isomerism in benzene derivatives were known, and
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Kekulé and the Structure of Benzene

BENZENE, DREAMS, AND CREATIVE THINKING

t ceremonies in Berlin in 1890 celebrating the

twenty-fifth anniversary of his proposed struc-

ture of benzene, August Kekulé recalled the
thinking that led him to it. He began by noting that
the idea of the structural theory came to him during
a daydream while on a bus in London. Kekulé went
on to describe the origins of his view of the benzene
structure.

There | sat and wrote for my textbook; but
things did not go well; my mind was occupied
with other matters. | turned the chair towards
the fireplace and began to doze. Once again the
atoms danced before my eyes. This time smaller
groups modestly remained in the background.
My mental eye, sharpened by repeated appari-
tions of similar kind, now distinguished larger
units of various shapes. Long rows, frequently
joined more densely; everything in motion,
twisting and turning like snakes. And behold,
what was that? One of the snakes caught hold
of its own tail and mockingly whirled round be-
fore my eyes. | awoke, as if by lightning; this
time, too, | spent the rest of the night working
out the consequences of this hypothesis.”

Concluding his remarks, Kekulé merged his advocacy
of creative imagination with the rigorous standards
of science by reminding his audience:

Let us learn to dream, then perhaps we shall
find the truth. But let us beware of publishing
our dreams before they have been put to the
proof by the waking understanding.

The imagery of a whirling circle of snakes evokes a
vivid picture that engages one’s attention when first
exposed to Kekulé’s model of the benzene structure.
Recently, however, the opinion has been expressed
that Kekulé might have engaged in some hyperbole
during his speech. Professor John Wotiz of Southern
lllinois University suggests that discoveries in science
are the result of a disciplined analysis of a sufficient
body of experimental observations to progress to a
higher level of understanding. Wotiz' view that
Kekulé’s account is more fanciful than accurate has
sparked a controversy with ramifications that go be-
yond the history of organic chemistry. How does cre-
ative thought originate? What can we do to become
more creative? Because these are questions that have
concerned psychologists for decades, the idea of a
sleepy Kekulé being more creative than an alert
Kekulé becomes more than simply a charming story
he once told about himself.

* The Kekulé quotes are taken from the biographical article of K.
Hafner published in Angew. Chem. Internat. ed. Engl. 18,
641-651 (1979).

none could be found, Kekulé suggested that two isomeric structures could exist but inter-

converted too rapidly to be separated.

X

fast

Kekulé’s ideas about the structure of benzene left an important question unan-
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swered. What is it about benzene that makes it behave so much differently from other
unsaturated compounds? We’ll see in this chapter that the answer is a simple one—the
low reactivity of benzene and its derivatives reflects their special stability. Kekulé was
wrong. Benzene is not cyclohexatriene, nor is it a pair of rapidly equilibrating cyclo-
hexatriene isomers. But there was no way that Kekulé could have gotten it right given
the state of chemical knowledge at the time. After all, the electron hadn’t even been dis-
covered yet. It remained for twentieth-century electronic theories of bonding to provide
insight into why benzene is so stable. We’ll outline these theories shortly. First, how-
ever, let’s look at the structure of benzene in more detail.
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Benzene is planar and its carbon skeleton has the shape of a regular hexagon. There
is no evidence that it has alternating single and double bonds. As shown in Figure 11.1,
all the carbon—carbon bonds are the same length (140 pm) and the 120° bond angles cor-
respond to perfect sp® hybridization. Interestingly, the 140-pm bond distances in benzene
are exactly midway between the typical sp’—sp® single-bond distance of 146 pm and the
sp>=sp” double-bond distance of 134 pm. If bond distances are related to bond type, what
kind of carbon—carbon bond is it that lies halfway between a single bond and a double
bond in length?

11.3 A RESONANCE PICTURE OF BONDING IN BENZENE

Twentieth-century theories of bonding in benzene provide a rather clear picture of aro-
maticity. We’ll start with a resonance description of benzene.

The two Kekulé structures for benzene have the same arrangement of atoms, but
differ in the placement of electrons. Thus they are resonance forms, and neither one by
itself correctly describes the bonding in the actual molecule. As a hybrid of the two
Kekulé structures, benzene is often represented by a hexagon containing an inscribed

circle.
© — © is equivalent to

The circle-in-a-hexagon symbol was first suggested by the British chemist Sir
Robert Robinson to represent what he called the “aromatic sextet”—the six delocalized
T electrons of the three double bonds. Robinson’s symbol is a convenient time-saving
shorthand device, but Kekulé-type formulas are better for counting and keeping track of
electrons, especially in chemical reactions.

PROBLEM 11.1 Write structural formulas for toluene (CgHsCH3) and for benzoic
acid (CgHsCO,H) (a) as resonance hybrids of two Kekulé forms and (b) with the
Robinson symbol.

120°@120°
‘- @"

140 pm
‘ 108 pm

FIGURE 11.1 Bond distances and bond angles of benzene. @
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Since the carbons that are singly bonded in one resonance form are doubly bonded
in the other, the resonance description is consistent with the observed carbon—carbon
bond distances in benzene. These distances not only are all identical but also are inter-
mediate between typical single-bond and double-bond lengths.

We have come to associate electron delocalization with increased stability. On that
basis alone, benzene ought to be stabilized. It differs from other conjugated systems that
we have seen, however, in that its 7 electrons are delocalized over a cyclic conjugated
system. Both Kekulé structures of benzene are of equal energy, and one of the princi-
ples of resonance theory is that stabilization is greatest when the contributing structures
are of similar energy. Cyclic conjugation in benzene, then, leads to a greater stabiliza-
tion than is observed in noncyclic conjugated trienes. How much greater that stabiliza-
tion is can be estimated from heats of hydrogenation.

11.4 THE STABILITY OF BENZENE

Hydrogenation of benzene and other arenes is more difficult than hydrogenation of
alkenes and alkynes. Two of the more active catalysts are rthodium and platinum, and it
is possible to hydrogenate arenes in the presence of these catalysts at room temperature
and modest pressure. Benzene consumes three molar equivalents of hydrogen to give
cyclohexane.

Pt
v, s [T
acetic acid

30°C

Benzene = Hydrogen Cyclohexane (100%)
(2-3 atm
pressure)

Nickel catalysts, although less expensive than rhodium and platinum, are also less active.
Hydrogenation of arenes in the presence of nickel requires high temperatures
(100-200°C) and pressures (100 atm).

The measured heat of hydrogenation of benzene to cyclohexane is, of course, the
same regardless of the catalyst and is 208 kJ/mol (49.8 kcal/mol). To put this value into
perspective, compare it with the heats of hydrogenation of cyclohexene and 1,3-cyclo-
hexadiene, as shown in Figure 11.2. The most striking feature of Figure 11.2 is that the
heat of hydrogenation of benzene, with three “double bonds,” is less than the heat of
hydrogenation of the two double bonds of 1,3-cyclohexadiene.

Our experience has been that some 125 kJ/mol (30 kcal/mol) is given off when-
ever a double bond is hydrogenated. When benzene combines with three molecules of
hydrogen, the reaction is far less exothermic than we would expect it to be on the basis
of a 1,3,5-cyclohexatriene structure for benzene.

How much less? Since 1,3,5-cyclohexatriene does not exist (if it did, it would
instantly relax to benzene), we cannot measure its heat of hydrogenation in order to com-
pare it with benzene. We can approximate the heat of hydrogenation of 1,3,5-cyclo-
hexatriene as being equal to three times the heat of hydrogenation of cyclohexene, or a
total of 360 kJ/mol (85.8 kcal/mol). The heat of hydrogenation of benzene is 152 kJ/mol
(36 kcal/mol) less than expected for a hypothetical 1,3,5-cyclohexatriene with noninter-
acting double bonds. This is the resonance energy of benzene. It is a measure of how
much more stable benzene is than would be predicted on the basis of its formulation as
a pair of rapidly interconverting 1,3,5-cyclohexatrienes.
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FIGURE 11.2 Heats of hydro-
genation of cyclohexene,
1,3-cyclohexadiene, a hypo-
thetical 1,3,5-cyclohexatriene,
and benzene. All heats of hy-
drogenation are in kilojoules
per mole.
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An imaginary molecule,
cyclohexatriene
— @ -
152
3 X120
2H, + © — = 360
| TQ
>
0 231 A real
= I 208 molecule,
= H, + O . benzene
120

We reach a similar conclusion when comparing benzene with the open-chain con-
jugated triene (Z)-1,3,5-hexatriene. Here we compare two real molecules, both conju-
gated trienes, but one is cyclic and the other is not. The heat of hydrogenation of (Z)-
1,3,5-hexatriene is 337 kJ/mol (80.5 kcal/mol), a value which is 129 kJ/mol (30.7
kcal/mol) greater than that of benzene.

H H
H —
| E + 3H, —— CH;3(CH,)4CH; AH® = —337kJ
H o (—80.5 kcal)
H H
(2)-1,3,5-Hexatriene Hydrogen Hexane

The precise value of the resonance energy of benzene depends, as comparisons
with 1,3,5-cyclohexatriene and (Z)-1,3,5-hexatriene illustrate, on the compound chosen
as the reference. What is important is that the resonance energy of benzene is quite large,
six to ten times that of a conjugated triene. It is this very large increment of resonance
energy that places benzene and related compounds in a separate category that we call
aromatic.

PROBLEM 11.2 The heats of hydrogenation of cycloheptene and 1,3,5-cyclo-
heptatriene are 110 kJ/mol (26.3 kcal/mol) and 305 kJ/mol (73.0 kcal/mol), respec-
tively. In both cases cycloheptane is the product. What is the resonance energy of
1,3,5-cycloheptatriene? How does it compare with the resonance energy of ben-
zene?
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(a) )
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(c)

@FIGURE 11.3 (a) The framework of bonds shown in the tube model of benzene are ¢ bonds. (b) Each carbon is sp*-
hybridized and has a 2p orbital perpendicular to the o framework. Overlap of the 2p orbitals generates a = system encompassing
the entire ring. (c) Electrostatic potential plot of benzene. The red area in the center corresponds to the region above and below

the plane of the ring where the w electrons are concentrated.

11.5 AN ORBITAL HYBRIDIZATION VIEW OF BONDING IN BENZENE

The structural facts that benzene is planar, all of the bond angles are 120°, and each car-
bon is bonded to three other atoms, suggest sp” hybridization for carbon and the frame-
work of o bonds shown in Figure 11.3a.

In addition to its three sp® hybrid orbitals, each carbon has a half-filled 2p orbital
that can participate in 7 bonding. Figure 11.3b shows the continuous 7 system that
encompasses all of the carbons that result from overlap of these 2p orbitals. The six
electrons of benzene are delocalized over all six carbons.

The electrostatic potential map of benzene (Figure 11.3¢) shows regions of high
electron density above and below the plane of the ring, which is where we expect the
most loosely held electrons (the m electrons) to be.

11.6 THE w MOLECULAR ORBITALS OF BENZENE

The picture of benzene as a planar framework of o bonds with six electrons in a delo-
calized m orbital is a useful, but superficial, one. Six electrons cannot simultaneously
occupy any one orbital, be it an atomic orbital or a molecular orbital. A more rigorous
molecular orbital analysis recognizes that overlap of the six 2p atomic orbitals of the
ring carbons generates six 7 molecular orbitals. These six 7 molecular orbitals include
three which are bonding and three which are antibonding. The relative energies of these
orbitals and the distribution of the 7 electrons among them are illustrated in Figure 11.4.
Benzene is said to have a closed-shell  electron configuration. All the bonding orbitals
are filled, and there are no electrons in antibonding orbitals.

— T Antibonding

T s orbitals

—Energy —»

o " e
1

@FIGURE 11.4 The «

molecular orbitals of ben-
zene arranged in order of in-
creasing energy. The six =
electrons of benzene occupy
the three lowest energy or-
bitals, all of which are bond-
ing. The nodal properties of
these orbitals may be viewed
on Learning By Modeling.
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Higher level molecular orbital theory can provide quantitative information about
orbital energies and how strongly a molecule holds its electrons. When one compares
aromatic and nonaromatic species in this way, it is found that cyclic delocalization causes
the 7 electrons of benzene to be more strongly bound (more stable) than they would be
if restricted to a system with alternating single and double bonds.

We’ll come back to the molecular orbital description of benzene later in this chap-
ter (Section 11.19) to see how other conjugated polyenes compare with benzene.

11.7 SUBSTITUTED DERIVATIVES OF BENZENE AND THEIR
NOMENCLATURE

All compounds that contain a benzene ring are aromatic, and substituted derivatives of
benzene make up the largest class of aromatic compounds. Many such compounds are
named by attaching the name of the substituent as a prefix to benzene.

Br C(CH,), NO,

Bromobenzene tert-Butylbenzene Nitrobenzene

Many simple monosubstituted derivatives of benzene have common names of long stand-
ing that have been retained in the IUPAC system. Table 11.1 lists some of the most
important ones.

Dimethyl derivatives of benzene are called xylenes. There are three xylene isomers,
the ortho (0)-, meta (m)-, and para (p)- substituted derivatives.

CH; CH; CH;
CH;
CH;
CH,
o0-Xylene m-Xylene p-Xylene

(1,2-dimethylbenzene) (1,3-dimethylbenzene) (1,4-dimethylbenzene)

The prefix ortho signifies a 1,2-disubstituted benzene ring, meta signifies 1,3-disubstitu-
tion, and para signifies 1,4-disubstitution. The prefixes o, m, and p can be used when a
substance is named as a benzene derivative or when a specific base name (such as ace-
tophenone) is used. For example,

o CH
N 3
cl NO, ol
Cl
CH;
F
o-Dichlorobenzene m-Nitrotoluene p-Fluoroacetophenone

(1,2-dichlorobenzene) (3-nitrotoluene) (4-fluoroacetophenone)
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Names of Some Frequently Encountered Derivatives of

—
>
w
-
m
-—
-—
-

Benzene
Structure Systematic Name Common Name*
i
QCH Benzenecarbaldehyde Benzaldehyde
i
@COH Benzenecarboxylic acid Benzoic acid
@CHzCHZ Vinylbenzene Styrene
i
@CCH3 Methyl phenyl ketone Acetophenone
QOH Benzenol Phenol
QOCH3 Methoxybenzene Anisole
QNHZ Benzenamine Aniline

*These common names are acceptable in [IUPAC nomenclature and are the names that will be used in this
text.

PROBLEM 11.3 Write a structural formula for each of the following compounds:
(a) o-Ethylanisole (c) p-Nitroaniline
(b) m-Chlorostyrene
SAMPLE SOLUTION (a) The parent compound in o-ethylanisole is anisole.
Anisole, as shown in Table 11.1, has a methoxy (CH;0—) substituent on the ben-

zene ring. The ethyl group in o-ethylanisole is attached to the carbon adjacent to
the one that bears the methoxy substituent.

OCH5
CH,CH5

o-Ethylanisole

407
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The “first point of differ-
ence” rule was introduced in
Section 2.11.

Naphthalene is a white crys-
talline solid melting at 80°C
that sublimes readily. It has a
characteristic odor and was
formerly used as a moth re-
pellent.
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The prefixes o, m, and p are not used when three or more substituents are present
on benzene; numerical locants must be used instead.

4-Ethyl-2-fluoroanisole 2,4,6-Trinitrotoluene 3-Ethyl-2-methylaniline

In these examples the base name of the benzene derivative determines the carbon at
which numbering begins: anisole has its methoxy group at C-1, toluene its methyl group
at C-1, and aniline its amino group at C-1. The direction of numbering is chosen to give
the next substituted position the lowest number irrespective of what substituent it bears.
The order of appearance of substituents in the name is alphabetical. When no simple
base name other than benzene is appropriate, positions are numbered so as to give the
lowest locant at the first point of difference. Thus, each of the following examples is
named as a 1,2,4-trisubstituted derivative of benzene rather than as a 1,3,4-derivative:

CH,CH,

1-Chloro-2,4-dinitrobenzene 4-Ethyl-1-fluoro-2-nitrobenzene

When the benzene ring is named as a substituent, the word “phenyl” stands for
CeHs—. Similarly, an arene named as a substituent is called an aryl group. A benzyl
group is CcHsCH,—.

QCH2CH20H QCHZBr

2-Phenylethanol Benzyl bromide

Biphenyl is the accepted IUPAC name for the compound in which two benzene rings are
connected by a single bond.

Sl

Biphenyl p-Chlorobiphenyl

11.8 POLYCYCLIC AROMATIC HYDROCARBONS

Members of a class of arenes called polycyclic benzenoid aromatic hydrocarbons possess
substantial resonance energies because each is a collection of benzene rings fused together.
Naphthalene, anthracene, and phenanthrene are the three simplest members of this
class. They are all present in coal tar, a mixture of organic substances formed when coal
is converted to coke by heating at high temperatures (about 1000°C) in the absence of
air. Naphthalene is bicyclic (has two rings), and its two benzene rings share a common
side. Anthracene and phenanthrene are both tricyclic aromatic hydrocarbons. Anthracene
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has three rings fused in a “linear” fashion, and “angular” fusion characterizes phenan-
threne. The structural formulas of naphthalene, anthracene, and phenanthrene are shown
along with the numbering system used to name their substituted derivatives:

8 1 8 9 1
7 2 7 2
-
6 3 6 3
5 4 5 10 4

Arene: Naphthalene Anthracene Phenanthrene
Resonance energy: 255 kJ/mol 347 kJ/mol 381 kJ/mol
(61 kcal/mol) (83 kcal/mol) (91 kcal/mol)

In general, the most stable resonance structure for a polycyclic aromatic hydro-
carbon is the one which has the greatest number of rings that correspond to Kekulé for-
mulations of benzene. Naphthalene provides a fairly typical example:

Most stable resonance

form
Only left ring corresponds Both rings correspond Only right ring corresponds
to Kekulé benzene. to Kekulé benzene. to Kekulé benzene.

Notice that anthracene cannot be represented by any single Lewis structure in which
all three rings correspond to Kekulé formulations of benzene, but phenanthrene can.

PROBLEM 11.4 Chrysene is an aromatic hydrocarbon found in coal tar. The struc-
ture shown is not the most stable resonance form. Write the most stable reso-

nance form for chrysene.

A large number of polycyclic benzenoid aromatic hydrocarbons are known. Many
have been synthesized in the laboratory, and several of the others are products of com-
bustion. Benzo[a]pyrene, for example, is present in tobacco smoke, contaminates food
c?oked on barbecue grﬂ.ls, and collects in .the soot of chlmneys: Benzo[a]pyrene is a car- In 1775, the British surgeon
cinogen (a cancer-causing substance). It is converted in the liver to an epoxy diol that Sir Percivall Pott suggested

can induce mutations leading to the uncontrolled growth of certain cells. that scrotal cancer in chim-
ney sweeps was caused by
soot. This was the first pro-
posal that cancer could be
caused by chemicals present
in the workplace.

oxidation in
the liver

Benzol[a]pyrene 7,8-Dihydroxy-9,10-epoxy-
7,8,9,10-tetrahydrobenzo[a]pyrene
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CARBON CLUSTERS, FULLERENES, AND NANOTUBES

he 1996 Nobel Prize in chemistry was awarded

to Professors Harold W. Kroto (University of Sus-

sex), Robert F. Curl, and Richard E. Smalley (both
of Rice University) for groundbreaking work involv-
ing elemental carbon that opened up a whole new
area of chemistry. The work began when Kroto
wondered whether polyacetylenes of the type
HC=C—(C=Q),—C=CH might be present in inter-
stellar space and discussed experiments to test this
idea while visiting Curl and Smalley at Rice in the
spring of 1984. Smalley had developed a method for
the laser-induced evaporation of metals at very low
pressure and was able to measure the molecular
weights of the various clusters of atoms produced.
Kroto, Curl, and Smalley felt that by applying this
technique to graphite (Figure 11.5) the vaporized car-
bon produced might be similar to that produced by a
carbon-rich star.

When the experiment was carried out in the
fall of 1985, Kroto, Curl, and Smalley found that un-
der certain conditions a species with a molecular for-
mula of Cgy was present in amounts much greater
than any other. On speculating about what Cgo might
be, they concluded that its most likely structure is the
spherical cluster of carbon atoms shown in Figure
11.6 and suggested it be called buckminsterfullerene
because of its similarity to the geodesic domes popu-

FIGURE 11.5 Graphite is a form of elemental carbon @
composed of parallel sheets of fused benzene-like rings.

larized by the American architect and inventor R.
Buckminster Fuller. (It is also often referred to as a
“buckyball.”) Other carbon clusters, some larger than
Cgo and some smaller, were also formed in the exper-
iment, and the general term fullerene refers to such
carbon clusters.

All of the carbon atoms in buckminster-
fullerene are equivalent and are sp*-hybridized; each
one simultaneously belongs to one five-membered
ring and two benzene-like six-membered rings. The
strain caused by distortion of the rings from copla-
narity is equally distributed among all of the carbons.

Confirmation of the structure proposed for Cgq
required isolation of enough material to allow the ar-
senal of modern techniques of structure determina-
tion to be applied. A quantum leap in fullerene re-
search came in 1990 when a team led by Wolfgang
Kratschmer of the Max Planck Institute for Nuclear
Physics in Heidelberg and Donald Huffman of the
University of Arizona successfully prepared buckmin-
sterfullerene in amounts sufficient for its isolation,
purification and detailed study. Not only was the
buckminsterfullerene structure shown to be correct,
but academic and industrial scientists around the
world seized the opportunity afforded by the avail-
ability of Cgp in quantity to study its properties.

Speculation about the stability of Cgo centered
on the extent to which the aromaticity associated
with its 20 benzene rings is degraded by their non-

FIGURE 11.6 Buckminsterfullerene (Cgp). Note that @
all carbons are equivalent and that no five-membered rings
are adjacent to one another.

—Cont.
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planarity and the accompanying angle strain. It is
now clear that Cg is a relatively reactive substance,
reacting with many substances toward which ben-
zene itself is inert. Many of these reactions are char-
acterized by the addition of nucleophilic substances
to buckminsterfullerene, converting sp?-hybridized
carbons to sp-hybridized ones and reducing the
overall strain.

The field of fullerene chemistry expanded in an
unexpected direction in 1991 when Sumio lijima of
the NEC Fundamental Research Laboratories in Japan
discovered fibrous carbon clusters in one of his
fullerene preparations. This led, within a short time,
to substances of the type portrayed in Figure 11.7
called single-walled nanotubes. The best way to think
about this material is as a “stretched” fullerene. Take
a molecule of Cg, cut it in half, and place a cylindrical

tube of fused six-membered carbon rings between
the two halves.

Thus far, the importance of carbon cluster
chemistry has been in the discovery of new knowl-
edge. Many scientists feel that the earliest industrial
applications of the fullerenes will be based on their
novel electrical properties. Buckminsterfullerene is
an insulator, but has a high electron affinity and is a
superconductor in its reduced form. Nanotubes have
aroused a great deal of interest for their electrical
properties and as potential sources of carbon fibers
of great strength.

Although the question that began the
fullerene story, the possibility that carbon clusters are
formed in stars, still remains unanswered, the at-
tempt to answer that question has opened the door
to novel structures and materials.

FIGURE 11.7 A portion of a nanotube. The closed end is approximately one half of a buckyball. The main length cannot close

as long as all of the rings are hexagons.

11.9 PHYSICAL PROPERTIES OF ARENES

In general, arenes resemble other hydrocarbons in their physical properties. They are
nonpolar, insoluble in water, and less dense than water. In the absence of polar sub-
stituents, intermolecular forces are weak and limited to van der Waals attractions of the

induced-dipole/induced-dipole type.

Selected physical properties
for a number of arenes are
listed in Appendix 1.

At one time, benzene was widely used as a solvent. This use virtually disappeared
when statistical studies revealed an increased incidence of leukemia among workers
exposed to atmospheric levels of benzene as low as 1 ppm. Toluene has replaced ben-
zene as an inexpensive organic solvent, because it has similar solvent properties but has
not been determined to be carcinogenic in the cell systems and at the dose levels that

benzene is.

11.10 REACTIONS OF ARENES: A PREVIEW

We’ll examine the chemical properties of aromatic compounds from two different per-

spectives:

1. One mode of chemical reactivity involves the ring itself as a functional group and

includes

(a) Reduction
(b) Electrophilic aromatic substitution
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Reduction of arenes by catalytic hydrogenation was described in Section 11.4. A dif-
ferent method using Group I metals as reducing agents, which gives 1,4-cyclohexadiene
derivatives, will be presented in Section 11.11. Electrophilic aromatic substitution is
the most important reaction type exhibited by benzene and its derivatives and constitutes
the entire subject matter of Chapter 12.

2. The second family of reactions are those in which the aryl group acts as a sub-
stituent and affects the reactivity of a functional unit to which it is attached.

A carbon atom that is directly attached to a benzene ring is called a benzylic car-
bon (analogous to the allylic carbon of C=C—C). A phenyl group (C¢Hs—) is an even
better conjugating substituent than a vinyl group (CH,=CH—), and benzylic carboca-
tions and radicals are more highly stabilized than their allylic counterparts. The double
bond of an alkenylbenzene is stabilized to about the same extent as that of a conjugated
diene.

C C c—c’
/ / / AN
Benzylic carbocation Benzylic radical Alkenylbenzene

Reactions involving benzylic cations, benzylic radicals, and alkenylbenzenes will be dis-
cussed in Sections 11.12 through 11.17.

11.11 THE BIRCH REDUCTION

We saw in Section 9.10 that the combination of a Group I metal and liquid ammonia is
a powerful reducing system capable of reducing alkynes to trans alkenes. In the pres-
ence of an alcohol, this same combination reduces arenes to nonconjugated dienes. Thus,
treatment of benzene with sodium and methanol or ethanol in liquid ammonia converts
it to 1,4-cyclohexadiene.

H H
Na, NH;
CH;OH
H H
Benzene 1,4-Cyclohexadiene (80%)

Metal-ammonia—alcohol reductions of aromatic rings are known as Birch reductions,
after the Australian chemist Arthur J. Birch, who demonstrated their usefulness begin-
ning in the 1940s.

The mechanism by which the Birch reduction of benzene takes place is analogous
to the mechanism for the metal-ammonia reduction of alkynes (Figure 11.8). It involves
a sequence of four steps in which steps 1 and 3 are single-electron transfers from the
metal and steps 2 and 4 are proton transfers from the alcohol.

The Birch reduction not only provides a method to prepare dienes from arenes,
which cannot be accomplished by catalytic hydrogenation, but also gives a nonconju-
gated diene system rather than the more stable conjugated one.



1111 The Birch Reduction 413

The overall reaction:

H H H
H H H H
+ 2Na + 2CH,OH —> +  2NaOCH;
H H H H
H H H
Benzene Sodium Methanol 1,4-Cyclohexadiene Sodium methoxide

The mechanism:

Step 1: An electron is transferred from sodium (the reducing agent) to the © system of the aromatic ring.
The product is an anion radical.

H H
H H H H
+ ‘Na —> ‘ + Na*
H H H -~ "H
H H

Benzene Sodium Benzene anion radical Sodium ion

Step 2: The anion radical is a strong base and abstracts a proton from methanol.

H
H H H H
+ 1locH, —> +  +0CH,
H H H
Benzene anion radical Methanol Cyclohexadienyl radical Methoxide ion

Step 3: The cyclohexadienyl radical produced in step 2 is converted to an anion by electron transfer from sodium.

H H H <_ _H
+ Na — + Na®
H H H H
H H H H
Cyclohexadienyl radical Sodium Cyclohexadienyl anion Sodium ion

Step 4: Proton transfer from methanol to the anion gives 1,4-cyclohexadiene.

H H H
+ HTJQCH3 — +  OCH;
H H H H
HH HH

Cyclohexadienyl anion 1,4-Cyclohexadiene Methoxide ion

FIGURE 11.8 Mechanism of the Birch reduction.
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Alkyl-substituted arenes give 1,4-cyclohexadienes in which the alkyl group is a
substituent on the double bond.

Na, NH; rather
QC(CHm e @cmm o QC<CH3>3

tert-Butylbenzene 1-tert-Butyl-1,4- 3-tert-Butyl-1,4-
cyclohexadiene (86%) cyclohexadiene

PROBLEM 11.5 A single organic product was isolated after Birch reduction of
p-xylene. Suggest a reasonable structure for this substance.

Substituents other than alkyl groups may also be present on the aromatic ring, but
their reduction is beyond the scope of the present discussion.

11.12 FREE-RADICAL HALOGENATION OF ALKYLBENZENES

The benzylic position in alkylbenzenes is analogous to the allylic position in alkenes.
Thus a benzylic C—H bond, like an allylic one, is weaker than a C—H bond of an
alkane, as the bond dissociation energies of toluene, propene, and 2-methylpropane attest:

QCHZ — <;>—CH2 + H- AH° =356 kJ (85 kcal)

Toluene Benzyl radical
CH2=CHC‘;-I—2\—FIiI — CH2=CHCH2 + H- AH® = 368 kJ (88 kcal)
Propene Allyl radical
(CH3)5C qr\ (CH3)5C- + H- AH® = 397 kJ (95 kcal)
2-Methylpropane tert-Butyl radical

We attributed the decreased bond dissociation energy in propene to stabilization of allyl
radical by electron delocalization. Similarly, electron delocalization stabilizes benzyl rad-
ical and weakens the benzylic C—H bond. The unpaired electron is shared by the ben-
zylic carbon and by the ring carbons that are ortho and para to it.

< CH, CH, CH, CH,
H H H H H H H H
<> <> Q <>
H H H H H H H H
H H H H

Most stable Lewis structure

of benzyl radical

In orbital terms, as represented in Figure 11.9, benzyl radical is stabilized by delo-
calization of electrons throughout the extended m system formed by overlap of the p
orbital of the benzylic carbon with the 7 system of the ring.

The comparative ease with which a benzylic hydrogen is abstracted leads to high
selectivity in free-radical halogenations of alkylbenzenes. Thus, chlorination of toluene
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takes place exclusively at the benzylic carbon and is an industrial process for the prepa-
ration of the compounds shown.

CH,CI CHCl, CCl,
© lu ht © ]wht © wht ©
or heat or heat or heat
Toluene Benzyl chloride (Dichloromethyl)- (Trichloromethyl)-
benzene benzene

The propagation steps in the formation of benzyl chloride involve benzyl radical as an
intermediate.

@CH3 + Gl — @CHz + HCl:

Toluene Chlorine atom Benzyl radical Hydrogen chloride
@CHz + Cl, —> @—cm@: + :Cl-
Benzyl radical Chlorine Benzyl chloride Chlorine atom

(Dichloromethyl)benzene and (trichloromethyl)benzene arise by further side-chain chlo-
rination of benzyl chloride.

Benzylic bromination is a more commonly used laboratory procedure than chlori-
nation and is typically carried out under conditions of photochemical initiation.

CH3 CHzBr
+ Bn CC: ::\()( + HBr
NO2 N02
p-Nitrotoluene Bromine p-Nitrobenzyl bromide Hydrogen
(71%) bromide

As we saw when discussing allylic bromination in Section 10.4, N-bromosuccin-
imide (NBS) is a convenient free-radical brominating agent. Benzylic brominations with
NBS are normally performed in carbon tetrachloride as the solvent in the presence of
peroxides, which are added as initiators. As the example illustrates, free-radical bromi-
nation is selective for substitution of benzylic hydrogens.

415

FIGURE 11.9 The benzyl rad-
ical is stabilized by overlap of
its half-filled p orbital with
the = system of the aromatic
ring.

The common names of (di-
chloromethyl)benzene and
(trichloromethyl)benzene are
benzal chloride and benzo-
trichloride, respectively.

Benzoyl peroxide is a com-

monly used free-radical ini-

tiator. It has the formula
P19

CeHsCOOCCgHs
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An alternative oxidizing
agent, similar to chromic
acid in its reactions with or-
ganic compounds, is potas-
sium permanganate
(KMnOy).
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(0] O

benzoyl
peroxide
QCH2CH3 + NBr oL <j>—c|HCH3 + NH

Br
(0] o
Ethylbenzene N-Bromosuccinimide 1-Bromo-1-phenylethane Succinimide
(NBS) (87%)

PROBLEM 11.6 The reaction of N-bromosuccinimide with the following com-
pounds has been reported in the chemical literature. Each compound yields a sin-
gle product in 95% yield. Identify the product formed from each starting mate-
rial.

(a) p-tert-Butyltoluene (b) 4-Methyl-3-nitroanisole

SAMPLE SOLUTION (a) The only benzylic hydrogens in p-tert-butyltoluene are
those of the methyl group that is attached directly to the ring. Substitution occurs
there to give p-tert-butylbenzyl bromide.

NBS
(CH3)3CO CHz . 80C (CH3)3COCHZBr
free-radical

initiator

p-tert-Butyltoluene p-tert-Butylbenzyl bromide

11.13 OXIDATION OF ALKYLBENZENES

A striking example of the activating effect that a benzene ring has on reactions that take
place at benzylic positions may be found in the reactions of alkylbenzenes with oxidiz-
ing agents. Chromic acid, for example, prepared by adding sulfuric acid to aqueous
sodium dichromate, is a strong oxidizing agent but does not react either with benzene
or with alkanes.

Na,Cr,O
, 2Cr0; .
RCH,CH,R 0. 150, hear> O reaction
Na,Cr,0-, .
H,0, H,S0,, heat . 10 reaction

On the other hand, an alkyl side chain on a benzene ring is oxidized on being heated
with chromic acid. The product is benzoic acid or a substituted derivative of benzoic
acid.

]
Na,Cr,0-
Alkylbenzene Benzoic acid

)
I

Na,Cr,0-
02NOCH3 o OQNOCOH

p-Nitrotoluene p-Nitrobenzoic acid (82—-86%)
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When two alkyl groups are present on the ring, both are oxidized.

(0] (0]
Na,Cr,0, ” ”
CH; CH(CHs), H,0, H,SO,, heat HOC COH
p-Isopropyltoluene p-Benzenedicarboxylic acid (45%)

Note that alkyl groups, regardless of their chain length, are converted to carboxyl groups
(—CO,H) attached directly to the ring. An exception is a fert-alkyl substituent. Because
it lacks benzylic hydrogens, a tert-alkyl group is not susceptible to oxidation under these
conditions.

PROBLEM 11.7 Chromic acid oxidation of 4-tert-butyl-1,2-dimethylbenzene
yielded a single compound having the molecular formula C;,H;40,4. What was this
compound?

Side-chain oxidation of alkylbenzenes is important in certain metabolic processes.
One way in which the body rids itself of foreign substances is by oxidation in the liver
to compounds more easily excreted in the urine. Toluene, for example, is oxidized to
benzoic acid by this process and is eliminated rather readily.

(0]
0, ”
cytochrome P-450
@—cm Lytocome P2, COH
= (an enzyme 1n
the liver)
Toluene Benzoic acid

Benzene, with no alkyl side chain, undergoes a different reaction in the presence of these
enzymes, which convert it to a substance capable of inducing mutations in DNA. This
difference in chemical behavior seems to be responsible for the fact that benzene is car-
cinogenic but toluene is not.

11.14 NUCLEOPHILIC SUBSTITUTION IN BENZYLIC HALIDES

Primary benzylic halides are ideal substrates for Sy2 reactions, since they are very reac-
tive toward good nucleophiles and cannot undergo competing elimination.

]
O2NOCH2CI e, OZNOCH20CCH3

p-Nitrobenzyl chloride p-Nitrobenzyl acetate (78—82%)

Benzylic halides that are secondary resemble secondary alkyl halides in that they undergo
substitution only when the nucleophile is weakly basic. If the nucleophile is a strong
base such as sodium ethoxide, elimination by the E2 mechanism is faster than substitu-
tion.

PROBLEM 11.8 Give the structure of the principal organic product formed on
reaction of benzyl bromide with each of the following reagents:

(a) Sodium ethoxide (d) Sodium hydrogen sulfide
(b) Potassium tert-butoxide (e) Sodium iodide (in acetone)
() Sodium azide

417
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SAMPLE SOLUTION (a) Benzyl bromide is a primary bromide and undergoes Sy2
reactions readily. It has no hydrogens B to the leaving group and so cannot
undergo elimination. Ethoxide ion acts as a nucleophile, displacing bromide and
forming benzyl ethyl ether.

CH3CH,—O T/NCHZEBr CH,OCH,CHs

Ethoxide ion Benzyl bromide Benzyl ethyl ether

Benzylic halides resemble allylic halides in the readiness with which they form
carbocations. On comparing the rate of Sy1 hydrolysis in aqueous acetone of the fol-
lowing two tertiary chlorides, we find that the benzylic chloride reacts over 600 times
faster than does tert-butyl chloride.

i i

@—?Cl CH3C|C1

CH; CH;
2-Chloro-2-phenylpropane 2-Chloro-2-methylpropane

Just as the odd electron in benzyl radical is shared by the carbons ortho and para to
the benzylic carbon, the positive charge in benzyl cation is shared by these same positions.

@ +CH2 CH2 CH2 CH2
See Learning By Model- H H H H H H H H
ing for an electrostatic potential
map of benzyl cation. > <> D —
H H H H H H H H
H H H H

Most stable Lewis structure
of benzyl cation

Unlike the case with allylic carbocations, however, dispersal of the positive charge
does not result in nucleophilic attack at more than one carbon. There is no “benzylic
rearrangement” analogous to allylic rearrangement (Section 10.2), because the aromatic
stabilization would be lost if the nucleophile became bonded to one of the ring carbons.
Thus, when conditions are chosen that favor Sy1 substitution over E2 elimination
(solvolysis, weakly basic nucleophile), benzylic halides give a single substitution prod-
uct in high yield.

T e T ks
CH3 CH3 CH3
2-Chloro-2-phenylpropane 2-Ethoxy-2-phenylpropane (87%)

R Finhenyimethy! GroueT . A.dditio'nal phenyl substituents stabilize ca'lrb.oce.ltions even more. Tripheny.lmethyl
often referred to as a trityl cation is particularly stable. Its perchlorate salt is ionic and stable enough to be isolated
texfex and stored indefinitely.
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.0

Triphenylmethyl perchlorate

11.15 PREPARATION OF ALKENYLBENZENES

Alkenylbenzenes are prepared by the various methods described in Chapter 5 for the
preparation of alkenes: dehydrogenation, dehydration, and dehydrohalogenation.
Dehydrogenation of alkylbenzenes is not a convenient laboratory method but is

used industrially to convert ethylbenzene to styrene.

@CHZ% @CH=CH2 A

Ethylbenzene Styrene Hydrogen

Acid-catalyzed dehydration of benzylic alcohols is a useful route to alkenylben-
zenes, as is dehydrohalogenation under E2 conditions.

Cl
KHSO,
@CHCH:; hc " CH=CH2
1-(m-Chlorophenyl)ethanol m-Chlorostyrene (80—82%)
NaOCH,CH;
H;C O CH2C|HCH3 CH,CH,OH, 50°C H;C O CH=CHCHj;
Br
2-Bromo-1-(p-methylphenyl)propane 1-(p-Methylphenyl)propene (99%)

11.16 ADDITION REACTIONS OF ALKENYLBENZENES

Most of the reactions of alkenes that were discussed in Chapter 6 find a parallel in the

reactions of alkenylbenzenes.
Hydrogenation of the side-chain double bond of an alkenylbenzene is much easier

than hydrogenation of the aromatic ring and can be achieved with high selectivity, leav-
ing the ring unaffected.

<|:H3 CH,
C=CHCH; + H, _", CHCH,CH,

Br Br
2-(m-Bromophenyl)-2-butene Hydrogen 2-(m-Bromophenyl)butane (92%)

419
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PROBLEM 11.9 Both 1,2-dihydronaphthalene and 1,4-dihydronaphthalene may
be selectively hydrogenated to 1,2,3,4-tetrahydronaphthalene.

H, H,
— 25 <«
Pt Pt

1,2-Dihydronaphthalene 1,2,3,4-Tetrahydronaphthalene 1,4-Dihydronaphthalene

One of these isomers has a heat of hydrogenation of 101 kJ/mol (24.1 kcal/mol),
and the heat of hydrogenation of the other is 113 kJ/mol (27.1 kcal/mol). Match
the heat of hydrogenation with the appropriate dihydronaphthalene.

The double bond in the alkenyl side chain undergoes addition reactions that are
typical of alkenes when treated with electrophilic reagents.

QCH=CH2 + Br, —> ©—$HCH2B¢

Br

Styrene Bromine 1,2-Dibromo-1-phenylethane (82%)

The regioselectivity of electrophilic addition is governed by the ability of an aro-

matic ring to stabilize an adjacent carbocation. This is clearly seen in the addition of
hydrogen chloride to indene. Only a single chloride is formed.

Iy e —

Indene Hydrogen chloride

Cl

1-Chloroindane (75—84%)

Only the benzylic chloride is formed, because protonation of the double bond occurs in
the direction that gives a carbocation that is both secondary and benzylic

oo

Carbocation that leads to
observed product

Protonation in the opposite direction also gives a secondary carbocation, but it is not
benzylic.

HHCI

w slower &H C]

Less stable carbocation

This carbocation does not receive the extra increment of stabilization that its benzylic
isomer does and so is formed more slowly. The orientation of addition is controlled by
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the rate of carbocation formation; the more stable benzylic carbocation is formed faster
and is the one that determines the reaction product.

PROBLEM 11.10 Each of the following reactions has been reported in the chem-
ical literature and gives a single organic product in high yield. Write the structure
of the product for each reaction.

(a) 2-Phenylpropene + hydrogen chloride

(b) 2-Phenylpropene treated with diborane in tetrahydrofuran followed by
oxidation with basic hydrogen peroxide

(c) Styrene + bromine in aqueous solution
(d) Styrene + peroxybenzoic acid (two organic products in this reaction; iden-
tify both by writing a balanced equation.)

SAMPLE SOLUTION (a) Addition of hydrogen chloride to the double bond takes
place by way of a tertiary benzylic carbocation.

CHo HC@: CHs C|H3
I~ — e il —> c—dl:
N N p |-

CHs CH; CHs

2-Phenylpropene Hydrogen 2-Chloro-2-
chloride phenylpropane

In the presence of peroxides, hydrogen bromide adds to the double bond of styrene
with a regioselectivity opposite to Markovnikov’s rule. The reaction is a free-radical addi-
tion, and the regiochemistry is governed by preferential formation of the more stable radical.

@CH=CH2 — @CH2CH2Br via @CHCHzBr

Styrene 1-Bromo-2-phenylethane 2-Bromo-1-phenylethyl
(major product) radical (secondary; benzylic)

11.17 POLYMERIZATION OF STYRENE

The annual pI’Odl.lCtiOIl of styrene in the United States is on.the order of 8 X 10” Ib, with As described in the box
about 65% of this output used to prepare polystyrene plastics and films. Styrofoam cof- “Diene Polymers” in Chapter
fee cups are made from polystyrene. Polystyrene can also be produced in a form that is 10, most synthetic rubberis a
. . . . . .. . copolymer of styrene and

very strong and impact-resistant and is used widely in luggage, television and radio cab- 1.3-butadiene.
inets, and furniture.

Polymerization of styrene is carried out under free-radical conditions, often with ben-
zoyl peroxide as the initiator. Figure 11.10 illustrates a step in the growth of a polystyrene

chain by a mechanism analogous to that of the polymerization of ethylene (Section 6.21).

CeHs (|j()H5 C‘oHs
Polymer —CHszi-/-FCH2=CHC6H5—> Polymer |—CH,—CH—CH,—CH

NGO

FIGURE 11.10 Chain propagation step in polymerization of styrene. The growing polymer chain has a free-radical site at the
benzylic carbon. It adds to a molecule of styrene to extend the chain by one styrene unit. The new polymer chain is also a
benzylic radical; it attacks another molecule of styrene, and the process repeats over and over again.
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Willstatter's most important
work, for which he won the
1915 Nobel Prize in chem-
istry, was directed toward
determining the structure of
chlorophyll.
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11.18 CYCLOBUTADIENE AND CYCLOOCTATETRAENE

During our discussion of benzene and its derivatives, it may have occurred to you that
cyclobutadiene and cyclooctatetraene might be stabilized by m electron delocalization in
a manner analogous to that of benzene.

Cyclobutadiene Cyclooctatetraene

The same thought occurred to early chemists. However, the complete absence of natu-
rally occurring compounds based on cyclobutadiene and cyclooctatetraene contrasted
starkly with the abundance of compounds based on the benzene nucleus. Attempts to
synthesize cyclobutadiene and cyclooctatetraene met with failure and reinforced the
growing conviction that these compounds would prove to be quite unlike benzene if, in
fact, they could be isolated at all.

The first breakthrough came in 1911 when Richard Willstitter prepared cyclooc-
tatetraene by a lengthy degradation of pseudopelletierine, a natural product obtained from
the bark of the pomegranate tree. Nowadays, cyclooctatetraene is prepared from acety-
lene in a reaction catalyzed by nickel cyanide.

AHC=CH — "~

heat, pressure

Acetylene Cyclooctatetraene (70%)

Thermochemical measurements suggest a value of only about 20 kJ/mol (about 5
kcal/mol) for the resonance energy of cyclooctatetraene, far less than the aromatic sta-
bilization of benzene (152 kJ/mol; 36 kcal/mol).

PROBLEM 11.11 Both cyclooctatetraene and styrene have the molecular for-
mula CgHg and undergo combustion according to the equation

C8H8 + 1002 I 8C02 + 4H20

The measured heats of combustion are 4393 and 4543 kJ/mol (1050 and 1086
kcal/mol). Which heat of combustion belongs to which compound?

Structural studies confirm the absence of appreciable m electron delocalization in
cyclooctatetraene. Its structure is as pictured in Figure 11.11—a nonplanar hydrocarbon
with four short carbon—carbon bond distances and four long carbon—carbon bond dis-
tances. Cyclooctatetraene is satisfactorily represented by a single Lewis structure having
alternating single and double bonds in a tub-shaped eight-membered ring.

All the evidence indicates that cyclooctatetraene lacks the “special stability” of
benzene, and is more appropriately considered as a conjugated polyene than as an aro-
matic hydrocarbon.

Cyclobutadiene escaped chemical characterization for more than 100 years. Despite
numerous attempts, all synthetic efforts met with failure. It became apparent not only
that cyclobutadiene was not aromatic but that it was exceedingly unstable. Beginning in
the 1950s, a variety of novel techniques succeeded in generating cyclobutadiene as a
transient, reactive intermediate.
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@FIGURE 11.11 Molec-

ular geometry of cyclooc-
tatetraene. The ring is not
planar, and the bond dis-
tances alternate between
short double bonds and long
single bonds.

PROBLEM 11.12 One of the chemical properties that make cyclobutadiene dif-
ficult to isolate is that it reacts readily with itself to give a dimer:

Y1111

What reaction of dienes does this resemble?

Structural studies of cyclobutadiene and some of its derivatives reveal a pattern of
alternating single and double bonds and a rectangular, rather than a square, shape. Bond
distances in a stable, highly substituted derivative of cyclobutadiene illustrate this pat-
tern of alternating short and long ring bonds.

(CH3);C C(CHa3)3

jEE& 138 pm

151 pm
Methyl 2,3,4-tri-tert-butylcyclobutadiene- 1-carboxylate

Thus cyclobutadiene, like cyclooctatetraene, is not aromatic. Cyclic conjugation,
although necessary for aromaticity, is not sufficient for it. Some other factor or factors
must contribute to the special stability of benzene and its derivatives. To understand these
factors, let’s return to the molecular orbital description of benzene.

11.19 HUCKEL'S RULE: ANNULENES

One of the early successes of molecular orbital theory occurred in 1931 when Erich , .
N . : . . . Huckel was a German physi-
Hiickel discovered an interesting pattern in the w orbital energy levels of benzene, callchemist: Before hisitheos
cyclobutadiene, and cyclooctatetraene. By limiting his analysis to monocyclic conjugated retical studies of aromaticity,
L . . Huckel collaborated with
polyenes and restricting the structures to planar geometries, Hiickel found that such 1 "
. X . . . X Peter Debye in developing
hydrocarbons are characterized by a set of 7w molecular orbitals in which one orbital is what remains the most

lowest in energy, another is highest in energy, and the rest are distributed in pairs between  widely accepted theory of
electrolyte solutions.

them.
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Huckel’s rule should not be
applied to polycyclic aro-
matic hydrocarbons (Section
11.8). Huckel’s analysis is lim-
ited to monocyclic systems.

FIGURE 11.12 Distribution
of m molecular orbitals and
w electrons in cyclobutadi-
ene, benzene, and planar
cyclooctatetraene.
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The arrangements of m orbitals for cyclobutadiene, benzene, and cyclooctatetraene
as determined by Hiickel are presented in Figure 11.12. Their interpretation can be sum-
marized as follows:

Cyclobutadiene According to the molecular orbital picture, square planar cyclobu-
tadiene should be a diradical (have two unpaired electrons). The four
w electrons are distributed so that two are in the lowest energy
orbital and, in accordance with Hund’s rule, each of the two equal-
energy nonbonding orbitals is half-filled. (Remember, Hund’s rule
tells us that when two orbitals have the same energy, each one is
half-filled before either of them reaches its full complement of two
electrons.)

Benzene As seen earlier in Figure 11.4 (Section 11.6), the six 7 electrons of
benzene are distributed in pairs among its three bonding orbitals. All
the bonding orbitals are occupied, and all the electron spins are
paired.

Cyclooctatetraene Six of the eight m electrons of cyclooctatetraene occupy three bond-
ing orbitals. The remaining two m electrons occupy, one each, the
two equal-energy nonbonding orbitals. Planar cyclooctatetraene
should, like square cyclobutadiene, be a diradical.

As it turns out, neither cyclobutadiene nor cyclooctatetraene is a diradical in its
most stable electron configuration. The Hiickel approach treats them as planar regular
polygons. Because the electron configurations associated with these geometries are not
particularly stable, cyclobutadiene and cyclooctatetraene adopt structures other than pla-
nar regular polygons. Cyclobutadiene, rather than possessing a square shape with two
unpaired electron spins, is a spin-paired rectangular molecule. Cyclooctatetraene is non-
planar, with all its 7 electrons paired in alternating single and double bonds.

On the basis of his analysis Hiickel proposed that only certain numbers of m elec-
trons could lead to aromatic stabilization. Only when the number of m electrons is 2, 6,
10, 14, and so on, can a closed-shell electron configuration be realized. These results are
summarized in Hiickel’s rule: Among planar, monocyclic, fully conjugated polyenes,
only those possessing (4n + 2) 7 electrons, where n is an integer, will have special
aromatic stability.

The general term annulene has been coined to apply to completely conjugated
monocyclic hydrocarbons. A numerical prefix specifies the number of carbon atoms.
Cyclobutadiene is [4]-annulene, benzene is [6]-annulene, and cyclooctatetraene is [8]-
annulene.

Antibonding i — i Antibonding

+ + l 1 — Nonbonding
H % H 4
Bonding 4L 4 4L Bonding

Cyclobutadiene Benzene Planar
(four T electrons) (six T electrons) cyclooctatetraene
(eight w electrons)

Nonbonding
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PROBLEM 11.13 Represent the m electron distribution among the w orbitals in
(a) [10]-Annulene (b) [12]-Annulene

SAMPLE SOLUTION (a) [10]-Annulene has ten carbons: ten w orbitals and ten =
electrons. Like benzene, it should have a closed-shell electron configuration with
all its bonding orbitals doubly occupied.

.%%
S

[10]-Annulene

Antibonding orbitals

Bonding orbitals

_H_

The prospect of observing aromatic character in conjugated polyenes having 10,
14, 18, and so on  electrons spurred efforts toward the synthesis of higher annulenes.
A problem immediately arises in the case of the all-cis isomer of [10]-annulene, the struc-
ture of which is shown in the preceding problem. Geometry requires a ten-sided regular
polygon to have 144° bond angles; sp” hybridization at carbon requires 120° bond angles.
Therefore, aromatic stabilization due to conjugation in all-cis-[10]-annulene is opposed
by the destabilizing effect of 24° of angle strain at each of its carbon atoms. All-cis-[10]-
annulene has been prepared. It is not very stable and is highly reactive.

A second isomer of [10]-annulene (the cis, trans, cis, cis, trans stereoisomer) can
have bond angles close to 120° but is destabilized by a close contact between two hydro-
gens directed toward the interior of the ring. In order to minimize the van der Waals
strain between these hydrogens, the ring adopts a nonplanar geometry, which limits its
ability to be stabilized by 7 electron delocalization. It, too, has been prepared and is not
very stable. Similarly, the next higher (4n + 2) system, [14]-annulene, is also somewhat
destabilized by van der Waals strain and is nonplanar.

Planar geometry required for aromaticity
destabilized by van der Waals repulsions
between indicated hydrogens

cis,trans,cis, cis,trans-
[10]-Annulene

[14]-Annulene

When the ring contains 18 carbon atoms, it is large enough to be planar while
still allowing its interior hydrogens to be far enough apart that they do not interfere
with one another. The [18]-annulene shown is planar or nearly so and has all its car-
bon—carbon bond distances in the range 137-143 pm—very much like those of ben-
zene. Its resonance energy is estimated to be about 418 kJ/mol (100 kcal/mol). Although
its structure and resonance energy attest to the validity of Hiickel’s rule, which predicts
“special stability” for [18]-annulene, its chemical reactivity does not. [18]-Annulene

425

The size of each angle of a
regular polygon is given by
the expression

180° X

(number of sides) — 2

(number of sides)
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Molecular models of [10]-, @

[14]-, [16]-, and [18]-annulene
can be inspected on Learning By
Modeling.
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behaves more like a polyene than like benzene in that it is hydrogenated readily, under-
goes addition rather than substitution with bromine, and forms a Diels—Alder adduct
with maleic anhydride.

No serious repulsions among six
interior hydrogens; molecule is
planar and aromatic.

[18]-Annulene

According to Hiickel’s rule, annulenes with 4n m electrons are not aromatic.
Cyclobutadiene and cyclooctatetraene are [4n]-annulenes, and their properties are more
in accord with their classification as cyclic polyenes than as aromatic hydrocarbons.
Among higher [4n]-annulenes, [16]-annulene has been prepared. [16]-Annulene is not
planar and shows a pattern of alternating short (average 134 pm) and long (average 146
pm) bonds typical of a nonaromatic cyclic polyene.

[16]-Annulene

PROBLEM 11.14 What does a comparison of the heats of combustion of ben-
zene (3265 kJ/mol; 781 kcal/mol), cyclooctatetraene (4543 kJ/mol; 1086 kcal/mol),
[16]-annulene (9121 kJ/mol; 2182 kcal/mol), and [18]-annulene (9806 kJ/mol; 2346
kcal/mol) reveal?

Most of the synthetic work directed toward the higher annulenes was carried out
by Franz Sondheimer and his students, first at Israel’s Weizmann Institute and later at
the University of London. Sondheimer’s research systematically explored the chemistry
of these hydrocarbons and provided experimental verification of Hiickel’s rule.

11.20 AROMATIC IONS

Hiickel realized that his molecular orbital analysis of conjugated systems could be
extended beyond the realm of neutral hydrocarbons. He pointed out that cycloheptatrienyl
cation contained a  system with a closed-shell electron configuration similar to that of
benzene (Figure 11.13). Cycloheptatrienyl cation has a set of seven 7 molecular orbitals.
Three of these are bonding and contain the six m electrons of the cation. These six
electrons are delocalized over seven carbon atoms, each of which contributes one 2p
orbital to a planar, monocyclic, completely conjugated w system. Therefore, cyclohepta-
trienyl cation should be aromatic. It should be appreciably more stable than expected on
the basis of any Lewis structure written for it.
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Antibonding
T orbitals
2
20 ‘H‘ ‘H‘ .
g Bonding
o

_T_l_ orbitals

(Lowest energy
p . orbital; all
bonding)

@ FIGURE 11.13 The w molecular orbitals of cycloheptatrienyl (tropylium) cation.

H H H

Cycloheptatriene Cycloheptatrienyl cation
(commonly referred to as
tropylium cation)

It’s important to recognize the difference between the hydrocarbon cycloheptatriene
and cycloheptatrienyl (tropylium) cation. The carbocation, as we have just stated, is aro-
matic, whereas cycloheptatriene is not. Cycloheptatriene has six 1 electrons in a conju-
gated system, but its  system does not close upon itself. The ends of the triene system
are joined by an sp>-hybridized carbon, which prevents continuous electron delocaliza-
tion. The ends of the triene system in the carbocation are joined by an sp>-hybridized
carbon, which contributes an empty p orbital, and allows continuous delocalization of
the six m electrons. When we say cycloheptatriene is not aromatic but tropylium cation
is, we are not comparing the stability of the two to each other. Cycloheptatriene is a sta-
ble hydrocarbon but does not possess the special stability required to be called aromatic.
Tropylium cation, although aromatic, is still a carbocation and reasonably reactive toward
nucleophiles. Its special stability does not imply a rocklike passivity but rather a much
greater ease of formation than expected on the basis of the Lewis structure drawn for it.
A number of observations indicate that tropylium cation is far more stable than most
other carbocations. To emphasize the aromatic nature of tropylium cation, it is some-
times written in the Robinson manner, representing the aromatic sextet with a circle in
the ring and including a positive charge within the circle.

Br

Tropylium bromide
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FIGURE 11.14 The « @

molecular orbitals of cyclo-
pentadienide anion.

CHAPTER ELEVEN  Arenes and Aromaticity

Tropylium bromide was first prepared, but not recognized as such, in 1891. The
work was repeated in 1954, and the ionic properties of tropylium bromide were demon-
strated. The ionic properties of tropylium bromide are apparent in its unusually high melt-
ing point (203°C), its solubility in water, and its complete lack of solubility in diethyl
ether.

PROBLEM 11.15 Write resonance structures for tropylium cation sufficient to
show the delocalization of the positive charge over all seven carbons.

Cyclopentadienide anion is an aromatic anion. It has six m electrons delocalized

over a completely conjugated planar monocyclic array of five sp>-hybridized carbon
atoms.

Cyclopentadienide anion

[PROBLEM 11.16 Write resonance structures for cyclopentadienide anion suffi-]
cient to show the delocalization of the negative charge over all five carbons.
Figure 11.14 presents Hiickel’s depiction of the molecular orbitals of cyclopenta-
dienide anion. Like benzene and tropylium cation, cyclopentadienide anion has a closed-
shell configuration of six m electrons.
A convincing demonstration of the stability of cyclopentadienide anion can be
found in the acidity of cyclopentadiene.

—~H + K,=10""°
@ - (pKa = 16)
H H H
Cyclopentadiene Cyclopentadienide
anion
Antibonding

\ - - orbitals

>

o0

E H_ H_ Bonding

m

? orbitals

(Lowest energy
orbital; all
bonding)
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Cyclopentadiene is only a slightly weaker acid than water. The equilibrium for its
deprotonation is more favorable than for other hydrocarbons because cyclopentadienide
anion is aromatic. The contrast is striking when we compare this equilibrium with that
for loss of a proton from cycloheptatriene.

+ Ka =10 o
—HI+ (PK, = 36)
d —
H H H
Cycloheptatriene Cycloheptatrienide

anion

Resonance structures can be written that show delocalization of the negative charge over
all of its seven carbons; nevertheless, because cycloheptatrienide anion contains eight m
electrons, it is not aromatic. The equilibrium constant for formation from the parent
hydrocarbon is more favorable by 10°° (20 pK,, units) for the aromatic cyclopentadienide
anion than for the nonaromatic cycloheptatrienide anion.

PROBLEM 11.17 A standard method for the preparation of sodium cyclopenta-
dienide (CsHsNa) is by reaction of cyclopentadiene with a solution of sodium
amide in liquid ammonia. Write a balanced equation for this reaction.

Hiickel’s rule is now taken to apply to planar, monocyclic, completely conjugated
systems generally, not just to neutral hydrocarbons. A planar, monocyclic, continuous
system of p orbitals possesses aromatic stability when it contains (4n + 2) 7 elec-
trons.

Other aromatic ions include cyclopropenyl cation (two m electrons) and cyclooc-
tatetraene dianion (ten 7t electrons).

H H H H
; ;+ = *
H H
Cyclopropenyl Cyclooctatetraene
cation dianion

Here, liberties have been taken with the Robinson symbol. Instead of restricting its use
to a sextet of electrons, organic chemists have come to adopt it as an all-purpose sym-
bol for cyclic electron delocalization.

PROBLEM 11.18 s either of the following ions aromatic?
(a) (b)

Cyclononatetraenyl Cyclononatetraenide
cation anion

SAMPLE SOLUTION (a) The crucial point is the number of = electrons in a cyclic
conjugated system. If there are (4n + 2) = electrons, the ion is aromatic. Electron
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counting is easiest if we write the ion as a single Lewis structure and remember
that each double bond contributes two m electrons, a negatively charged carbon
contributes two, and a positively charged carbon contributes none.

Cyclononatetraenyl cation has eight
m electrons; it is not aromatic.

11.21 HETEROCYCLIC AROMATIC COMPOUNDS

Cyclic compounds that contain at least one atom other than carbon within their ring are
called heterocyclic compounds, and those that possess aromatic stability are called het-
erocyclic aromatic compounds. Some representative heterocyclic aromatic compounds
are pyridine, pyrrole, furan, and thiophene. The structures and the [UPAC numbering
system used in naming their derivatives are shown. In their stability and chemical behav-
ior, all these compounds resemble benzene more than they resemble alkenes.

3 4 3 4 3 4

3 =~ 5

| 2 / \ 5 2 / \ 5 2 / \ 5
Ny ng C@? Csj
Pyridine Pyrrole Furan Thiophene

Pyridine, pyrrole, and thiophene, like benzene, are present in coal tar. Furan is pre-
pared from a substance called furfural obtained from corncobs.

Heterocyclic aromatic compounds can be polycyclic as well. A benzene ring and
a pyridine ring, for example, can share a common side in two different ways. One way
gives a compound called quinoline; the other gives isoquinoline.

5 4 5 4
6 X3 6 X 3
7 = 7 /N 2
8 N 8 1
1
Quinoline Isoquinoline

Analogous compounds derived by fusion of a benzene ring to a pyrrole, furan, or thio-
phene nucleus are called indole, benzofuran, and benzothiophene.

4 3 4 3 b 3

6 N | 6 O | 6 S |
7 H 7 7
Indole Benzofuran Benzothiophene

PROBLEM 11.19 Unlike quinoline and isoquinoline, which are of comparable
stability, the compounds indole and isoindole are quite different from each other.
Which one is more stable? Explain the reason for your choice.
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N S
H

Indole Isoindole

A large group of heterocyclic aromatic compounds are related to pyrrole by
replacement of one of the ring carbons 3 to nitrogen by a second heteroatom. Com-
pounds of this type are called azoles.

[ N_ N N
Ly > [
’ El - 0, ’ S

Imidazole Oxazole Thiazole

A widely prescribed drug for the treatment of gastric ulcers has the generic name cimet-
idine and is a synthetic imidazole derivative. Firefly luciferin is a thiazole derivative that
is the naturally occurring light-emitting substance present in fireflies.

H
N CHs N S
\
.l e — 1
N™ “CH,SCH,CH,NHCNHCH;  HO S N™ >co,H

Cimetidine Firefly luciferin

Firefly luciferin is an example of an azole that contains a benzene ring fused to the five-
membered ring. Such structures are fairly common. Another example is benzimidazole,
present as a structural unit in vitamin B;,. Some compounds related to benzimidazole
include purine and its amino-substituted derivative adenine, one of the so-called hetero-
cyclic bases found in DNA and RNA (Chapter 27).

NH,

N = N = N,
YO T

N SN N SN N

H H H
Benzimidazole Purine Adenine

PROBLEM 11.20 Can you deduce the structural formulas of benzoxazole and
benzothiazole?

The structural types described in this section are but a tiny fraction of those pos-
sible. The chemistry of heterocyclic aromatic compounds is a rich and varied field with
numerous applications.
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FIGURE 11.15 (a) Pyridine
has six w electrons plus an
unshared pair in a nitrogen
sp? orbital. (b) Pyrrole has six
w electrons. (c) Furan has six
 electrons plus an unshared
pair in an oxygen sp? orbital,
which is perpendicular to the
w system and does not inter-
act with it.
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11.22 HETEROCYCLIC AROMATIC COMPOUNDS AND HUCKEL'S RULE

Hiickel’s rule can be extended to heterocyclic aromatic compounds. A single heteroatom
can contribute either O or 2 of its lone-pair electrons as needed to the 7 system so as to
satisfy the (4n + 2) m electron requirement. The lone pair in pyridine, for example, is
associated entirely with nitrogen and is not delocalized into the aromatic w system. As
shown in Figure 11.154, pyridine is simply a benzene ring in which a nitrogen atom has
replaced a CH group. The nitrogen is sp*-hybridized, and the three double bonds of the
ring contribute the necessary six m electrons to make pyridine a heterocyclic aromatic
compound. The unshared electron pair of nitrogen occupies an sp® orbital in the plane
of the ring, not a p orbital aligned with the  system.

In pyrrole, on the other hand, the unshared pair belonging to nitrogen must be
added to the four  electrons of the two double bonds in order to meet the six-m-elec-
tron requirement. As shown in Figure 11.15b, the nitrogen of pyrrole is sp>-hybridized
and the pair of electrons occupies a p orbital where both electrons can participate in the
aromatic  system.

Pyridine and pyrrole are both weak bases, but pyridine is much more basic than
pyrrole. When pyridine is protonated, its unshared pair is used to bond to a proton and,
since the unshared pair is not involved in the 7 system, the aromatic character of the
ring is little affected. When pyrrole acts as a base, the two electrons used to form a bond
to hydrogen must come from the w system, and the aromaticity of the molecule is sac-
rificed on protonation.

2 1 electrons _ 2 welectrons

AN N\ / _— These electrons are
-
O </ Sy g not involved in the
N 7 —_— T system

2 1t electrons

(a) Pyridine
2  electrons _— 2 melectrons
\
\\\
4 ) \ @N—H
N
H [

2 1t electrons

(b) Pyrrole

2 1 electrons _— 2 melectrons
\ i
\

\
_— These electrons are

— involved in the
f \ 0 ) not invo
/ .. \ Q T system
Q /

2 1 electrons

(¢) Furan
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PROBLEM 11.21 Imidazole is a much stronger base than pyrrole. Predict which
nitrogen is protonated when imidazole reacts with an acid, and write a structural

formula for the species formed.
N
L)
N
I

H

Imidazole

The oxygen in furan has two unshared electron pairs (Figure 11.15¢). One pair is like
the pair in pyrrole, occupying a p orbital and contributing two electrons to complete the
six-mr-electron requirement for aromatic stabilization. The other electron pair in furan is
an “extra” pair, not needed to satisfy the 4n + 2 rule for aromaticity, and occupies an
sp>-hybridized orbital like the unshared pair in pyridine.

The bonding in thiophene is similar to that of furan.

11.23 SUMMARY

Section 11.1 Benzene is the parent of a class of hydrocarbons called arenes, or aro-
matic hydrocarbons.

Section 11.2  An important property of aromatic hydrocarbons is that they are much
more stable and less reactive than other unsaturated compounds. Ben-
zene, for example, does not react with many of the reagents that react
rapidly with alkenes. When reaction does take place, substitution rather
than addition is observed. The Kekulé formulas for benzene seem incon-
sistent with its low reactivity and with the fact that all of the C—C bonds
in benzene are the same length (140 pm).

Section 11.3  One explanation for the structure and stability of benzene and other
arenes is based on resonance, according to which benzene is regarded as
a hybrid of the two Kekulé structures.

Section 11.4 The extent to which benzene is more stable than either of the Kekulé
structures is its resonance energy, which is estimated to be 125-150
kJ/mol (30-36 kcal/mol) from heats of hydrogenation data.

Section 11.5 According to the orbital hybridization model, benzene has six m elec-
trons, which are shared by all six sp®-hybridized carbons. Regions of high
w electron density are located above and below the plane of the ring.
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The article “A History of the
Structural Theory of
Benzene—The Aromatic Sex-
tet and Huckel’s Rule” in the
February 1997 issue of the
Journal of Chemical Educa-
tion (pp. 194-201) is a rich
source of additional informa-
tion about this topic.
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Section 11.6

Section 11.7

Section 11.8

Section 11.9
Section 11.10

Section 11.11

Sections
11.12-11.13

Section 11.14

Arenes and Aromaticity

A molecular orbital description of benzene has three 7 orbitals that are
bonding and three that are antibonding. Each of the bonding orbitals is fully
occupied (two electrons each), and the antibonding orbitals are vacant.

Many aromatic compounds are simply substituted derivatives of benzene
and are named accordingly. Many others have names based on some other
parent aromatic compound.

C(CH;); Cl OH
©\ H3C CH;
CH;
tert-Butylbenzene m-Chlorotoluene 2,6-Dimethylphenol

Polycyclic aromatic hydrocarbons, of which anthracene is an example,
contain two or more benzene rings fused together.

Anthracene

The physical properties of arenes resemble those of other hydrocarbons.

Chemical reactions of arenes can take place on the ring itself, or on a
side chain. Reactions that take place on the side chain are strongly influ-
enced by the stability of benzylic radicals and benzylic carbocations.

c/ ct
N N

Benzylic free radical Benzylic carbocation

An example of a reaction in which the ring itself reacts is the Birch
reduction. The ring of an arene is reduced to a nonconjugated diene by
treatment with a Group I metal (usually sodium) in liquid ammonia in
the presence of an alcohol.

CH; CH;
©: Na, NH; @:
[ ——
CH;0H
CH, CH,

o0-Xylene 1,2-Dimethyl-1,4-
cyclohexadiene (92%)

Free-radical halogenation and oxidation involve reactions at the benzylic
carbon. See Table 11.2.

Benzylic carbocations are intermediates in Sy1 reactions of benzylic
halides and are stabilized by electron delocalization.

/ /
Cir\ > C\ > and so on
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1A= R EPE Reactions Involving Alkyl and Alkenyl Side Chains in Arenes and Arene Derivatives

Reaction (section) and comments General equation and specific example
Halogenation (Section 11.12) Free-radical NBS

halogenation of alkylbenzenes is highly ArCHR, benzoyl peroxide ArCle
selective for substitution at the benzylic CCly, 80°C Br
position. In the example shown, elemental

bromine was used. Alternatively, Arene 1-Arylalkyl bromide

N-bromosuccinimide is a convenient reagent

for benzylic bromination. Bro
O3N CH,CH; —— <y O>N CHCH;
I|ght |

Br
p-Ethylnitrobenzene 1-(p-Nitrophenyl)ethyl bromide (77 %)
Oxidation (Section 11.13) Oxidation of oxidize
alkylbenzenes occurs at the benzylic posi- ArCHR, ArCOH
tion of the alkyl group and gives a benzoic Arene Arenecarboxylic acid
acid derivative. Oxidizing agents include CO.H
sodium or potassium dichromate in aque- 2
ous sulfuric acid. Potassium permanganate
(KMnOQ,) is also an effective oxidant. NapCra07
H2504
H>0
2,4,6-Trinitrotoluene 2,4,6-Trinitrobenzoic acid
(57-69%)
. . Pt
Hydrogenation (Section 11.16) Hydrogena- ArCH=CR, + H, —> ArCH,CHR,
tion of aromatic rings is somewhat slower Alkenviarene  Hvdroaen Alkvlarene
than hydrogenation of alkenes, and it is a y yareg v
simple matter to reduce the double bond of  Br Br
an unsaturated side chain in an arene while
. N H
leaving the ring intact. CH—CHCH; Ptz > CH,CH,CH5
1-(m-Bromophenyl)propene m-Bromopropylbenzene (85%)
d+E__yd
Electrophilic addition (Section 11.16) An ArCH=CH, — ArCH—CH,E
aryl group stabilizes a benzylic carbocation |
and controls the regioselectivity of addition Y
to a double bond involving the benzylic car-  ajkenylarene Product of electrophilic addition
bon. Markovnikov’s rule is obeyed.
HB
@CH=CH2 = @—clHCHa
Br
Styrene 1-Phenylethyl bromide (85%)

Section 11.15 The simplest alkenylbenzene is styrene (C¢HsCH=CH,). An aryl group
stabilizes a double bond to which it is attached. Alkenylbenzenes are usu-
ally prepared by dehydration of benzylic alcohols or dehydrohalogena-
tion of benzylic halides.
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Section 11.16

Section 11.17

Section 11.18

Section 11.19

Section 11.20

Section 11.21

Arenes and Aromaticity

heat

1-Phenylcyclohexanol 1-Phenylcyclohexene (83%)

Addition reactions to alkenylbenzenes occur at the double bond of the
alkenyl substituent, and the regioselectivity of electrophilic addition is
governed by carbocation formation at the benzylic carbon. See Table
11.2.

Polystyrene is a widely used vinyl polymer prepared by the free-radical
polymerization of styrene.

Polystyrene

Although cyclic conjugation is a necessary requirement for aromaticity,
this alone is not sufficient. If it were, cyclobutadiene and cyclooctate-
traene would be aromatic. They are not.

1O O

Cyclobutadiene Benzene Cyclooctatetraene
(not aromatic) (aromatic) (not aromatic)

An additional requirement for aromaticity is that the number of w elec-
trons in conjugated, planar, monocyclic species must be equal to 4n +
2, where n is an integer. This is called Hiickel’s rule. Benzene, with six
w electrons, satisfies Hiickel’s rule for n = 1. Cyclobutadiene (four
electrons) and cyclooctatetraene (eight  electrons) do not. Planar, mono-
cyclic, completely conjugated polyenes are called annulenes.

Species with six m electrons that possess “special stability” include cer-
tain ions, such as cyclopentadienide anion and cycloheptatrienyl cation.

H H
H H
H H
H H
H H H o
Cyclopentadienide anion Cycloheptatrienyl cation
(six 1 electrons) (six 1 electrons)

Heterocyclic aromatic compounds are compounds that contain at least
one atom other than carbon within an aromatic ring.



Problems

[
SN CH;
Nicotine

Section 11.22 Hiickel’s rule can be extended to heterocyclic aromatic compounds.
Unshared electron pairs of the heteroatom may be used as  electrons as
necessary to satisfy the 4n + 2 rule.

PROBLEMS

11.22 Write structural formulas and give the [UPAC names for all the isomers of CcHsC4Hog that
contain a monosubstituted benzene ring.

11.23 Write a structural formula corresponding to each of the following:

(a) Allylbenzene (g) 2-Nitrobenzenecarboxylic acid
(b) (E)-1-Phenyl-1-butene (h) p-Diisopropylbenzene

(¢) (Z)-2-Phenyl-2-butene (i) 2,4,6-Tribromoaniline

(d) (R)-1-Phenylethanol (j) m-Nitroacetophenone

(e) o-Chlorobenzyl alcohol (k) 4-Bromo-3-ethylstyrene

(f) p-Chlorophenol

11.24 Using numerical locants and the names in Table 11.1 as a guide, give an acceptable IUPAC
name for each of the following compounds:

(a) Estragole (principal (b) Diosphenol (used in (c) m-Xylidine (used in
component of wormwood veterinary medicine synthesis of lidocaine,
oil) to control parasites a local anesthetic)

in animals)

OCH, OH NH,

CH2CH = CH2 N02

11.25 Write structural formulas and give acceptable names for all the isomeric

(a) Nitrotoluenes (d) Tetrafluorobenzenes
(b) Dichlorobenzoic acids (e) Naphthalenecarboxylic acids
(c) Tribromophenols (f) Bromoanthracenes

11.26 Mesitylene (1,3,5-trimethylbenzene) is the most stable of the trimethylbenzene isomers. Can
you think of a reason why? Which isomer do you think is the least stable? Make a molecular
model of each isomer and compare their calculated strain energies with your predictions. Do space-
filling models support your explanation?

11.27 Which one of the dichlorobenzene isomers does not have a dipole moment? Which one has
the largest dipole moment? Compare your answers with the dipole moments calculated using the
molecular-modeling software in Learning By Modeling.

o

Rl

@
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11.28 Identify the longest and the shortest carbon—carbon bonds in styrene. Make reasonable esti-
mates of their bond distances and compare them to the distances in a molecular model.

&

11.29 The resonance form shown is not the most stable one for the compound indicated. Write

the most stable resonance form.

g'e

11.30 Each of the following may be represented by at least one alternative resonance structure in
which all the six-membered rings correspond to Kekulé forms of benzene. Write such a resonance
form for each.

"L -ory
() OE 6

11.31 Give the structure of the expected product from the reaction of isopropylbenzene with

The common name of iso-
propylbenzene is cumene. (a) Hydrogen (3 mol), Pt

(b) Sodium and ethanol in liquid ammonia
(¢) Sodium dichromate, water, sulfuric acid, heat
(d) N-Bromosuccinimide in CCly, heat, benzoyl peroxide

(e) The product of part (d) treated with sodium ethoxide in ethanol

11.32 Each of the following reactions has been described in the chemical literature and gives a
single organic product in good yield. Identify the product of each reaction.

1. B,Hg, diglyme
w
2. H,0,, HO

(b) O‘ + H, (1 mol) ——>
excess Cl,
(C) (C6H5)2CHOCH3 m} C20H14C]4

4 (B)-CH.CH—CHC.H CH;CO,0OH
()( )' 6115 - 6555 acetic acid
OH
H,SO,

(e) H;C

acetic acid



Problems

(CH,),COH

KHSO,
—— > CpHy,

heat

(CH;),COH

NaOCHj;
(@) (CIO)ZCHCCI3 —<ion> CiaHsCly

(DDT)

CH,

N-bromosuccinimide
(h) _—
CCl,, heat CiHoBr
. K,CO;,
(i) NC CH,Cl ——> CgH,NO
water

11.33 A certain compound A, when treated with N-bromosuccinimide and benzoyl peroxide under
photochemical conditions in refluxing carbon tetrachloride, gave 3,4,5-tribromobenzyl bromide in
excellent yield. Deduce the structure of compound A.

11.34 A compound was obtained from a natural product and had the molecular formula C;4H,,0s.
It contained three methoxy (—OCHj;) groups and a —CH,CH=C(CHs;), substituent. Oxidation
with either chromic acid or potassium permanganate gave 2,3,5-trimethoxybenzoic acid. What is
the structure of the compound?

11.35 Hydroboration—oxidation of (E')-2-( p-anisyl)-2-butene yielded an alcohol A, mp 60°C, in
72% yield. When the same reaction was performed on the Z alkene, an isomeric liquid alcohol B
was obtained in 77% yield. Suggest reasonable structures for A and B, and describe the relation-

ship between them.
CH;0
\@\ 2-(p-Anisyl)-2-butene
C=CHCH;
/

H,C

11.36 Dehydrohalogenation of the diastereomeric forms of 1-chloro-1,2-diphenylpropane is stereo-
specific. One diastereomer yields (E)-1,2-diphenylpropene, and the other yields the Z isomer.
Which diastereomer yields which alkene? Why?

CeHs
C6H5CHCHC6H5 /C = CHC6H5
H,C Cl H,C
1-Chloro-1,2-diphenylpropane 1,2-Diphenylpropene

11.37 Suggest reagents suitable for carrying out each of the following conversions. In most cases
more than one synthetic operation will be necessary.

(a) C6H5CH2CH3 — C6H5C|HCH3 (b) C6H5(|:HCH3 — C6H5(|:HCH2BI'
Br Br Br
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(¢) C¢HsCH=CH, — C¢HsC=CH
(d) C6H5CECH I C6H5CH2CH2CH2CH3

(e) C6H5CH2CH20H —_— C6H5CH2CH2CECH
(f) C6H5CH2CH2Br — C6H5(|:HCH2BI
OH

11.38 The relative rates of reaction of ethane, toluene, and ethylbenzene with bromine atoms have
been measured. The most reactive hydrocarbon undergoes hydrogen atom abstraction a million times
faster than does the least reactive one. Arrange these hydrocarbons in order of decreasing reactivity.

11.39 Write the principal resonance structures of o-methylbenzyl cation and m-methylbenzyl
cation. Which one has a tertiary carbocation as a contributing resonance form?

11.40 The same anion is formed by loss of the most acidic proton from 1-methyl-1,3-cyclopenta-
diene as from 5-methyl-1,3-cyclopentadiene. Explain.

11.41 There are two different tetramethyl derivatives of cyclooctatetraene that have methyl groups
on four adjacent carbon atoms. They are both completely conjugated and are not stereoisomers.
Write their structures.

11.42 Evaluate each of the following processes applied to cyclooctatetraene, and decide whether
the species formed is aromatic or not.

(a) Addition of one more  electron, to give CgHg
(b) Addition of two more 1 electrons, to give C8H827
(c) Removal of one T electron, to give CgHg™

(d) Removal of two 1 electrons, to give Cgng+

11.43 Evaluate each of the following processes applied to cyclononatetraene, and decide whether
the species formed is aromatic or not:

(a) Addition of one more  electron, to give CoH;q
(b) Addition of two more T electrons, to give Cgsz_
(c) Loss of H' from the sp>-hybridized carbon

Cyclononatetraene 4 5 .
(d) Loss of H" from one of the sp~-hybridized carbons

11.44 From among the molecules and ions shown, all of which are based on cycloundecapentaene,
identify those which satisfy the criteria for aromaticity as prescribed by Hiickel’s rule.

(a) Cycloundecapentaene (c) Cycloundecapentaenyl cation

7

(b) Cycloundecapentaenyl radical (d) Cycloundecapentaenide anion

7

S8
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@FIGURE 11.16 Elec-

trostatic potential map of
calicene (problem 11.45).

11.45 (a) Figure 11.16 is an electrostatic potential map of calicene, so named because its shape
resembles a chalice (calix is the Latin word for “cup”). Both the electrostatic potential
map and its calculated dipole moment (n = 4.3 D) indicate that calicene is an unusu-
ally polar hydrocarbon. Which of the dipolar resonance forms, A or B, better corresponds
to the electron distribution in the molecule? Why is this resonance form more important

1L
B B

Calicene A

(b) Which one of the following should be stabilized by resonance to a greater extent? (Hint:
Consider the reasonableness of dipolar resonance forms.)

?-G

C D

11.46 Classify each of the following heterocyclic molecules as aromatic or not, according to
Hiickel’s rule:

H

. B ..
HNT ONH
© | |
HB\N/BH

H

(b) — :NH () E j
N 0
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11.47 Pellagra is a disease caused by a deficiency of niacin (C¢HsNO,) in the diet. Niacin can be
synthesized in the laboratory by the side-chain oxidation of 3-methylpyridine with chromic acid
or potassium permanganate. Suggest a reasonable structure for niacin.

11.48 Nitroxoline is the generic name by which 5-nitro-8-hydroxyquinoline is sold as an antibac-
terial drug. Write its structural formula.

11.49 Acridine is a heterocyclic aromatic compound obtained from coal tar that is used in the syn-
thesis of dyes. The molecular formula of acridine is C;3HgN, and its ring system is analogous to
that of anthracene except that one CH group has been replaced by N. The two most stable reso-
nance structures of acridine are equivalent to each other, and both contain a pyridine-like struc-
tural unit. Write a structural formula for acridine.

11.50 Make molecular models of the two chair conformations of cis-1-tert-butyl-4-phenylcyclo-
hexane. What is the strain energy calculated for each conformation by molecular mechanics?
Which has a greater preference for the equatorial orientation, phenyl or ferz-butyl?
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CHAPTER 12

REACTIONS OF ARENES:
ELECTROPHILIC AROMATIC SUBSTITUTION

tions in which an aromatic ring was present as a substituent. In the present chapter we
move from considering the aromatic ring as a substituent to studying it as a functional
group. What kind of reactions are available to benzene and its derivatives? What sort of
reagents react with arenes, and what products are formed in those reactions?
Characteristically, the reagents that react with the aromatic ring of benzene and its
derivatives are electrophiles. We already have some experience with electrophilic
reagents, particularly with respect to how they react with alkenes. Electrophilic reagents
add to alkenes.

I n the preceding chapter the special stability of benzene was described, along with reac-

AN / 5+ o— | |
cC=C + E—Y — E—C—C—Y
/ AN

Alkene Electrophilic Product of
reagent electrophilic addition

A different reaction takes place when electrophiles react with arenes. Substitution is
observed instead of addition. If we represent an arene by the general formula ArH, where
Ar stands for an aryl group, the electrophilic portion of the reagent replaces one of the
hydrogens on the ring:

5+ -
Ar—H + E—Y — Ar—E + H—Y
Arene Electrophilic Product of

reagent electrophilic aromatic

substitution
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We call this reaction electrophilic aromatic substitution; it is one of the fundamental
processes of organic chemistry.

12.1 REPRESENTATIVE ELECTROPHILIC AROMATIC SUBSTITUTION
REACTIONS OF BENZENE

The scope of electrophilic aromatic substitution is quite large; both the arene and the
electrophilic reagent are capable of wide variation. Indeed, it is this breadth of scope that
makes electrophilic aromatic substitution so important. Electrophilic aromatic substitu-
tion is the method by which substituted derivatives of benzene are prepared. We can gain
a feeling for these reactions by examining a few typical examples in which benzene is
the substrate. These examples are listed in Table 12.1, and each will be discussed in more
detail in Sections 12.3 through 12.7. First, however, let us look at the general mecha-
nism of electrophilic aromatic substitution.

12.2 MECHANISTIC PRINCIPLES OF ELECTROPHILIC AROMATIC
SUBSTITUTION

Recall from Chapter 6 the general mechanism for electrophilic addition to alkenes:

|
;.\—E/>_C\=C

/ slow 7 _
~ E—C—CF +:Y
N |

5— ¥+ AN
Alkene and electrophile Carbocation
| ST _ fast | |
E—C—C*r + Y —> E—C—C—Y
D |
Carbocation Nucleophile Product of electrophilic
addition

The first step is rate-determining. It is the sharing of the pair of m electrons of the alkene
with the electrophile to form a carbocation. Following its formation, the carbocation
undergoes rapid capture by some Lewis base present in the medium.

The first step in the reaction of electrophilic reagents with benzene is similar. An
electrophile accepts an electron pair from the 7 system of benzene to form a carbocation:

H 575% H
©/\/ slow E +:Y
Benzene and electrophile Carbocation

This particular carbocation is a resonance-stabilized one of the allylic type. It is a cyclo-
hexadienyl cation (often referred to as an arenium ion).

o e Ny

Resonance forms of a cyclohexadienyl cation
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1-:{H= AV Representative Electrophilic Aromatic Substitution Reactions of Benzene
Reaction and comments Equation
1. Nitration Warming benzene with a mix- H NO,
ture of nitric acid and sulfuric acid gives H»50,
—

nitrobenzene. A nitro group (—NO,) ©/ + HNO, 30-40°C ©/ + H0
replaces one of the ring hydrogens.

Benzene Nitric acid Nitrobenzene (95%) Water
2. Sulfonation Treatment of benzene with H SO,OH

L i heat
hot concen_tratgd sulfuric a_C|d gives ben + HOSO,OH eat + H,0
zenesulfonic acid. A sulfonic acid group
(—SO0,0H) replaces one of the ring hydro-
gens. Benzene Sulfuric acid Benzenesulfonic acid Water
(100%)
3. Halogenation Bromine reacts with ben- H Br
. ) h =
zene in the presence of iron(lll) bromld(_e as + B eBr; o HBr
a catalyst to give bromobenzene. Chlorine
reacts similarly in the presence of iron(lll)
chloride to give chlorobenzene. Benzene Bromine Bromobenzene Hydrogen
(65-75%) bromide
4. Friedel-Crafts alkylation Alkyl halides H C(CH3)3
react with benzene in the presence of alu- AlCl;
—>

minum chloride to yield alkylbenzenes. ©/ * (il 0°C ©/ + Hd

Benzene tert-Butyl chloride tert-Butylbenzene Hydrogen

(60%) chloride

5. Friedel-Crafts acylation An analogous
reaction occurs when acyl halides react I
with benzene in the presence of alumi- H I CCH,CH3
num chloride. The products are acylben- 4+ CH-CH.CCl 2y +  Ha
zenes. 3 RUAC

Benzene Propanoyl 1-Phenyl-1- Hydrogen

chloride propanone chloride
(88%)

PROBLEM 12.1 In the simplest molecular orbital treatment of conjugated sys-
tems, it is assumed that the m system does not interact with the framework of o
bonds. When this MO method was used to calculate the charge distribution in
cyclohexadienyl cation, it gave the results indicated. How does the charge at each
carbon compare with that deduced by examining the most stable resonance struc-
tures for cyclohexadienyl cation?

Most of the resonance stabilization of benzene is lost when it is converted to the
cyclohexadienyl cation intermediate. In spite of being allylic, a cyclohexadienyl cation

@A model showing the

electrostatic potential of this
carbocation can be viewed on
Learning By Modeling.
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FIGURE 12.1 Energy
changes associated with the
two steps of electrophilic
aromatic substitution.

CHAPTER TWELVE  Reactions of Arenes: Electrophilic Aromatic Substitution

is not aromatic and possesses only a fraction of the resonance stabilization of benzene.
Once formed, it rapidly loses a proton, restoring the aromaticity of the ring and giving
the product of electrophilic aromatic substitution.

E
fast + H—Y
E H
D 2R _ Observed product of electrophilic
H +:Y aromatic substitution
H H
Cyclohexadienyl E
cation %%’ %
H

Not observed—not aromatic

If the Lewis base (:Y ) had acted as a nucleophile and added to carbon, the prod-
uct would have been a nonaromatic cyclohexadiene derivative. Addition and substitution
products arise by alternative reaction paths of a cyclohexadienyl cation. Substitution
occurs preferentially because there is a substantial driving force favoring rearomatization.

Figure 12.1 is a potential energy diagram describing the general mechanism of
electrophilic aromatic substitution. In order for electrophilic aromatic substitution reac-
tions to overcome the high activation energy that characterizes the first step, the elec-
trophile must be a fairly reactive one. Many electrophilic reagents that react rapidly with
alkenes do not react at all with benzene. Peroxy acids and diborane, for example, fall
into this category. Others, such as bromine, react with benzene only in the presence of
catalysts that increase their electrophilicity. The low level of reactivity of benzene toward

Energy —

Reaction coordinate ——
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electrophiles stems from the substantial loss of resonance stabilization that accompanies
transfer of a pair of its six  electrons to an electrophile.

With this as background, let us now examine each of the electrophilic aromatic
substitution reactions presented in Table 12.1 in more detail, especially with respect to
the electrophile that attacks benzene.

12.3 NITRATION OF BENZENE

Now that we’ve outlined the general mechanism for electrophilic aromatic substitution,
we need only identify the specific electrophile in the nitration of benzene (see Table 12.1)
to have a fairly clear idea of how the reaction occurs. Figure 12.2 shows the application
of those general principles to the reaction:

H NO,
H,SO,
+ HONO, T + H,O
Benzene Nitric acid Nitrobenzene (95%) Water

The electrophile (E™) that reacts with benzene is nitronium ion (*NO,). The concentra-
tion of nitronium ion in nitric acid alone is too low to nitrate benzene at a convenient
rate, but can be increased by adding sulfuric acid.

O:
. 7 + N _
HQ—+N\ + 2HOSO,0H =——=:0=N=0: + H;0 + 2HOSO,0
0:
Nitric acid Sulfuric acid Nitronium ion Hydronium Hydrogen

ion sulfate ion

Step 1: Attack of nitronium cation on the 7 system of the aromatic ring

HOK
|| -
H N” N e
" slow O °
02 H
Benzene and nitronium ion Cyclohexadienyl

cation intermediate

Step 2: Loss of a proton from the cyclohexadienyl cation

10: :0:
L I
N H NS .- H
Q : . / fast o~ O : /
H H
Cyclohexadienyl Water Nitrobenzene Hydronium

cation intermediate ion

447

The role of nitronium ion in
the nitration of benzene was
demonstrated by Sir Christo-
pher Ingold-the same person
who suggested the Sy1 and
Sn2 mechanisms of nucle-
ophilic substitution and who
collaborated with Cahn and
Prelog on the R and S nota-
tional system.

@FIGURE 12.2 The me-

chanism of the nitration of
benzene. An electrostatic po-
tential map of nitronium ion
can be viewed on Learning
By Modeling.
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Nitration of the ring is not limited to benzene alone, but is a general reaction of
compounds that contain a benzene ring. It would be a good idea to write out the answer
to the following problem to ensure that you understand the relationship of starting mate-
rials to products in aromatic nitration before continuing to the next section.

PROBLEM 12.2 Nitration of 1,4-dimethylbenzene (p-xylene) gives a single prod-
uct having the molecular formula CgHgNO, in high yield. What is this product?

12.4 SULFONATION OF BENZENE

The reaction of benzene with sulfuric acid to produce benzenesulfonic acid,

H S0,0H

heat

+ HOSO,0H —— + H,0

Benzene Sulfuric acid Benzenesulfonic acid Water

is reversible but can be driven to completion by several techniques. Removing the water
formed in the reaction, for example, allows benzenesulfonic acid to be obtained in vir-
tually quantitative yield. When a solution of sulfur trioxide in sulfuric acid is used as
the sulfonating agent, the rate of sulfonation is much faster and the equilibrium is dis-
placed entirely to the side of products, according to the equation

SO,0H
H,SO
+ SO3 7—J>
Benzene Sulfur Benzenesulfonic acid
trioxide

Among the variety of electrophilic species present in concentrated sulfuric acid,
sulfur trioxide is probably the actual electrophile in aromatic sulfonation. We can repre-
sent the mechanism of sulfonation of benzene by sulfur trioxide by the sequence of steps
shown in Figure 12.3.

PROBLEM 12.3 On being heated with sulfur trioxide in sulfuric acid, 1,2,4,5-
tetramethylbenzene was converted to a product of molecular formula C;oH;403S
in 94% yield. Suggest a reasonable structure for this product.

12.5 HALOGENATION OF BENZENE

According to the usual procedure for preparing bromobenzene, bromine is added to ben-
zene in the presence of metallic iron (customarily a few carpet tacks) and the reaction
mixture is heated.

H Br

Fe

+ Br, —> + HBr

heat

Benzene Bromine Bromobenzene Hydrogen
(65-75%) bromide
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Step 1: Sulfur trioxide attacks benzene in the rate-determining step

:0: O
:0: N+
Nz ¥ 1 S
H \ S=O slow \
/ oo ~ . 07
. 07 H =
Benzene and sulfur trioxide Cyclohexadienyl cation intermediate

Step 2: A proton is lost from the sp® hybridized carbon of the intermediate to restore
the aromaticity of the ring. The species shown that abstracts the proton is a
hydrogen sulfate ion formed by ionization of sulfuric acid.

HOR O HOE O
N+ N/
S fast
\}O' — N 0. 1 HOSO0H
JH "~ _~0S0,0H o
Cyclohexadienyl Hydrogen Benzenesulfonate ion Sulfuric acid
cation intermediate sulfate ion

Step 3: A rapid proton transfer from the oxygen of sulfuric acid to the oxygen of
benzenesulfonate completes the process.

O\ : /O H—OSO,0H 1, OXJr/OiH
$ — § + ~0S0,0H
N AN
QL :0:
Benzenesulfonate Sulfuric acid Benzenesulfonic acid Hydrogen
ion sulfate ion

Bromine, although it adds rapidly to alkenes, is too weak an electrophile to react
at an appreciable rate with benzene. A catalyst that increases the electrophilic properties
of bromine must be present. Somehow carpet tacks can do this. How?

The active catalyst is not iron itself but iron(Ill) bromide, formed by reaction of
iron and bromine.

2Fe + 3Br, — 2FeBr;

Iron Bromine Iron(III) bromide

Iron(IIT) bromide is a weak Lewis acid. It combines with bromine to form a Lewis acid-
Lewis base complex.

. Ty o Ed  _
‘Br—Br: + FeBr; —— :Br—Br—FeBr;

Lewis base Lewis acid Lewis acid-Lewis base
complex

449

@FIGURE 12.3 The me-

chanism of sulfonation of
benzene. An electrostatic po-
tential map of sulfur trioxide
can be viewed on Learning
By Modeling.

Iron(Ill) bromide (FeBrs) is
also called ferric bromide.
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Complexation of bromine with iron(IIl) bromide makes bromine more elec-
trophilic, and it attacks benzene to give a cyclohexadienyl intermediate as shown in step
1 of the mechanism depicted in Figure 12.4. In step 2, as in nitration and sulfonation,
loss of a proton from the cyclohexadienyl cation is rapid and gives the product of elec-
trophilic aromatic substitution.

Only small quantities of iron(III) bromide are required. It is a catalyst for the
bromination and, as Figure 12.4 indicates, is regenerated in the course of the reaction.
We’ll see later in this chapter that some aromatic substrates are much more reactive than
benzene and react rapidly with bromine even in the absence of a catalyst.

Chlorination is carried out in a manner similar to bromination and provides a ready
route to chlorobenzene and related aryl chlorides. Fluorination and iodination of benzene
and other arenes are rarely performed. Fluorine is so reactive that its reaction with benzene
is difficult to control. Iodination is very slow and has an unfavorable equilibrium constant.
Syntheses of aryl fluorides and aryl iodides are normally carried out by way of functional
group transformations of arylamines; these reactions will be described in Chapter 22.

12.6 FRIEDEL-CRAFTS ALKYLATION OF BENZENE

Alkyl halides react with benzene in the presence of aluminum chloride to yield alkyl-

benzenes.
H C(CHs);
AICly
Benzene tert-Butyl chloride tert-Butylbenzene Hydrogen
(60%) chloride

Step 1: The bromine—iron(IIl) bromide complex is the active electrophile that attacks benzene.

Step 2: Loss of a proton from the cyclohexadienyl cation yields bromobenzene.

Two of the & electrons of benzene are used to form a bond to bromine and give a cyclohexadienyl
cation intermediate.

. . _ B] :
H :BrQBr—FeBr3 £
. ¥ slow .. _
H + :Br—FeBr;
Benzene and bromine—iron(I1I) Cyclohexadienyl Tetrabromoferrate
bromide complex cation intermediate ion

Br: .
. _ Br:
L HL/—\:BI'—FGBI'3 fast h 5.
1y, 5 + H—Br: + FeBr;
Cyclohexadienyl Tetrabromoferrate Bromobenzene Hydrogen Iron(11T)
cation intermediate ion bromide bromide

FIGURE 12.4 The mechanism of bromination of benzene.
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Alkylation of benzene with alkyl halides in the presence of aluminum chloride was dis-
covered by Charles Friedel and James M. Crafts in 1877. Crafts, who later became pres-
ident of the Massachusetts Institute of Technology, collaborated with Friedel at the Sor-
bonne in Paris, and together they developed what we now call the Friedel-Crafts
reaction into one of the most useful synthetic methods in organic chemistry.

Alkyl halides by themselves are insufficiently electrophilic to react with ben-
zene. Aluminum chloride serves as a Lewis acid catalyst to enhance the elec-
trophilicity of the alkylating agent. With tertiary and secondary alkyl halides, the addi-
tion of aluminum chloride leads to the formation of carbocations, which then attack
the aromatic ring.

e o/ + —
tert-Butyl chloride Aluminum Lewis acid-Lewis base
chloride complex
A & _ _
(CH3);C—CI—AICl; —— (CH5);C" + AlCl,
tert-Butyl chloride— tert-Butyl Tetrachloroaluminate
aluminum chloride complex cation anion

Figure 12.5 illustrates attack on the benzene ring by terz-butyl cation (step 1) and
subsequent formation of fert-butylbenzene by loss of a proton from the cyclohexadienyl
cation intermediate (step 2).

Secondary alkyl halides react by a similar mechanism involving attack on benzene
by a secondary carbocation. Methyl and ethyl halides do not form carbocations when
treated with aluminum chloride, but do alkylate benzene under Friedel-Crafts conditions.

Step 1: Once generated by the reation of ferz-butyl chloride and aluminum chloride, tert-butyl cation attacks
the 7 electrons of benzene, and a carbon-carbon bond is formed.

CH, CH,
N C(CHs)s

Cyclohexadienyl

Benzene and fert-butyl cation I ;
cation intermediate

Step 2: Loss of a proton from the cyclohexadienyl cation intermediate yields tert-butylbenzene.

C(CHz)3
2 C(CHa);
: —_ fast
Pu +  Cl—AICl, + HCl +  AICl
Cyclohexadienyl Tetrachloroaluminate tert-Butylbenzene Hydro.gen Alumipum
cation intermediate ion chloride chloride

@FIGURE 12.5 The mechanism of Friedel-Crafts alkylation. An electrostatic potential map of tert-butyl cation can be viewed
on Learning By Modeling.
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Other limitations to
Friedel-Crafts reactions will
be encountered in this chap-
ter and are summarized in
Table 12.4.
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The aluminum chloride complexes of methyl and ethyl halides contain highly polarized
carbon-halogen bonds, and these complexes are the electrophilic species that react with
benzene.

+ +

CH;—X—AIX; CH;CH,—X—AIXj;

Methyl halide—aluminum Ethyl halide—aluminum
halide complex halide complex

One drawback to Friedel-Crafts alkylation is that rearrangements can occur, espe-
cially when primary alkyl halides are used. For example, Friedel-Crafts alkylation of
benzene with isobutyl chloride (a primary alkyl halide) yields only fert-butylbenzene.

H C(CH3);
AICI,
+ (CH3),CHCH,C1 o + HCl
Benzene Isobutyl chloride tert-Butylbenzene Hydrogen
(66%) chloride

Here, the electrophile is fert-butyl cation formed by a hydride migration that accompa-
nies ionization of the carbon—chlorine bond.

H H
|/\' I B — + | _
CH —$ CH,—CI—AICl; —> CH3—(|3—CH2 + AlCl,
CH; CH;
Isobutyl chloride— tert-Butyl cation Tetrachloroaluminate
aluminum chloride complex ion

PROBLEM 12.4 In an attempt to prepare propylbenzene, a chemist alkylated
benzene with 1-chloropropane and aluminum chloride. However, two isomeric
hydrocarbons were obtained in a ratio of 2:1, the desired propylbenzene being
the minor component. What do you think was the major product? How did it
arise?

Since electrophilic attack on benzene is simply another reaction available to a car-

bocation, other carbocation precursors can be used in place of alkyl halides. For exam-
ple, alkenes, which are converted to carbocations by protonation, can be used to alky-

late benzene.
© @ - S(h ©_<:>

Benzene Cyclohexene Cyclohexylbenzene (65—-68%)

PROBLEM 12.5 Write a reasonable mechanism for the formation of cyclohexyl-
benzene from the reaction of benzene, cyclohexene, and sulfuric acid.

Alkenyl halides such as vinyl chloride (CH,=CHCI) do not form carbocations on
treatment with aluminum chloride and so cannot be used in Friedel-Crafts reactions.
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Thus, the industrial preparation of styrene from benzene and ethylene does not involve
vinyl chloride but proceeds by way of ethylbenzene.

HCl, AICI; 630°C
@ + CH,—CH, — 2%, @—cmem s QCH=CH2

Benzene Ethylene Ethylbenzene Styrene

Dehydrogenation of alkylbenzenes, although useful in the industrial preparation of
styrene, is not a general procedure and is not well suited to the laboratory preparation
of alkenylbenzenes. In such cases an alkylbenzene is subjected to benzylic bromination
(Section 11.12), and the resulting benzylic bromide is treated with base to effect dehy-
drohalogenation.

PROBLEM 12.6 Outline a synthesis of 1-phenylcyclohexene from benzene and
cyclohexene.

12.7 FRIEDEL-CRAFTS ACYLATION OF BENZENE

Another version of the Friedel-Crafts reaction uses acyl halides instead of alkyl halides

An acyl group has the gen-

and yields acylbenzenes. eral formula
(0]
0) R(U_—
5 ]
H i CCH,CH;,
AICly
+ CH;CH,CCl ——i—7> + HCl
carbon disulfide
40°C
Benzene Propanoyl chloride 1-Phenyl-1-propanone (88%) Hydrogen
chloride

The electrophile in a Friedel-Crafts acylation reaction is an acyl cation (also
referred to as an acylium ion). Acyl cations are stabilized by resonance. The acyl cation
derived from propanoyl chloride is represented by the two resonance forms

+ ¢ . +
CH3CH2C=O P> CH3CH2CEO

Most stable resonance form;
oxygen and carbon have octets of electrons

Acyl cations form by coordination of an acyl chloride with aluminum chloride, followed
by cleavage of the carbon—chlorine bond.

:0: C)O:
” o ” /ﬂfr- — + _
CH;CH,C—Cl:"+ AICl; —> CH;CH,C=Cl—AICl; —> CH;CH,C=0: + AICl,

Propanoyl Aluminum Lewis acid-Lewis base Propanoyl Tetrachloro-
chloride chloride complex cation aluminate ion

The electrophilic site of an acyl cation is its acyl carbon. An electrostatic poten-
tial map of the acyl cation from propanoyl chloride (Figure 12.6) illustrates nicely the
concentration of positive charge at the acyl carbon. The mechanism of the reaction
between this cation and benzene is analogous to that of other electrophilic reagents (Fig-
ure 12.7).
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FIGURE 12.6 @

Electrostatic potential ' 3 v ‘

map of propanoyl cation

[(CHsCH,C=0)"]. The re- ‘ .
gion of greatest positive L .
charge (blue) is associated

with the carbon of the C=0

P

group.
PROBLEM 12.7 The reaction shown gives a single product in 88% yield. What
is that product?
OCHs5
I A,
OCH;
Acyl chlorides are readily available. They are prepared from carboxylic acids by
reaction with thionyl chloride.
I I
RCOH + SOCl, —> RC(I + SO, + HCl
FIGURE 12.7 The @ Carboxylic acid Thior}yl Acyl chloride Sulfur Hydro.gen
chloride dioxide chloride

mechanism of Friedel-Crafts
acylation.

Step 1: The acyl cation attacks benzene. A pair of 7 electrons of benzene is used to form a covalent bond to the
carbon of the acyl cation.

HOH
:0"
- domen
H ¢ oLH3
| slow
CH,CH; H
Benzene and propanoyl cation Cyclohexadienyl

cation intermediate

Step 2: Aromaticity of the ring is restored when it loses a proton to give the acylbenzene.
:?:

CCH,CH3; | ..
2 - COLCHs o g—é: + Alck

1—AICl; - -

ZH\/:Q

Cyclohexadienyl Tetrachloroaluminate 1-Phenyl-1-propanone Hydrogen Aluminum
cation intermediate ion chloride chloride
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Carboxylic acid anhydrides, compounds of the type RCOCR, can also serve as
sources of acyl cations and, in the presence of aluminum chloride, acylate benzene. One
acyl unit of an acid anhydride becomes attached to the benzene ring, while the other
becomes part of a carboxylic acid.

S i i
AICl,
Benzene Acetic anhydride Acetophenone (76—83%) Acetic acid

PROBLEM 12.8 Succinic anhydride, the structure of which is shown, is a cyclic
anhydride often used in Friedel-Crafts acylations. Give the structure of the prod-
uct obtained when benzene is acylated with succinic anhydride in the presence of
aluminum chloride.

(0]
O

0]

An important difference between Friedel-Crafts alkylations and acylations is that
acyl cations do not rearrange. The acyl group of the acyl chloride or acid anhydride is
transferred to the benzene ring unchanged. The reason for this is that an acyl cation is
so strongly stabilized by resonance that it is more stable than any ion that could con-
ceivably arise from it by a hydride or alkyl group shift.

O:
| N4 | Vi
—C—C=0: —C—C
[« N
R
More stable cation; Less stable cation; six
all atoms have octets electrons at carbon
of electrons

12.8 SYNTHESIS OF ALKYLBENZENES BY ACYLATION-REDUCTION

Because acylation of an aromatic ring can be accomplished without rearrangement, it is
frequently used as the first step in a procedure for the alkylation of aromatic compounds
by acylation—reduction. As we saw in Section 12.6, Friedel-Crafts alkylation of benzene
with primary alkyl halides normally yields products having rearranged alkyl groups as
substituents. When a compound of the type ArCH,R is desired, a two-step sequence is
used in which the first step is a Friedel-Crafts acylation.

0
|

| i
@ ilt((ll QCR reduction QCHZR

Benzene Acylbenzene Alkylbenzene

455

Acetophenone is one of the
commonly encountered ben-
zene derivatives listed in
Table 11.1.



456 CHAPTER TWELVE  Reactions of Arenes: Electrophilic Aromatic Substitution

The second step is a reduction of the carbonyl group (C=O0) to a methylene group
(CHy).

The most commonly used method for reducing an acylbenzene to an alkylbenzene
employs a zinc—mercury amalgam in concentrated hydrochloric acid and is called the
Clemmensen reduction.

The synthesis of butylbenzene illustrates the acylation—reduction sequence.

HCI

I e I e
@ + CH,;CH,CH,CCl ——> CCH,CH,CH; 2222 CH,CH,CH,CH;

Benzene Butanoyl chloride 1-Phenyl-1-butanone (86%) Butylbenzene (73%)

Direct alkylation of benzene using 1-chlorobutane and aluminum chloride would yield
sec-butylbenzene by rearrangement and so could not be used.

PROBLEM 12.9 Using benzene and any necessary organic or inorganic reagents,
suggest efficient syntheses of

(a) Isobutylbenzene, CgHsCH,CH(CHs),
(b) Neopentylbenzene, CgHsCH,C(CH3)s

SAMPLE SOLUTION (a) Friedel-Crafts alkylation of benzene with isobutyl chlo-
ride is not suitable, because it yields tert-butylbenzene by rearrangement.

. C(CH3)3
A
@ + (CH3),CHCH,Cl — O/

Benzene Isobutyl chloride tert-Butylbenzene (66 %)

The two-step acylation-reduction sequence is required. Acylation of benzene puts
the side chain on the ring with the correct carbon skeleton. Clemmensen reduc-
tion converts the carbonyl group to a methylene group.

i 1
ICl
@ + (CHy),CHCC 25 @CCH(CHQZ %Q—CHZCH(CHQZ

Benzene  2-Methylpropanoyl 2-Methyl-1-phenyl-1-propanone Isobutylbenzene (80%)
L chloride (84%)

Another way to reduce aldehyde and ketone carbonyl groups is by Wolff-Kishner
reduction. Heating an aldehyde or a ketone with hydrazine (H,NNH,) and sodium
or potassium hydroxide in a high-boiling alcohol such as triethylene glycol
(HOCH,CH,OCH,CH,OCH,CH,OH, bp 287°C) converts the carbonyl to a CH, group.

I
@—CCH2CH3 TR @CH2CH2CH3
elycol, 175°C

1-Phenyl-1-propanone Propylbenzene (82%)

Both the Clemmensen and the Wolff—Kishner reductions are designed to carry out a
specific functional group transformation, the reduction of an aldehyde or ketone carbonyl
to a methylene group. Neither one will reduce the carbonyl group of a carboxylic acid, nor
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are carbon—carbon double or triple bonds affected by these methods. We will not discuss
the mechanism of either the Clemmensen reduction or the Wolff—Kishner reduction, since
both involve chemistry that is beyond the scope of what we have covered to this point.

12.9 RATE AND REGIOSELECTIVITY IN ELECTROPHILIC AROMATIC
SUBSTITUTION

So far we’ve been concerned only with electrophilic substitution of benzene. Two impor-
tant questions arise when we turn to analogous substitutions on rings that already bear
at least one substituent:

1. What is the effect of a substituent on the rate of electrophilic aromatic substitu-
tion?

2. What is the effect of a substituent on the regioselectivity of electrophilic aromatic
substitution?

To illustrate substituent effects on rate, consider the nitration of benzene, toluene,
and (trifluoromethyl)benzene.

CH, CF,

Toluene Benzene

(most reactive)

(Trifluoromethyl)benzene
(least reactive)

Toluene undergoes nitration some 20-25 times faster than benzene. Because
toluene is more reactive than benzene, we say that a methyl group activates the ring
toward electrophilic aromatic substitution. (Trifluoromethyl)benzene, on the other hand,
undergoes nitration about 40,000 times more slowly than benzene. We say that a triflu-
oromethyl group deactivates the ring toward electrophilic aromatic substitution.

Just as there is a marked difference in how methyl and trifluoromethyl substituents
affect the rate of electrophilic aromatic substitution, so too there is a marked difference
in how they affect its regioselectivity.

Three products are possible from nitration of toluene: o-nitrotoluene, m-nitro-
toluene, and p-nitrotoluene. All are formed, but not in equal amounts. Together, the ortho-
and para-substituted isomers make up 97% of the product mixture; the meta only 3%.

CH, CH; CH; CH;
NO,
HNO;
Acetic + *
anhydride N02
NO,

Toluene m-Nitrotoluene

(3%)

o-Nitrotoluene
(63%)

p-Nitrotoluene
(34%)

Because substitution in toluene occurs primarily at positions ortho and para to methyl,
we say that a methyl substituent is an ortho, para director.

Nitration of (trifluoromethyl)benzene, on the other hand, yields almost exclusively
m-nitro(trifluoromethyl)benzene (91%). The ortho- and para-substituted isomers are
minor components of the reaction mixture.
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@ Examine the molecular

models of toluene and (trifluo-
romethyl)benzene on Learning
By Modeling. In which molecule
is the electrostatic potential of
the ring most negative? How
should this affect the rate of
nitration?

@How do the charges on

the ring carbons of toluene and
(trifluoromethyl)benzene relate
to the regioselectivity of nitra-
tion?
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CF; CF; CF; CF;
NO,
HNO,
H,SO0, + +
NO,
NO,
(Trifluoromethyl)benzene o-Nitro(trifluoro- m-Nitro(trifluoro- p-Nitro(trifluoro-
methyl)benzene methyl)benzene methyl)benzene
(6%) 91%) (B%)

Because substitution in (trifluoromethyl)benzene occurs primarily at positions meta to
the substituent, we say that a trifluoromethyl group is a meta director.

The regioselectivity of substitution, like the rate, is strongly affected by the sub-
stituent. In the following several sections we will examine the relationship between the
structure of the substituent and its effect on rate and regioselectivity of electrophilic aro-
matic substitution.

12.10 RATE AND REGIOSELECTIVITY IN THE NITRATION OF TOLUENE

Why is there such a marked difference between methyl and trifluoromethyl substituents
in their influence on electrophilic aromatic substitution? Methyl is activating and ortho,
para-directing; trifluoromethyl is deactivating and meta-directing. The first point to
remember is that the regioselectivity of substitution is set once the cyclohexadienyl cation
intermediate is formed. If we can explain why

CH, CH, CH,

NO,
H are formed
and faster than H
NO,

H NO,

we will understand the reasons for the regioselectivity. A principle we have used before
serves us well here: a more stable carbocation is formed faster than a less stable one.
The most likely reason for the directing effect of methyl must be that the cyclohexadi-
enyl cation precursors to o- and p-nitrotoluene are more stable than the one leading to
m-nitrotoluene.

One way to assess the relative stabilities of these various intermediates is to exam-
ine electron delocalization in them using a resonance description. The cyclohexadienyl
cations leading to o- and p-nitrotoluene have tertiary carbocation character. Each has a
resonance form in which the positive charge resides on the carbon that bears the methyl

group.
Ortho attack
CH; CH; CH;
NO, NO, NO,

H «— H «— H

This resonance form
is a tertiary carbocation
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CH, CH, CH,
H NO, H NO, H NO,

This resonance form
is a tertiary carbocation

Para attack

The three resonance forms of the intermediate leading to meta substitution are all
secondary carbocations.

Meta attack

CH, CH, CH,

«—> «—>
H H H

NO, NO, NO,

Because of their tertiary carbocation character the intermediates leading to ortho
and to para substitution are more stable and are formed faster than the one leading to
meta substitution. They are also more stable than the secondary cyclohexadienyl cation
intermediate formed during nitration of benzene. A methyl group is an activating sub-
stituent because it stabilizes the carbocation intermediate formed in the rate-determining
step more than a hydrogen does. It is ortho, para-directing because it stabilizes the car-
bocation formed by electrophilic attack at these positions more than it stabilizes the inter-
mediate formed by attack at the meta position. Figure 12.8 compares the energies of acti-
vation for attack at the various positions of toluene.

(a) E,c¢(benzene)

l NO: (¢) Egcr (meta)
H
(b) Eycy(ortho)
‘ CH,
(d) Eyct(para)
2 CH
E *NO, H —
H NOZ 3
H NO
H, CH,4 CH, .

CH. ,
Of Qs Qo O

FIGURE 12.8 Comparative energy diagrams for nitronium ion attack on (a) benzene and
at the (b) ortho, (c) meta, and (d) para positions of toluene. E, (benzene) > E,. (meta) >

E.ct (ortho) > E, (para).

459



460

CHAPTER TWELVE  Reactions of Arenes: Electrophilic Aromatic Substitution

A methyl group is an electron-releasing substituent and activates all of the ring
carbons of toluene toward electrophilic attack. The ortho and para positions are activated
more than the meta positions. The relative rates of attack at the various positions in
toluene compared with a single position in benzene are as follows (for nitration at 25°C):

CH,

relative to

58 1

These relative rate data per position are experimentally determined and are known as
partial rate factors. They offer a convenient way to express substituent effects in elec-
trophilic aromatic substitution reactions.

The major influence of the methyl group is electronic. The most important factor
is relative carbocation stability. To a small extent, the methyl group sterically hinders the
ortho positions, making attack slightly more likely at the para carbon than at a single
ortho carbon. However, para substitution is at a statistical disadvantage, since there are
two equivalent ortho positions but only one para position.

PROBLEM 12.10 The partial rate factors for nitration of tert-butylbenzene are

as shown.
C(CHs);
4.5 45
3 3
75

(a) How reactive is tert-butylbenzene toward nitration compared with benzene?
(b) How reactive is tert-butylbenzene toward nitration compared with toluene?

(c) Predict the distribution among the various mononitration products of tert-
butylbenzene.

SAMPLE SOLUTION (a) Benzene has six equivalent sites at which nitration can
occur. Summing the individual relative rates of attack at each position in tert-
butylbenzene and benzene, we obtain

tert-Butylbenzene  2(4.5) + 2(3) + 75 _ 90 _ 15
Benzene 6(1) 6

tert-Butylbenzene undergoes nitration 15 times faster than benzene.

All alkyl groups, not just methyl, are activating substituents and ortho, para direc-
tors. This is because any alkyl group, be it methyl, ethyl, isopropyl, tert-butyl, or any
other, stabilizes a carbocation site to which it is directly attached. When R = alkyl,

R R R

m

H d are more
an stable than

s
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where E is any electrophile. All three structures are more stable for R = alkyl than for
R = H and are formed more quickly.

12.11 RATE AND REGIOSELECTIVITY IN THE NITRATION OF
(TRIFLUOROMETHYL)BENZENE

Turning now to electrophilic aromatic substitution in (trifluoromethyl)benzene, we con-
sider the electronic properties of a trifluoromethyl group. Because of their high elec-
tronegativity the three fluorine atoms polarize the electron distribution in their o bonds

Recall from Section 4.10 that

to carbon, so that carbon bears a partial positive charge. effects that are transmitted
by the polarization of o
FB— bonds are called inductive
F67 effects.

Unlike a methyl group, which is slightly electron-releasing, a trifluoromethyl group is a
powerful electron-withdrawing substituent. Consequently, a CF;3 group destabilizes a car-
bocation site to which it is attached.

—+— / more / more <«—F+ /
CH,—C' stable H—C" stable F,C—C’
N than N than N
Methyl group Trifluoromethyl
releases electrons, group withdraws
stabilizes carbocation electrons, destabilizes
carbocation

When we examine the cyclohexadienyl cation intermediates involved in the nitra-
tion of (trifluoromethyl)benzene, we find that those leading to ortho and para substitu-
tion are strongly destabilized.

Ortho attack

e B

Positive charge on carbon
bearing trifluoromethyl group;
very unstable

ARNCIRS

Positive charge on
carbon bearing trifluoromethyl
group; very unstable

Para attack
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FIGURE 12.9 Comparative
energy diagrams for nitro-
nium ion attack on (a) ben-
zene and at the (b) ortho,
(c) meta, and (d) para posi-
tions of (trifluoromethyl)-
benzene. E,. (ortho) > E,
(para) > Ear (meta) > Euq
(benzene).
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None of the three major resonance forms of the intermediate formed by attack at the
meta position has a positive charge on the carbon bearing the trifluoromethyl substituent.

Meta attack

CF, CF, CF,

«—> «—>
H H H

N02 N 02 N02

Attack at the meta position leads to a more stable intermediate than attack at either
the ortho or the para position, and so meta substitution predominates. Even the inter-
mediate corresponding to meta attack, however, is very unstable and is formed with dif-
ficulty. The trifluoromethyl group is only one bond farther removed from the positive
charge here than it is in the ortho and para intermediates and so still exerts a significant,
although somewhat diminished, destabilizing effect.

All the ring positions of (trifluoromethyl)benzene are deactivated compared with
benzene. The meta position is simply deactivated less than the ortho and para positions.
The partial rate factors for nitration of (trifluoromethyl)benzene are

CF;
1
45x10°° 45x10°° . 1 1
compared with
67 X 107° 67 X 107° 1 1
45x107° 1

Figure 12.9 compares the energy profile for nitration of benzene with those for attack
at the ortho, meta, and para positions of (trifluoromethyl)benzene. The presence of the
electron-withdrawing trifluoromethyl group raises the activation energy for attack at all
the ring positions, but the increase is least for attack at the meta position.

(b) E, (ortho)
' (d) E o (para)

CF} NOz © Eact(meta) CFx
H
‘ (a) E . (benzene) CF,
2 H NO,
& ~ NO, H
@4 H NO,
CF; CF; CF;

Z+
o
N

E}

+ + +
@ ’ N02 @ ’ N02 @ ’ N02
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PROBLEM 12.11 The compounds benzyl chloride (CgHsCH,Cl), (dichloro-
methyl)benzene (CcHsCHCI,), and (trichloromethyl)benzene (CgHsCCls) all undergo
nitration more slowly than benzene. The proportion of m-nitro-substituted prod-
uct is 4% in one, 34% in another, and 64% in another. Classify the substituents
—CH,Cl, —CHCI,, and —CCl; according to each one’s effect on rate and regio-
selectivity in electrophilic aromatic substitution.

12.12 SUBSTITUENT EFFECTS IN ELECTROPHILIC AROMATIC
SUBSTITUTION: ACTIVATING SUBSTITUENTS

Our analysis of substituent effects has so far centered on two groups: methyl and triflu-
oromethyl. We have seen that a methyl substituent is activating and ortho, para-directing.
A trifluoromethyl group is strongly deactivating and meta-directing. What about other
substituents?

Table 12.2 summarizes orientation and rate effects in electrophilic aromatic sub-
stitution reactions for a variety of frequently encountered substituents. It is arranged in
order of decreasing activating power: the most strongly activating substituents are at the
top, the most strongly deactivating substituents are at the bottom. The main features of
the table can be summarized as follows:

1. All activating substituents are ortho, para directors.
2. Halogen substituents are slightly deactivating but are ortho, para-directing.
3. Strongly deactivating substituents are meta directors.
Some of the most powerful activating substituents are those in which an oxygen

atom is attached directly to the ring. These substituents include the hydroxyl group as
well as alkoxy and acyloxy groups. All are ortho, para directors.

i
HO—  RO—  RCO—
Hydroxyl Alkoxy Acyloxy
OH OH OH
NO,
+ HNO3 acetic acid +
NO,
Phenol o-Nitrophenol p-Nitrophenol
(44%) (56%)

Hydroxyl, alkoxy, and acyloxy groups activate the ring to such an extent that bromina-
tion occurs rapidly even in the absence of a catalyst.

OCH, OCH,

Br,
>
acetic acid
Br

Anisole p-Bromoanisole (90%)
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Phenol and anisole are
among the commonly en-
countered benzene deriva-
tives listed in Table 11.1.
Electrophilic aromatic substi-
tution in phenol is discussed
in more detail in Section
24.8.
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TABLE 12.2 Classification of Substituents in Electrophilic Aromatic
Substitution Reactions

Effect on rate Substituent Effect on orientation

Very strongly activating —NH, (amino) Ortho, para-directing
—NHR (alkylamino)
—NRZ (dialkylamino)
—OH (hydroxyl)
(0]
Strongly activating —NH!R (acylamino) Ortho, para-directing
—OR (alkoxy)

N
—OCR (acyloxy)

Activating —R (alkyl) Ortho, para-directing
—Ar (aryl)
—CH=CR, (alkenyl)
Standard of comparison —H (hydrogen)
Deactivating —X (halogen) Ortho, para-directing
(X=F, Cl,Brl
—CH,X (halomethyl)
i
Strongly deactivating —CH (formyl) Meta-directing
i
—CR (acyl)
i
—COH (carboxylic acid)
i
—COR (ester)
i
—Cd (acyl chloride)

—C=N (cyano)
—SOzH (sulfonic acid)

Very strongly deactivating —CF3 (trifluoromethyl) Meta-directing
—NO, (nitro)

The inductive effect of hydroxyl and alkoxy groups, because of the electronega-
tivity of oxygen, is to withdraw electrons and would seem to require that such sub-
stituents be deactivating. The electron-withdrawing inductive effect, however, is over-
come by a much larger electron-releasing effect involving the unshared electron pairs of
oxygen. Attack at positions ortho and para to a carbon that bears a substituent of the
type —OR gives a cation stabilized by delocalization of an unshared electron pair of
oxygen into the m system of the ring (a resonance or conjugation effect).
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Ortho attack

:OR :OR QC’)R “OR
E E E E
H<«— H«— H«— H

Most stable resonance
form; oxygen and all
carbons have octets of

electrons
Para attack
:OR :OR C;('jR “OR
> > >
E H E H E H E H

Most stable resonance
form; oxygen and all
carbons have octets of
electrons

Oxygen-stabilized carbocations of this type are far more stable than tertiary carbocations.
They are best represented by structures in which the positive charge is on oxygen because
all the atoms have octets of electrons in such a structure. Their stability permits them to
be formed rapidly, resulting in rates of electrophilic aromatic substitution that are much
faster than that of benzene.

The lone pair on oxygen cannot be directly involved in carbocation stabilization
when attack is meta to the substituent.

Meta attack

:OR :OR :OR

H< H< H

E E E

Oxygen lone pair cannot be used to stabilize positive charge
in any of these structures; all have six electrons around
positively charged carbon.

The greater stability of the carbocations arising from attack at the ortho and para posi-
tions compared with the carbocation formed by attack at the position meta to the oxy-
gen substituent explains the ortho, para-directing property of hydroxyl, alkoxy, and acy-
loxy groups.

Nitrogen-containing substituents related to the amino group are even more strongly
activating than the corresponding oxygen-containing substituents.
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Aniline and its derivatives
are so reactive in elec-
trophilic aromatic substitu-
tion that special strategies
are usually necessary to carry
out these reactions effec-
tively. This topic is discussed
in Section 22.15.
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(0]
I
R R RC
= \ - \ - N\ ..
H,N— N— N— N—
/ / /
H R H
Amino Alkylamino Dialkylamino Acylamino

The nitrogen atom in each of these groups bears an electron pair that, like the unshared
pairs of an oxygen substituent, stabilizes a carbocation site to which it is attached. Since
nitrogen is less electronegative than oxygen, it is a better electron pair donor and stabi-
lizes the cyclohexadienyl cation intermediates in electrophilic aromatic substitution to an
even greater degree.

PROBLEM 12.12 Write structural formulas for the cyclohexadienyl cations
formed from aniline (CgHsNH;) during

(a) Ortho bromination (four resonance structures)
(b) Meta bromination (three resonance structures)
(c) Para bromination (four resonance structures)

SAMPLE SOLUTION (a) There are the customary three resonance structures for
the cyclohexadienyl cation plus a resonance structure (the most stable one)
derived by delocalization of the nitrogen lone pair into the ring.

:NH; :NH, C;NHZ “NH,
Br Br Br Br
H «—— H «—— H «— H

Most stable
resonance
structure

Alkyl groups are, as we saw when we discussed the nitration of toluene in Sec-
tion 12.10, activating and ortho, para-directing substituents. Aryl and alkenyl substituents
resemble alkyl groups in this respect; they too are activating and ortho, para-directing.

PROBLEM 12.13 Treatment of biphenyl (see Section 11.7 to remind yourself of
its structure) with a mixture of nitric acid and sulfuric acid gave two principal
products both having the molecular formula C;,HgNO,. What are these two
products?

The next group of substituents in Table 12.2 that we’ll discuss are the ones near
the bottom of the table, those that are meta-directing and strongly deactivating.

12.13 SUBSTITUENT EFFECTS IN ELECTROPHILIC AROMATIC
SUBSTITUTION: STRONGLY DEACTIVATING SUBSTITUENTS

As Table 12.2 indicates, a variety of substituent types are meta-directing and strongly
deactivating. We have already discussed one of these, the trifluoromethyl group. Several
of the others have a carbonyl group attached directly to the aromatic ring.
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(0] O (0]
[ [ [ [ [
—CH —CR —COH —CCl —COR
Aldehyde Ketone Carboxylic Acyl Ester
acid chloride

The behavior of aromatic aldehydes is typical. Nitration of benzaldehyde takes place sev-
eral thousand times more slowly than that of benzene and yields m-nitrobenzaldehyde
as the major product.

(@) H (@) H
N N/
C C
HNO,
H,SO,
NO,
Benzaldehyde m-Nitrobenzaldehyde (75—84%)

To understand the effect of a carbonyl group attached directly to the ring, consider
its polarization. The electrons in the carbon-oxygen double bond are drawn toward oxy-
gen and away from carbon, leaving the carbon attached to the ring with a partial posi-
tive charge. Using benzaldehyde as an example,

ﬁj :

:('lj: (”)87
CH <— CH or CH
+ 3+

Because the carbon atom attached to the ring is positively polarized, a carbonyl group
behaves in much the same way as a trifluoromethyl group and destabilizes all the cyclo-
hexadienyl cation intermediates in electrophilic aromatic substitution reactions. Attack at
any ring position in benzaldehyde is slower than attack in benzene. The intermediates
for ortho and para substitution are particularly unstable because each has a resonance
structure in which there is a positive charge on the carbon that bears the electron-with-
drawing substituent. The intermediate for meta substitution avoids this unfavorable jux-
taposition of positive charges, is not as unstable, and gives rise to most of the product.
For the nitration of benzaldehyde:

Ortho attack Meta attack Para attack
5— 35— 5—
(0) H @) H (0) H
o N G4
C C C
NO,
H H
NO,
H NO,
Unstable because Positively polarized Unstable because
of adjacent positively atoms not adjacent; of adjacent positively

polarized atoms most stable intermediate polarized atoms
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PROBLEM 12.14 Each of the following reactions has been reported in the chem-
ical literature, and the principal organic product has been isolated in good yield.
Write a structural formula for the isolated product of each reaction.

I

(a) Treatment of benzoyl chloride (CsHsCCl) with chlorine and iron(lll) chloride
I

(b) Treatment of methyl benzoate (CsHsCOCH3) with nitric acid and sulfuric acid

(c) Nitration of 1-phenyl-1-propanone (CgHsCCH,CH3)
SAMPLE SOLUTION (a) Benzoyl chloride has a carbonyl group attached directly
to the ring. A —CCl substituent is meta-directing. The combination of chlorine

and iron(lll) chloride, introduces a chlorine onto the ring. The product is
m-chlorobenzoyl chloride.

i) I
cl,
ccl Fecl cd
cl
Benzoyl chloride m-Chlorobenzoyl chloride

(isolated in 62% vyield)

A cyano group is similar to a carbonyl for analogous reasons involving resonance
of the type

+ = 3+ d—
C=N:<— C=N: or C=N

Cyano groups are electron-withdrawing, deactivating, and meta-directing.
Sulfonic acid groups are electron-withdrawing because sulfur has a formal posi-
tive charge in several of the resonance forms of benzenesulfonic acid.

I N | 2+

Ar—ﬁOH <— Ar—SOH <— Ar—S|OH > Ar—S|OH
0: 01

When benzene undergoes disulfonation, m-benzenedisulfonic acid is formed. The first
sulfonic acid group to go on directs the second one meta to itself.

SO;H SOz;H
© ~ @ = ©\
— —
H,SO, H,SO,
SOzH
Benzene Benzenesulfonic m-Benzenedisulfonic

acid acid (90%)
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The nitrogen atom of a nitro group bears a full positive charge in its two most sta-
ble Lewis structures.

+;Q: +/O
Ar—N vy Ar—N\
(0] O:

This makes the nitro group a powerful electron-withdrawing deactivating substituent and
a meta director.

N02 N02

Fe
Br

Nitrobenzene m-Bromonitrobenzene (60—75%)

PROBLEM 12.15 Would you expect the substituent —N(CH3)3 to more closely

resemble —N(CH;), or —NO, in its effect on rate and regioselectivity in elec-
trophilic aromatic substitution? Why?

12.14 SUBSTITUENT EFFECTS IN ELECTROPHILIC AROMATIC
SUBSTITUTION: HALOGENS

Returning to Table 12.2, notice that halogen substituents direct an incoming electrophile
to the ortho and para positions but deactivate the ring toward substitution. Nitration of
chlorobenzene is a typical example of electrophilic aromatic substitution in a haloben-
zene; its rate is some 30 times slower than the corresponding nitration of benzene. The
major products are o-chloronitrobenzene and p-chloronitrobenzene.

Cl Cl Cl Cl
NO,
HNO;,
H,S0, + +
NO,
NO,

Chlorobenzene o-Chloronitrobenzene m-Chloronitrobenzene  p-Chloronitrobenzene
(30%) (1%) (69%)

PROBLEM 12.16 Reaction of chlorobenzene with 4-chlorobenzyl chloride and
aluminum chloride gave a mixture of two products in good yield (76%). What
were these two products?

Since we have come to associate activating substituents with ortho, para-directing
effects and deactivating substituents with meta, the properties of the halogen substituents
appear on initial inspection to be unusual.

This seeming inconsistency between regioselectivity and rate can be understood by
analyzing the two ways that a halogen substituent can affect the stability of a cyclo-
hexadienyl cation. First, halogens are electronegative, and their inductive effect is to draw
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electrons away from the carbon to which they are bonded in the same way that a triflu-
oromethyl group does. Thus, all the intermediates formed by electrophilic attack on a
halobenzene are less stable than the corresponding cyclohexadienyl cation for benzene,
and halobenzenes are less reactive than benzene.

Hr D U

E
E H

All these ions are less stable when X = F, Cl, Br, or I than when X = H
Like hydroxyl groups and amino groups, however, halogen substituents possess unshared

electron pairs that can be donated to a positively charged carbon. This electron donation
into the 7 system stabilizes the intermediates derived from ortho and from para attack.

Ortho attack Para attack
. ; D X
Q}X: X QG
E E
<>
H<«— H
H E H E

Comparable stabilization of the intermediate leading to meta substitution is not possible.
Thus, resonance involving halogen lone pairs causes electrophilic attack to be favored
at the ortho and para positions but is weak and insufficient to overcome the electron-
withdrawing inductive effect of the halogen, which deactivates all the ring positions. The
experimentally observed partial rate factors for nitration of chlorobenzene result from
this blend of inductive and resonance effects.

Cl

0.029 0.029

0.0009 0.0009
0.137

The mix of inductive and resonance effects varies from one halogen to another, but the
net result is that fluorine, chlorine, bromine, and iodine are weakly deactivating, ortho,
para-directing substituents.

12.15 MULTIPLE SUBSTITUENT EFFECTS

When a benzene ring bears two or more substituents, both its reactivity and the site of
further substitution can usually be predicted from the cumulative effects of its sub-
stituents.

In the simplest cases all the available sites are equivalent, and substitution at any
one of them gives the same product.
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CH, cH, ¢
CCH;
[ S
CH; CH;
1,4-Dimethylbenzene 2,5-Dimethylacetophenone
(p-xylene) (99%)

Often the directing effects of substituents reinforce each other. Bromination of p-
nitrotoluene, for example, takes place at the position that is ortho to the ortho, para-
directing methyl group and meta to the meta-directing nitro group.

CH; CH;
Br
Br,
—
Fe
NO, NO,
p-Nitrotoluene 2-Bromo-4-nitrotoluene (86—90%)

In almost all cases, including most of those in which the directing effects of indi-
vidual substituents oppose each other, it is the more activating substituent that controls
the regioselectivity of electrophilic aromatic substitution. Thus, bromination occurs ortho
to the N-methylamino group in 4-chloro-N-methylaniline because this group is a very
powerful activating substituent while the chlorine is weakly deactivating.

NHCH; NHCH,
Br
Br,
acetic acid
Cl Cl
4-Chloro-N-methylaniline 2-Bromo-4-chloro-N-methylaniline (87%)

When two positions are comparably activated by alkyl groups, substitution usually
occurs at the less hindered site. Nitration of p-tert-butyltoluene takes place at positions
ortho to the methyl group in preference to those ortho to the larger fert-butyl group. This
is an example of a steric effect.

CH, CH,
NO,

HNO,
H,SO0,

C(CH3); C(CH3);
p-tert-Butyltoluene 4-tert-Butyl-2-nitrotoluene (88%)

an

Problems 12.2, 12.3, and 12.7
offer additional examples of
reactions in which only a sin-
gle product of electrophilic
aromatic substitution is pos-
sible.
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Problem 12.38 illustrates
how partial rate factor data
may be applied to such cases.
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Nitration of m-xylene is directed ortho to one methyl group and para to the other.

CH; CH;
HNO;
H,S0,
CH; CH;
NO,
m-Xylene 2,4-Dimethyl-1-nitrobenzene (98%)

The ortho position between the two methyl groups is less reactive because it is more
sterically hindered.

PROBLEM 12.17 Write the structure of the principal organic product obtained
on nitration of each of the following:

(a) p-Methylbenzoic acid (d) p-Methoxyacetophenone
(b) m-Dichlorobenzene (e) p-Methylanisole
(c) m-Dinitrobenzene (f) 2,6-Dibromoanisole

SAMPLE SOLUTION (a) Of the two substituents in p-methylbenzoic acid, the
methyl group is more activating and so controls the regioselectivity of electrophilic
aromatic substitution. The position para to the ortho, para-directing methyl group
already bears a substituent (the carboxyl group), and so substitution occurs ortho
to the methyl group. This position is meta to the m-directing carboxyl group, and
the orienting properties of the two substituents reinforce each other. The prod-
uct is 4-methyl-3-nitrobenzoic acid.

CH; CH;
NO,
HNO3
H,SO,
CO,H CO,H
p-Methylbenzoic acid 4-Methyl-3-nitrobenzoic acid

An exception to the rule that regioselectivity is controlled by the most activating
substituent occurs when the directing effects of alkyl groups and halogen substituents
oppose each other. Alkyl groups and halogen substituents are weakly activating and
weakly deactivating, respectively, and the difference between them is too small to allow
a simple generalization.

12.16 REGIOSELECTIVE SYNTHESIS OF DISUBSTITUTED AROMATIC
COMPOUNDS

Since the position of electrophilic attack on an aromatic ring is controlled by the direct-
ing effects of substituents already present, the preparation of disubstituted aromatic com-
pounds requires that careful thought be given to the order of introduction of the two
groups.

Compare the independent preparations of m-bromoacetophenone and p-bromoace-
tophenone from benzene. Both syntheses require a Friedel-Crafts acylation step and a
bromination step, but the major product is determined by the order in which the two



12.16  Regioselective Synthesis of Disubstituted Aromatic Compounds

steps are carried out. When the meta-directing acetyl group is introduced first, the final
product is m-bromoacetophenone.

00 CCHs CCHs,
CH;COCCH; Br,
—
AlCl; AICI;
Br
Benzene Acetophenone (76—83%) m-Bromoacetophenone
(59%)

When the ortho, para-directing bromine is introduced first, the major product is p-bro-
moacetophenone (along with some of its ortho isomer, from which it is separated by dis-
tillation).

I
00
Br, CH;COCCH,
—
Fe AICl,
Br Br
Benzene Bromobenzene (65—-75%) p-Bromoacetophenone (69—79%)

PROBLEM 12.18 Write chemical equations showing how you could prepare
m-bromonitrobenzene as the principal organic product, starting with benzene and
using any necessary organic or inorganic reagents. How could you prepare
p-bromonitrobenzene?

A less obvious example of a situation in which the success of a synthesis depends
on the order of introduction of substituents is illustrated by the preparation of m-nitroace-
tophenone. Here, even though both substituents are meta-directing, the only practical
synthesis is the one in which Friedel-Crafts acylation is carried out first.

I I
(‘) (H) CCH; CCH;
CH;COCCHj HNO;
AICly H,SO,
NO,
Benzene Acetophenone (76—83%) m-Nitroacetophenone (55%)

When the reverse order of steps is attempted, it is observed that the Friedel-Crafts
acylation of nitrobenzene fails.

NO,
00
HNO; | CH,COCCH, )
H,SO,4 AICL no reaction

Benzene Nitrobenzene (95%)

473

Aluminum chloride is a
stronger Lewis acid than
iron(lll) bromide and has
been used as a catalyst in
electrophilic bromination
when, as in the example
shown, the aromatic ring
bears a strongly deactivating
substituent.
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Neither Friedel-Crafts acylation nor alkylation reactions can be carried out on nitroben-
zene. The presence of a strongly deactivating substituent such as a nitro group on an
aromatic ring so depresses its reactivity that Friedel-Crafts reactions do not take place.
Nitrobenzene is so unreactive that it is sometimes used as a solvent in Friedel-Crafts
reactions. The practical limit for Friedel-Crafts alkylation and acylation reactions is
effectively a monohalobenzene. An aromatic ring more deactivated than a mono-
halobenzene cannot be alkylated or acylated under Friedel-Crafts conditions.

Sometimes the orientation of two substituents in an aromatic compound precludes
its straightforward synthesis. m-Chloroethylbenzene, for example, has two ortho, para-
directing groups in a meta relationship and so can’t be prepared either from chloroben-
zene or ethylbenzene. In cases such as this we couple electrophilic aromatic substitution
with functional group manipulation to produce the desired compound.

CH;COCCH, | (()(LH ZnHg)
AICI @CCH* AICL, QCCH3 HCI QCH2CH3

Acetophenone m-Chloroacetophenone m-Chloroethylbenzene

The key here is to recognize that an ethyl substituent can be introduced by Friedel-Crafts
acylation followed by a Clemmensen or Wolff—Kishner reduction step later in the syn-
thesis. If the chlorine is introduced prior to reduction, it will be directed meta to the
acetyl group, giving the correct substitution pattern.

A related problem concerns the synthesis of p-nitrobenzoic acid. Here, two meta-
directing substituents are para to each other. This compound has been prepared from
toluene according to the procedure shown:

CH; CH; CO,H
HNO; Na,Cr,0,
H,S0, H,S0,
NO, NO,
p-Nitrotoluene p-Nitrobenzoic acid
(separate from ortho (82—-86%)
isomer)

Since it may be oxidized to a carboxyl group (Section 11.13), a methyl group can be
used to introduce the nitro substituent in the proper position.

[PROBLEM 12.19 Suggest an efficient synthesis of m-nitrobenzoic acid from]
toluene.

12.17 SUBSTITUTION IN NAPHTHALENE

Polycyclic aromatic hydrocarbons undergo electrophilic aromatic substitution when
treated with the same reagents that react with benzene. In general, polycyclic aromatic
hydrocarbons are more reactive than benzene. Since, however, most lack the symmetry
of benzene, mixtures of products may be formed even on monosubstitution. Among poly-
cyclic aromatic hydrocarbons, we will discuss only naphthalene, and that only briefly.
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Two sites are available for substitution in naphthalene, C-1 and C-2, C-1 being
normally the preferred site of electrophilic attack.

O
CCH3
" cncal ((1
AL
Naphthalene 1-Acetylnaphthalene (90%)

C-1 is more reactive because the arenium ion formed by electrophilic attack there
is a relatively stable one. Benzenoid character is retained in one ring, and the positive
charge is delocalized by allylic resonance.

E H E H
“*’“
Attack at C-2
E E E
+

To involve allylic resonance in stabilizing the arenium ion formed during attack at C-2,
the benzenoid character of the other ring is sacrificed.

Attack at C-1

PROBLEM 12.20 Sulfonation of naphthalene is reversible at elevated tempera- 4?’
ture. A different isomer of naphthalenesulfonic acid is the major product at 160°C

than is the case at 0°C. Which isomer is the product of kinetic control? Which one

is formed under conditions of thermodynamic control? Can you think of a reason

why one isomer is more stable than the other? (Hint: Build space-filling models

of both isomers.)

12.18 SUBSTITUTION IN HETEROCYCLIC AROMATIC COMPOUNDS

The great variety of available structural types causes heterocyclic aromatic compounds
to range from exceedingly reactive to practically inert toward electrophilic aromatic sub-
stitution.

Pyridine lies near one extreme in being far less reactive than benzene toward sub-
stitution by electrophilic reagents. In this respect it resembles strongly deactivated aro-
matic compounds such as nitrobenzene. It is incapable of being acylated or alkylated
under Friedel-Crafts conditions, but can be sulfonated at high temperature. Electrophilic
substitution in pyridine, when it does occur, takes place at C-3.

SOz;H ;
= i ] = 3 .
| SO3, H,S0, | The electrostatic poten-
. HgSO0,, 230°C S tial map of pyridine on Learning
N N By Modeling clearly shows its de-

creased w electron density.
Pyridine Pyridine-3-sulfonic acid (71%)
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One reason for the low reactivity of pyridine is that its nitrogen atom, since it is
more electronegative than a CH in benzene, causes the 1 electrons to be held more tightly
and raises the activation energy for attack by an electrophile. Another is that the nitro-
gen of pyridine is protonated in sulfuric acid and the resulting pyridinium ion is even
more deactivated than pyridine itself.

more reactive than | more reactive than |
N N
N N:
H
Benzene Pyridine Pyridinium ion

Lewis acid catalysts such as aluminum chloride and iron(III) halides also bond to nitro-
gen to strongly deactivate the ring toward Friedel-Crafts reactions and halogenation.
Pyrrole, furan, and thiophene, on the other hand, have electron-rich aromatic rings
and are extremely reactive toward electrophilic aromatic substitution—more like phenol
and aniline than benzene. Like benzene they have six  electrons, but these  electrons
are delocalized over five atoms, not six, and are not held as strongly as those of ben-
zene. Even when the ring atom is as electronegative as oxygen, substitution takes place

readily.
TP A=t
+ CH3COCCH; — CCH, + CH;COH
o

o
Furan Acetic anhydride 2-Acetylfuran (75-92%) Acetic acid
The regioselectivity of substitution in furan is explained using a resonance descrip-

tion. When the electrophile attacks C-2, the positive charge is shared by three atoms:
C-3, C-5, and O.

Attack at C-2
Carbocation more stable; positive charge shared by C-3, C-5, and O.

H H H H H H
\° - -
0 Q9 H O+ H

When the electrophile attacks at C-3, the positive charge is shared by only two atoms,
C-2 and O, and the carbocation intermediate is less stable and formed more slowly.

Attack at C-3
Carbocation less stable; positive charge shared by C-2 and O.

H E H E
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The regioselectivity of substitution in pyrrole and thiophene is like that of furan
and for similar reasons.

PROBLEM 12.21 When benzene is prepared from coal tar, it is contaminated
with thiophene, from which it cannot be separated by distillation because of very
similar boiling points. Shaking a mixture of benzene and thiophene with sulfuric
acid causes sulfonation of the thiophene ring but leaves benzene untouched. The
sulfonation product of thiophene dissolves in the sulfuric acid layer, from which
the benzene layer is separated; the benzene layer is then washed with water and
distilled. Give the structure of the sulfonation product of thiophene.

12.19 SUMMARY

Section 12.1 On reaction with electrophilic reagents, compounds that contain a ben-
zene ring undergo electrophilic aromatic substitution. Table 12.1 in
Section 12.1 and Table 12.3 in this summary give examples.
Section 12.2 The mechanism of electrophilic aromatic substitution involves two
stages: attack of the electrophile on the  electrons of the ring (slow, rate-
determining), followed by loss of a proton to restore the aromaticity of
the ring.
H E E
3+ 5— slow _ fast
E—Y — H +Y — + H—Y
Benzene Electrophilic Cyclqhexadieqyl Product of
reagent cation intermediate 1: .
electrophilic aromatic
substitution
Sections See Table 12.3
12.3-12.5
Sections See Tables 12.3 and 12.4
12.6-12.7
Section 12.8 Friedel-Crafts acylation, followed by Clemmensen or Wolff—Kishner
reduction is a standard sequence used to introduce a primary alkyl group
onto an aromatic ring.
CH,CH; CH,CH; CH,CH;
CH,CHj; (" CH,CH; CH,CHj;
CH,CCl H,NNH,, NaOH
AlCl, triethylene glycol, heat
CH;C CH;CH,
CH,CH; g CH,CH; CH,CH;
1,2,4-Triethylbenzene 1,3,4-Triethylacetophenone (80%) 1,2,4,5-Tetraethylbenzene (73%)
Section 12.9 Substituents on an aromatic ring can influence both the rate and regio-

selectivity of electrophilic aromatic substitution. Substituents are classi-
fied as activating or deactivating according to whether they cause the ring
to react more rapidly or less rapidly than benzene. With respect to regio-
selectivity, substituents are either ortho, para-directing or meta-directing.
A methyl group is activating and ortho, para-directing. A trifluoromethyl
group is deactivating and meta-directing.
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1A= PIEl Representative Electrophilic Aromatic Substitution Reactions

Reaction (section) and comments

General equation and specific example

Nitration (Section 12.3) The active electro-
phile in the nitration of benzene and its

. + .
derivatives is nitronium cation :0=N=0:).
It is generated by reaction of nitric acid
and sulfuric acid. Very reactive arenes
those that bear strongly activating sub-
stituents undergo nitration in nitric acid
alone.

Sulfonation (Section 12.4) Sulfonic acids
are formed when aromatic compounds are
treated with sources of sulfur trioxide.
These sources can be concentrated sulfuric
acid (for very reactive arenes) or solutions
of sulfur trioxide in sulfuric acid (for ben-
zene and arenes less reactive than ben-
zene).

Halogenation (Section 12.5) Chlorination
and bromination of arenes are carried out
by treatment with the appropriate halogen
in the presence of a Lewis acid catalyst.
Very reactive arenes undergo halogenation
in the absence of a catalyst.

Friedel Crafts alkylation (Section 12.6) Car-
bocations, usually generated from an alkyl
halide and aluminum chloride, attack the
aromatic ring to yield alkylbenzenes. The
arene must be at least as reactive as a halo-
benzene. Carbocation rearrangements can
occur, especially with primary alkyl halides.

Friedel Crafts acylation (Section 12.7) Acyl
cations (acylium ions) generated by treat-
ing an acyl chloride or acid anhydride with
aluminum chloride attack aromatic rings to
yield ketones. The arene must be at least as
reactive as a halobenzene. Acyl cations are
relatively stable, and do not rearrange.

H,S0,

ArH + HNO; ——> ArNO, + H,0

Arene Nitric acid Nitroarene Water
HNO;

F@ HZSOA FONOZ

Fluorobenzene p-Fluoronitrobenzene (80%)

ArH ot 503 — AI’SO_:;H
Arene Sulfur trioxide Arenesulfonic acid
HsC CHs3 HsC CHs
SO5
Q HZSOA SO3H
HsC CHs3 HsC CHs3

1,2,4,5-Tetramethylbenzene
acid (94%)

FeXs
——

ArH + X,

Halogen

Br,
o)t oD

ArxX +
Aryl halide

HX

Arene Hydrogen halide

Phenol p-Bromophenol (80 84%)
AICl,
ArH + RX —> ArR s HX
Arene Alkyl halide Alkylarene Hydrogen halide
AlCI
O+ O = OO
Benzene Cyclopentyl bromide Cyclopentylbenzene (54%)
o
I Alcl, I
ArH + RCCI —> ArCR + HCI
Arene  Acyl chloride Ketone Hydrogen chloride
o
I Alcl, I I
ArH + RCOCR —> ArCR + RCOH
Arene Acid anhydride Ketone Carboxylic acid
[ ?
CH3COCCH;3 "
cmo@ > CH3OOCCH3
3

Anisole p-Methoxyacetophenone (90 94%)

2,3,5,6-Tetramethylbenzenesulfonic
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A\ ESN PR Limitations on Friedel-Crafts Reactions

1. The organic halide that reacts with the
arene must be an alkyl halide (Section
12.6) or an acyl halide (Section 12.7).

Vinylic halides and aryl halides do not
form carbocations under conditions of
the Friedel-Crafts reaction and so cannot
be used in place of an alkyl halide or an
acyl halide.

2. Rearrangement of alkyl groups can
occur (Section 12.6).

3. Strongly deactivated aromatic rings do
not undergo Friedel-Crafts alkylation or
acylation (Section 12.16). Friedel-Crafts
alkylations and acylations fail when
applied to compounds of the following
type, where EWG is a strongly electron-
withdrawing group:

Oy

4. It is sometimes difficult to limit Friedel-
Crafts alkylation to monoalkylation.

These will react with benzene under Friedel-Crafts conditions:

(0]
H I
CH,CI cdl
cl
Alkyl halide Benzylic halide Acyl halide

These will not react with benzene under Friedel-Crafts conditions:

Ore O

Vinylic halide Aryl halide

Rearrangement is especially prevalent with primary alkyl halides
of the type RCH,CH,X and R,CHCH,X. Aluminum chloride induces
ionization with rearrangement to give a more stable carbocation.
Benzylic halides and acyl halides do not rearrange.

EWG:
_CF3, - NOz,
0] o o)
I I I
—CR,

—SO3H, —C=N,

I I
—CH, —COH, —COR, —cdl

The first alkyl group that goes on makes the ring more reactive
toward further substitution because alkyl groups are activating
substituents. Monoacylation is possible because the first acyl
group to go on is strongly electron-withdrawing and deactivates
the ring toward further substitution.

Sections
12.10-12.14

How substituents control rate and regioselectivity in electrophilic aro-
matic substitution results from their effect on carbocation stability. An

electron-releasing substituent stabilizes the cyclohexadienyl cation inter-
mediates corresponding to ortho and para attack more than meta.

H
E E
H
E H
Stabilized when G Less stabilized when G Stabilized when G

is electron-releasing

is electron-releasing

is electron-releasing

Conversely, an electron-withdrawing substituent destabilizes the cyclo-
hexadienyl cations corresponding to ortho and para attack more than
meta. Thus, meta substitution predominates.
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G G G
H
E E
H
E H
Destabilized when G Less destabilized when G Destabilized when G
is electron-withdrawing is electron-withdrawing is electron-withdrawing

Section 12.15

Section 12.16

Section 12.17

Section 12.18

Substituents can be arranged into three major categories:

1. Activating and ortho, para-directing: These substituents stabilize
the cyclohexadienyl cation formed in the rate-determining step.
They include _Nst —(:jR, —R, —Ar, and related species. The
most strongly activating members of this group are bonded to the
ring by a nitrogen or oxygen atom that bears an unshared pair of
electrons.

2. Deactivating and ortho, para-directing: The halogens are the
most prominent members of this class. They withdraw electron den-
sity from all the ring positions by an inductive effect, making
halobenzenes less reactive than benzene. Lone-pair electron dona-
tion stabilizes the cyclohexadienyl cations corresponding to attack
at the ortho and para positions more than those formed by attack
at the meta positions, giving rise to the observed regioselectivity.

3. Deactivating and meta-directing: These substituents are strongly
electron-withdrawing and destabilize carbocations. They include

o

I
_CF3, _CR, _C EN, _N02

and related species. All the ring positions are deactivated, but since
the meta positions are deactivated less than the ortho and para, meta
substitution is favored.

When two or more substituents are present on a ring, the regioselectiv-
ity of electrophilic aromatic substitution is generally controlled by the
directing effect of the more powerful activating substituent.

The order in which substituents are introduced onto a benzene ring needs
to be considered in order to prepare the desired isomer in a multistep syn-
thesis.

Polycyclic aromatic hydrocarbons undergo the same kind of electrophilic
aromatic substitution reactions as benzene.

Heterocyclic aromatic compounds may be more reactive or less reactive
than benzene. Pyridine is much less reactive than benzene, but pyrrole,
furan, and thiophene are more reactive.

PROBLEMS

12.22 Give reagents suitable for carrying out each of the following reactions, and write the major
organic products. If an ortho, para mixture is expected, show both. If the meta isomer is the
expected major product, write only that isomer.
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(a) Nitration of benzene
(b) Nitration of the product of part (a)
(¢) Bromination of toluene
(d) Bromination of (trifluoromethyl)benzene
(e) Sulfonation of anisole
(0]
(f) Sulfonation of acetanilide (C6H5NH£CH3)
(g) Chlorination of bromobenzene
(h) Friedel-Crafts alkylation of anisole with benzyl chloride
(i) Friedel-Crafts acylation of benzene with benzoyl chloride
(j) Nitration of the product from part (i)
(k) Clemmensen reduction of the product from part (i)

(1) Wolff—Kishner reduction of the product from part (i)

12.23 Write a structural formula for the most stable cyclohexadienyl cation intermediate formed
in each of the following reactions. Is this intermediate more or less stable than the one formed by
electrophilic attack on benzene?

(a) Bromination of p-xylene
(b) Chlorination of m-xylene
(c) Nitration of acetophenone
(0]
(d) Friedel-Crafts acylation of anisole with CH3£CI
(e) Nitration of isopropylbenzene
(f) Bromination of nitrobenzene
(g) Sulfonation of furan

(h) Bromination of pyridine

12.24 In each of the following pairs of compounds choose which one will react faster with the
indicated reagent, and write a chemical equation for the faster reaction:

(a) Toluene or chlorobenzene with a mixture of nitric acid and sulfuric acid

(b) Fluorobenzene or (trifluoromethyl)benzene with benzyl chloride and aluminum chloride

o
(c) Methyl benzoate (C6H5(||30CH3) or phenyl acetate (C6H5O(|L,CH3) with bromine
in acetic acid
(0]
(d) Acetanilide (C6H5NH£CH3) or nitrobenzene with sulfur trioxide in sulfuric acid

(e) p-Dimethylbenzene (p-xylene) or p-di-tert-butylbenzene with acetyl chloride and alu-
minum chloride

I
(f) Benzophenone (C¢HsCCgHs) or biphenyl (C¢Hs—CgHs) with chlorine and iron(III)
chloride

12.25 Arrange the following five compounds in order of decreasing rate of bromination: benzene,
toluene, o-xylene, m-xylene, 1,3,5-trimethylbenzene (the relative rates are 2 X 10,5 X 104, 5 X
10°, 60, and 1).
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12.26 Each of the following reactions has been carried out under conditions such that disubstitu-
tion or trisubstitution occurred. Identify the principal organic product in each case.

(a) Nitration of p-chlorobenzoic acid (dinitration)
(b) Bromination of aniline (tribromination)
(c) Bromination of o-aminoacetophenone (dibromination)
(d) Nitration of benzoic acid (dinitration)
(e) Bromination of p-nitrophenol (dibromination)
(f) Reaction of biphenyl with ferz-butyl chloride and iron(IIl) chloride (dialkylation)
(g) Sulfonation of phenol (disulfonation)
12.27 Write equations showing how you could prepare each of the following from benzene or

toluene and any necessary organic or inorganic reagents. If an ortho, para mixture is formed in
any step of your synthesis, assume that you can separate the two isomers.

(a) Isopropylbenzene (j) 1-Bromo-2,4-dinitrobenzene

(b) p-Isopropylbenzenesulfonic acid (k) 3-Bromo-5-nitrobenzoic acid

(c) 2-Bromo-2-phenylpropane (1) 2-Bromo-4-nitrobenzoic acid

(d) 4-tert-Butyl-2-nitrotoluene (m) Diphenylmethane

(e) m-Chloroacetophenone (n) 1-Phenyloctane

(f) p-Chloroacetophenone (o) 1-Phenyl-1-octene

(g) 3-Bromo-4-methylacetophenone (p) 1-Phenyl-1-octyne

(h) 2-Bromo-4-ethyltoluene (q) 1,4-Di-tert-butyl-1,4-cyclohexadiene

(i) 1-Bromo-3-nitrobenzene

12.28 Write equations showing how you could prepare each of the following from anisole and any
necessary organic or inorganic reagents. If an ortho, para mixture is formed in any step of your
synthesis, assume that you can separate the two isomers.

(a) p-Methoxybenzenesulfonic acid (c) 4-Bromo-2-nitroanisole

(b) 2-Bromo-4-nitroanisole (d) p-Methoxystyrene
12.29 How many products are capable of being formed from toluene in each of the following reac-
tions?

(a) Mononitration (HNO5, H,SO,, 40°C).

(b) Dinitration (HNO;, H,SO,, 80°C).

(c¢) Trinitration (HNO3, H,SO,, 110°C). The explosive TNT (trinitrotoluene) is the major

product obtained on trinitration of toluene. Which trinitrotoluene isomer is TNT?

12.30 Friedel-Crafts acylation of the individual isomers of xylene with acetyl chloride and alu-
minum chloride yields a single product, different for each xylene isomer, in high yield in each
case. Write the structures of the products of acetylation of o-, m-, and p-xylene.

12.31 Reaction of benzanilide (CcHsNHCCgHs) with chlorine in acetic acid yields a mixture of
two monochloro derivatives formed by electrophilic aromatic substitution. Suggest reasonable
structures for these two isomers.

12.32 Each of the following reactions has been reported in the chemical literature and gives a pre-
dominance of a single product in synthetically acceptable yield. Write the structure of the prod-
uct. Only monosubstitution is involved in each case, unless otherwise indicated.
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OCH,

_HNO, . o H,S0,
.50, heat () + (CH3),C=CH, ——
CO,H

CH,

Br,
/©/ acetic 1ud @ @CH3 (H(]
" H,NNH,, KOH
( H( 13 muh\lun
glycol, 173°C

C(CH,)3
1
@ e oG O
acetic md
CH(CHj3),
I
CH,CNH
CH,CH, ("3
H,SO, AlCl,
e) @ + CH,=CH(CH)sCH; — > () + CH,CCI —>
(0]
00 G
I I e, CCH,
f) OCH; + CH;COCCH; — (m) Ll;((éllg)
s H,C CH,

H(CH3),

CO,H
© HNO, (n) // \< Br,
H,SO, S acetic acid

12.33 What combination of acyl chloride or acid anhydride and arene would you choose to pre-
pare each of the following compounds by a Friedel-Crafts acylation reaction?

(||) ||
(2) CeHsCCH,C Hs © %NO @

H,C CH, "
(||3CH2CH2C02H

(¢}
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0)

I
() mc@c

HO,C

12.34 Suggest a suitable series of reactions for carrying out each of the following synthetic trans-
formations:

CH(CH,), CO,H
-0 -0
SOz;H
CH; CO,H
CH, CO,H
(b) to
C(CH3)3

OCH, OCH,
O,N
(d to
OCH, OCH,
C(CH3)3

12.35 A standard synthetic sequence for building a six-membered cyclic ketone onto an existing
aromatic ring is shown in outline as follows. Specify the reagents necessary for each step.

o

11 ||
CCH,CH,COH CH,CH,CH,COH
Q- =y
CH, g
OOy
CH,
-
CIC
O I

0)
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12.36 Each of the compounds indicated undergoes an intramolecular Friedel-Crafts acylation reac-
tion to yield a cyclic ketone. Write the structure of the expected product in each case.

CH;0
™
(a) (CH3)3CO?CH2CCI (c) CH;0 CHzclHCHz@
CH,

C
VRN
O/ Cl

(b)
CHzﬁCI

0]

12.37 The partial rate factors for chlorination of biphenyl are as shown.

0 250 250 O

0 250 250 O

(a) What is the relative rate of chlorination of biphenyl compared with benzene?

(b) If, in a particular chlorination reaction, 10 g of o-chlorobiphenyl was formed, how much
p-chlorobiphenyl would you expect to find?

12.38 Partial rate factors may be used to estimate product distributions in disubstituted benzene
derivatives. The reactivity of a particular position in o-bromotoluene, for example, is given by the
product of the partial rate factors for the corresponding position in toluene and bromobenzene. On
the basis of the partial rate factor data given here for Friedel-Crafts acylation, predict the major
product of the reaction of o-bromotoluene with acetyl chloride and aluminum chloride.

CH; Br
Partial rate factors
4.5 4.5 for reaction of toluene Very small Very small
48 48 and bromobenzene with 0.0003 0.0003
. . o . .
750 I 0.084

CH,CCl, AICL,

12.39 When 2-isopropyl-1,3,5-trimethylbenzene is heated with aluminum chloride (trace of HCI
present) at 50°C, the major material present after 4 h is 1-isopropyl-2.4,5-trimethylbenzene. Sug-
gest a reasonable mechanism for this isomerization.

CH(CHs;), CH(CHs),
HCl, AICI,
50°C
12.40 When a dilute solution of 6-phenylhexanoyl chloride in carbon disulfide was slowly added

(over a period of 8 days!) to a suspension of aluminum chloride in the same solvent, it yielded a
product A (C1,H;40) in 67% yield. Oxidation of A gave benzene-1,2-dicarboxylic acid.
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(") CO.H
AICL Na,Cr,05, H,0
CoHs(CH)sCCl CS, Ci2H1,0 H,SO,, heat @:
CO,H

6-Phenylhexanoyl Compound A Benzene-1,2-dicarboxylic
chloride acid

Formulate a reasonable structure for compound A.

12.41 Reaction of hexamethylbenzene with methyl chloride and aluminum chloride gave a salt A,
which, on being treated with aqueous sodium bicarbonate solution, yielded compound B. Suggest a
mechanism for the conversion of hexamethylbenzene to B by correctly inferring the structure of A.

CH; CH,
H;C CH; H;C CHj;
CH;Cl H,O
AlCl; NaHCO;
H;C CH; Hs;C CH;
CH3 H3C CH3
Hexamethylbenzene Compound B

12.42 The synthesis of compound C was achieved by using compounds A and B as the sources
of all carbon atoms. Suggest a synthetic sequence involving no more than three steps by which A
and B may be converted to C.

(") o

I
CH;0 CH;0 CH;0
CH;0 l
CH;0
Compound A Compound B Compound C

12.43 When styrene is refluxed with aqueous sulfuric acid, two “styrene dimers” are formed as
the major products. One of these styrene dimers is 1,3-diphenyl-1-butene; the other is 1-methyl-
3-phenylindan. Suggest a reasonable mechanism for the formation of each of these compounds.

CH,
C6H5CH = CHClHC6H5
C6H5
1,3-Diphenyl-1-butene 1-Methyl-3-phenylindan

12.44 Treatment of the alcohol whose structure is shown here with sulfuric acid gave as the major
organic product a tricyclic hydrocarbon of molecular formula C;¢H4. Suggest a reasonable struc-

ture for this hydrocarbon.

C(CH,),
OH
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discovered natural product, for example—was determined using information
obtained from chemical reactions. This information included the identification of
functional groups by chemical tests, along with the results of experiments in which the
substance was broken down into smaller, more readily identifiable fragments. Typical of
this approach is the demonstration of the presence of a double bond in an alkene by cat-
alytic hydrogenation and subsequent determination of its location by ozonolysis. After
considering all the available chemical evidence, the chemist proposed a candidate struc-
ture (or structures) consistent with the observations. Proof of structure was provided
either by converting the substance to some already known compound or by an indepen-
dent synthesis.
Qualitative tests and chemical degradation have been supplemented and to a large
degree replaced by instrumental methods of structure determination. The most prominent
methods and the structural clues they provide are:

l ' ntil the second half of the twentieth century, the structure of a substance—a newly

* Nuclear magnetic resonance (NMR) spectroscopy tells us about the carbon
skeleton and the environments of the hydrogens attached to it.

* Infrared (IR) spectroscopy reveals the presence or absence of key functional
groups.

» Ultraviolet-visible (UV-VIS) spectroscopy probes the electron distribution, espe-
cially in molecules that have conjugated  electron systems.

* Mass spectrometry (MS) gives the molecular weight and formula, both of the
molecule itself and various structural units within it.
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“Modern” physics dates from
Planck’s proposal that en-
ergy is quantized, which set
the stage for the develop-
ment of quantum mechanics.
Planck received the 1918 No-
bel Prize in physics.

CHAPTER THIRTEEN  Spectroscopy

As diverse as these techniques are, all of them are based on the absorption of energy by
a molecule, and all measure how a molecule responds to that absorption. In describing
these techniques our emphasis will be on their application to structure determination.
We’ll start with a brief discussion of electromagnetic radiation, which is the source of
the energy that a molecule absorbs in NMR, IR, and UV-VIS spectroscopy.

13.1 PRINCIPLES OF MOLECULAR SPECTROSCOPY:
ELECTROMAGNETIC RADIATION

Electromagnetic radiation, of which visible light is but one example, has the properties
of both particles and waves. The particles are called photons, and each possesses an
amount of energy referred to as a quantum. In 1900, the German physicist Max Planck
proposed that the energy of a photon (E) is directly proportional to its frequency (v).

E=h

The SI units of frequency are reciprocal seconds (s~ '), given the name herrz and the
symbol Hz in honor of the nineteenth-century physicist Heinrich R. Hertz. The constant
of proportionality 4 is called Planck’s constant and has the value

h=663X10*]-5s

Electromagnetic radiation travels at the speed of light (¢ = 3.0 X 10® m/s), which
is equal to the product of its frequency v and its wavelength \:

c = VA

The range of photon energies is called the electromagnetic spectrum and is shown
in Figure 13.1. Visible light occupies a very small region of the electromagnetic spec-
trum. It is characterized by wavelengths of 4 X 1077 m (violet) to 8 X 1077 m (red).

Highest energy Lowest energy
Wavelength (nm) — g
1072 100 102 104 100 108 1010 1012
| | | | | | | | | | | | | | |
I I I I
1 1 1 1
Gamma | 1 Ultra- |2 o I i
ray | X-ray 5. B Infrared 1 Microwave | Radio frequency

1 | S 1
1 1
| |

| | | | I | | | | | | | |

1020 108 1016 101 102 1010 108 100 104

—~«—— Frequency (s)

600 700

400 500
- I

Visible region

FIGURE 13.1 The electromagnetic spectrum. (From M. Silberberg, Chemistry, 2d edition,
WCB/McGraw-Hill, 2000, p. 260.)



13.2  Principles of Molecular Spectroscopy: Quantized Energy States

When examining Figure 13.1 be sure to keep the following two relationships in mind:

1. Frequency is inversely proportional to wavelength; the greater the frequency, the
shorter the wavelength.

2. Energy is directly proportional to frequency; electromagnetic radiation of higher
frequency possesses more energy than radiation of lower frequency.

Depending on its source, a photon can have a vast amount of energy; gamma rays
and X-rays are streams of very high energy photons. Radio waves are of relatively low
energy. Ultraviolet radiation is of higher energy than the violet end of visible light.
Infrared radiation is of lower energy than the red end of visible light. When a molecule
is exposed to electromagnetic radiation, it may absorb a photon, increasing its energy by
an amount equal to the energy of the photon. Molecules are highly selective with respect
to the frequencies that they absorb. Only photons of certain specific frequencies are
absorbed by a molecule. The particular photon energies absorbed by a molecule depend
on molecular structure and can be measured with instruments called spectrometers. The
data obtained are very sensitive indicators of molecular structure and have revolution-
ized the practice of chemical analysis.

13.2 PRINCIPLES OF MOLECULAR SPECTROSCOPY: QUANTIZED
ENERGY STATES

What determines whether or not a photon is absorbed by a molecule? The most impor-
tant requirement is that the energy of the photon must equal the energy difference
between two states, such as two nuclear spin states, two vibrational states, or two elec-
tronic states. In physics, the term for this is resonance—the transfer of energy between
two objects that occurs when their frequencies are matched. In molecular spectroscopy,
we are concerned with the transfer of energy from a photon to a molecule, but the idea
is the same. Consider, for example, two energy states of a molecule designated E; and
E, in Figure 13.2. The energy difference between them is E, — E;, or AE. In nuclear
magnetic resonance (NMR) spectroscopy these are two different spin states of an atomic
nucleus; in infrared (IR) spectroscopy, they are two different vibrational energy states;
in ultraviolet-visible (UV-VIS) spectroscopy, they are two different electronic energy
states. Unlike kinetic energy, which is continuous, meaning that all values of kinetic
energy are available to a molecule, only certain energies are possible for electronic, vibra-
tional, and nuclear spin states. These energy states are said to be quantized. More of
the molecules exist in the lower energy state E; than in the higher energy state E,. Exci-
tation of a molecule from a lower state to a higher one requires the addition of an incre-
ment of energy equal to AE. Thus, when electromagnetic radiation is incident upon a
molecule, only the frequency whose corresponding energy equals AE is absorbed. All
other frequencies are transmitted.

Spectrometers are designed to measure the absorption of electromagnetic radiation
by a sample. Basically, a spectrometer consists of a source of radiation, a compartment
containing the sample through which the radiation passes, and a detector. The frequency
of radiation is continuously varied, and its intensity at the detector is compared with that
at the source. When the frequency is reached at which the sample absorbs radiation, the
detector senses a decrease in intensity. The relation between frequency and absorption is
plotted on a strip chart and is called a spectrum. A spectrum consists of a series of peaks
at particular frequencies; its interpretation can provide structural information. Each type
of spectroscopy developed independently of the others, and so the format followed in
presenting the data is different for each one. An NMR spectrum looks different from an
IR spectrum, and both look different from a UV-VIS spectrum.
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FIGURE 13.2 Two energy
states of a molecule. Absorp-
tion of energy equal to
E, — E, excites a molecule
from its lower energy state
to the next higher state.
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Nuclear magnetic resonance
of protons was first detected
in 1946 by Edward Purcell
(Harvard) and by Felix Bloch
(Stanford). Purcell and Bloch
shared the 1952 Nobel Prize
in physics.
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With this as background, we will now discuss spectroscopic techniques individu-
ally. NMR, IR, and UV-VIS spectroscopy provide complementary information, and all
are useful. Among them, NMR provides the information that is most directly related to
molecular structure and is the one we shall examine first.

13.3 INTRODUCTION TO 'H NMR SPECTROSCOPY

Nuclear magnetic resonance spectroscopy depends on the absorption of energy when the
nucleus of an atom is excited from its lowest energy spin state to the next higher one.
We should first point out that many elements are difficult to study by NMR, and some
can’t be studied at all. Fortunately though, the two elements that are the most common
in organic molecules (carbon and hydrogen) have isotopes ("H and '*C) capable of giv-
ing NMR spectra that are rich in structural information. A proton nuclear magnetic res-
onance ("H NMR) spectrum tells us about the environments of the various hydrogens in
a molecule; a carbon-13 nuclear magnetic resonance ('*C NMR) spectrum does the same
for the carbon atoms. Separately and together 'H and '*C NMR take us a long way
toward determining a substance’s molecular structure. We’ll develop most of the general
principles of NMR by discussing '"H NMR, then extend them to '*C NMR. The '*C
NMR discussion is shorter, not because it is less important than 'H NMR, but because
many of the same principles apply to both techniques.

Like an electron, a proton has two spin states with quantum numbers of +% and
—%. There is no difference in energy between these two nuclear spin states; a proton
is just as likely to have a spin of +% as —%. Absorption of electromagnetic radiation
can only occur when the two spin states have different energies. A way to make them
different is to place the sample in a magnetic field. A proton behaves like a tiny bar mag-
net and has a magnetic moment associated with it (Figure 13.3). In the presence of an
external magnetic field ¥, the state in which the magnetic moment of the nucleus is
aligned with ¥, is lower in energy than the one in which it opposes #.

§ 0 6%
5

(a) No external magnetic field (b) Apply external magnetic field

FIGURE 13.3 (a) In the absence of an external magnetic field, the nuclear spins of the protons
are randomly oriented. (b) In the presence of an external magnetic field #,, the nuclear spins
are oriented so that the resulting nuclear magnetic moments are aligned either parallel or
antiparallel to ¥,. The lower energy orientation is the one parallel to #, and there are more
nuclei that have this orientation.
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As shown in Figure 13.4, the energy difference between the two states is directly
proportional to the strength of the applied field. Net absorption of electromagnetic radi-
ation requires that the lower state be more highly populated than the higher one, and
quite strong magnetic fields are required to achieve the separation necessary to give a
detectable signal. A magnetic field of 4.7 T, which is about 100,000 times stronger than
earth’s magnetic field, for example, separates the two spin states of "H by only 8 X 107>
kJ/mol (1.9 X 1077 kcal/mol). From Planck’s equation AE = hv, this energy gap cor-
responds to radiation having a frequency of 2 X 10® Hz (200 MHz) which lies in the
radio frequency (rf) region of the electromagnetic spectrum (see Figure 13.1).

Frequency of Energy difference
electromagnetic is proportionalto  between nuclear s proportional to - Magnetic field
radiation spin states (T
(s ' or Hz) (kJ/mol or kcal/mol)

PROBLEM 13.1 Most of the NMR spectra in this text were recorded on a spec-
trometer having a field strength of 4.7 T (200 MHz for 'H). The first generation
of widely used NMR spectrometers were 60-MHz instruments. What was the mag-
netic field strength of these earlier spectrometers?

The response of an atom to the strength of the external magnetic field is different
for different elements, and for different isotopes of the same element. The resonance fre-
quencies of most nuclei are sufficiently different that an NMR experiment is sensitive
only to a particular isotope of a single element. The frequency for 'H is 200 MHz at
4.7 T, but that of '*C is 50.4 MHz. Thus, when recording the NMR spectrum of an
organic compound, we see signals only for 'H or '*C, but not both; 'H and '*C NMR
spectra are recorded in separate experiments with different instrument settings.
[PROBLEM 13.2 What will be the 3C frequency setting of an NMR spectrome-]

ter that operates at 100 MHz for protons?

The essential features of an NMR spectrometer, shown in Figure 13.5, are not hard
to understand. They consist of a magnet to align the nuclear spins, a radiofrequency (rf)
transmitter as a source of energy to excite a nucleus from its lowest energy state to the

next higher one, a receiver to detect the absorption of rf radiation, and a recorder to print
out the spectrum.

Nuclear magnetic
— moment antiparallel

to ¥,
— AE'
E, Nuclear magnetic
g moment parallel
) ! to %€,
No energy difference T
in nuclear spin states
in absence of external ELA %

magnetic field
Increasing strength of ———
external magnetic field
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The Sl unit for magnetic field
strength is the tesla (T),
named after Nikola Tesla, a
contemporary of Thomas
Edison and who, like Edison,
was an inventor of electrical
devices.

FIGURE 13.4 An external
magnetic field causes the
two nuclear spin states to
have different energies. The
difference in energy AE is
proportional to the strength
of the applied field.
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Richard R. Ernst of the Swiss
Federal Institute of Technol-
ogy won the 1991 Nobel
Prize in chemistry for devis-
ing pulse-relaxation NMR
techniques.
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Magnet
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tube
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rf output
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— N rf output &””’”
rf input \ signal 1
oscillator amplifier .‘ﬂj ]

NMR Spectrum

FIGURE 13.5 Diagram of a nuclear magnetic resonance spectrometer. (From S. H. Pine, J. B.
Hendrickson, D. J. Cram, and G. S. Hammond, Organic Chemistry, 4th edition, McGraw-Hill, New
York, 1980, p. 136.)

It turns out though that there are several possible variations on this general theme.
We could, for example, keep the magnetic field constant and continuously vary the
radiofrequency until it matched the energy difference between the nuclear spin states. Or,
we could keep the rf constant and adjust the energy levels by varying the magnetic field
strength. Both methods work, and the instruments based on them are called continuous
wave (CW) spectrometers. Many of the terms we use in NMR spectroscopy have their
origin in the way CW instruments operate, but CW instruments are rarely used anymore.

CW-NMR spectrometers have been replaced by a new generation of instruments
called pulsed Fourier-transform nuclear magnetic resonance (FI-NMR) spectrometers.
FT-NMR spectrometers are far more versatile than CW instruments and are more com-
plicated. Most of the visible differences between them lie in computerized data acquisi-
tion and analysis components that are fundamental to FT-NMR spectroscopy. But there
is an important difference in how a pulsed FT-NMR experiment is carried out as well.
Rather than sweeping through a range of frequencies (or magnetic field strengths), the
sample is irradiated with a short, intense burst of radiofrequency radiation (the pulse)
that excites all of the protons in the molecule. The magnetic field associated with the
new orientation of nuclear spins induces an electrical signal in the receiver that decreases
with time as the nuclei return to their original orientation. The resulting free-induction
decay (FID) is a composite of the decay patterns of all of the protons in the molecule.
The free-induction decay pattern is stored in a computer and converted into a spectrum
by a mathematical process known as a Fourier transform. The pulse-relaxation sequence
takes only about a second, but usually gives signals too weak to distinguish from back-
ground noise. The signal-to-noise ratio is enhanced by repeating the sequence many
times, then averaging the data. Noise is random and averaging causes it to vanish; sig-
nals always appear at the same place and accumulate. All of the operations—the inter-
val between pulses, collecting, storing, and averaging the data and converting it to a
spectrum by a Fourier transform—are under computer control, which makes the actual
taking of an FT-NMR spectrum a fairly routine operation.
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Not only is pulsed FT-NMR the best method for obtaining proton spectra, it is the
only practical method for many other nuclei, including '*C. It also makes possible a large
number of sophisticated techniques that have revolutionized NMR spectroscopy.

13.4 NUCLEAR SHIELDING AND 'H CHEMICAL SHIFTS

Our discussion so far has concerned 'H nuclei in general without regard for the envi-
ronments of individual protons in a molecule. Protons in a molecule are connected to
other atoms—carbon, oxygen, nitrogen, and so on—by covalent bonds. The electrons in
these bonds, indeed all the electrons in a molecule, affect the magnetic environment of
the protons. Alone, a proton would feel the full strength of the external field, but a pro-
ton in an organic molecule responds to both the external field plus any local fields within
the molecule. An external magnetic field affects the motion of the electrons in a mole-
cule, inducing local fields characterized by lines of force that circulate in the opposite
direction from the applied field (Figure 13.6). Thus, the net field felt by a proton in a
molecule will always be less than the applied field, and the proton is said to be shielded.
All of the protons of a molecule are shielded from the applied field by the electrons, but
some are less shielded than others. Sometimes the term “deshielded,” is used to describe
this decreased shielding of one proton relative to another.

The more shielded a proton is, the greater must be the strength of the applied field
in order to achieve resonance and produce a signal. A more shielded proton absorbs rf
radiation at higher field strength (upfield) compared with one at lower field strength
(downfield). Different protons give signals at different field strengths. The dependence
of the resonance position of a nucleus that results from its molecular environment is
called its chemical shift. This is where the real power of NMR lies. The chemical shifts
of various protons in a molecule can be different and are characteristic of particular struc-
tural features.

Figure 13.7 shows the "H NMR spectrum of chloroform (CHCIs) to illustrate how
the terminology just developed applies to a real spectrum.

Instead of measuring chemical shifts in absolute terms, we measure them with
respect to a standard—tetramethylsilane (CH3),4Si, abbreviated TMS. The protons of TMS
are more shielded than those of most organic compounds, so all of the signals in a sam-
ple ordinarily appear at lower field than those of the TMS reference. When measured
using a 100-MHz instrument, the signal for the proton in chloroform (CHCls), for exam-
ple, appears 728 Hz downfield from the TMS signal. But since frequency is proportional
to magnetic field strength, the same signal would appear 1456 Hz downfield from TMS
on a 200-MHz instrument. We simplify the reporting of chemical shifts by converting
them to parts per million (ppm) from TMS, which is assigned a value of 0. The TMS
need not actually be present in the sample, nor even appear in the spectrum in order to
serve as a reference.

position of signal — position of TMS peak % 108

Chemical shift (3) =
emical shift (5) spectrometer frequency

Thus, the chemical shift for the proton in chloroform is:

_ 1456 Hz — O Hz

X 10% = 7.
200x 1000, 10 = 728 ppm

When chemical shifts are reported this way, they are identified by the symbol & and are
independent of the field strength.
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FIGURE 13.6 The induced
magnetic field of the elec-
trons in the carbon-hydro-
gen bond opposes the exter-
nal magnetic field. The
resulting magnetic field
experienced by the proton
and the carbon is slightly
less than .

@The graphic that begins

this chapter is an electrostatic
potential map of tetramethylsi-
lane. Learning By Modeling con-
tains models of (CH3),Si and
(CH3)4C in which the greater
electron density at the carbons
and hydrogens of TMS is appar-
ent both in the electrostatic po-
tential and in the calculated
atomic charges.
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Problem 13.3 in the preced-
ing section was based on the
chemical shift difference be-
tween the proton in CHCls
and the proton in CHBr; and
its relation to shielding.

CHAPTER THIRTEEN  Spectroscopy

H—CCl,
87.28 ppm

Downfield
Decreased shielding U
Increas

Tetramethylsilane
(TMS)

4 0 ppm
e

10.0 9.0 8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 0.0

Chemical shift (8, ppm)

FIGURE 13.7 The 200-MHz "H NMR spectrum of chloroform (HCCl;). Chemical shifts are mea-
sured along the x-axis in parts per million (ppm) from tetramethylsilane as the reference, which
is assigned a value of zero.

PROBLEM 13.3 The 'H NMR signal for bromoform (CHBr3) appears at 2065 Hz
when recorded on a 300-MHz NMR spectrometer. (a) What is the chemical shift
of this proton? (b) Is the proton in CHBr; more shielded or less shielded than the
proton in CHCl3?

NMR spectra are usually run in solution and, although chloroform is a good sol-
vent for most organic compounds, it’s rarely used because its own signal at 8 7.28 ppm
would be so intense that it would obscure signals in the sample. Because the magnetic
properties of deuterium (D = *H) are different from those of "H, CDCl; gives no sig-
nals at all in an "H NMR spectrum and is used instead. Indeed, CDCl; is the most com-
monly used solvent in '"H NMR spectroscopy. Likewise, D,O is used instead of H,O for
water-soluble substances such as carbohydrates.

13.5 EFFECTS OF MOLECULAR STRUCTURE ON "H CHEMICAL
SHIFTS

Nuclear magnetic resonance spectroscopy is such a powerful tool for structure determi-
nation because protons in different environments experience different degrees of shield-
ing and have different chemical shifts. In compounds of the type CH;X, for example,
the shielding of the methyl protons increases as X becomes less electronegative. Inas-
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much as the shielding is due to the electrons, it isn’t surprising to find that the chemi-
cal shift depends on the degree to which X draws electrons away from the methyl group.

Increased shielding of methyl protons
Decreasing electronegativity of attached atom

CH5F CH;0CH; (CH3)3N CH;CH;
Methyl Dimethyl Trimethylamine Ethane
fluoride ether

Chemical shift

of methyl protons

(3), ppm: 43 32 22 0.9

A similar trend is seen in the methyl halides, in which the protons in CH;F are the least
shielded (8 4.3 ppm) and those of CH;I (8 2.2 ppm) are the most.

The deshielding effects of electronegative substituents are cumulative, as the chem-
ical shifts for various chlorinated derivatives of methane indicate:

CHCl, CH,Cl, CH;Cl
Chloroform Methylene chloride Methyl chloride
(trichloromethane) (dichloromethane) (chloromethane)
Chemical shift
(3), ppm: 7.3 53 3.1

PROBLEM 13.4 There is a difference of 4.6 ppm in the 'H chemical shifts of
CHCI; and CH3CCls. What is the chemical shift for the protons in CH3CCl3? Explain
your reasoning.

Vinyl protons in alkenes and aryl protons in arenes are substantially less shielded
than protons in alkanes:

H H
H H
N /
H H C=C CH;CH;
/ AN
H H
H H
Benzene Ethylene Ethane
Chemical shift
(3), ppm: 7.3 53 0.9

One reason for the decreased shielding of vinyl and aryl protons is related to the
directional properties of the induced magnetic field of the m electrons. As Figure 13.8
shows, the induced magnetic field due to the 7 electrons is just like that due to elec-
trons in o bonds; it opposes the applied magnetic field. However, all magnetic fields
close upon themselves, and protons attached to a carbon—carbon double bond or an aro-
matic ring lie in a region where the induced field reinforces the applied field, which
decreases the shielding of vinyl and aryl protons.

A similar, although much smaller, effect of m electron systems is seen in the chem-
ical shifts of benzylic and allylic hydrogens. The methyl hydrogens in hexamethylben-
zene and in 2,3-dimethyl-2-butene are less shielded than those in ethane.
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FIGURE 13.8 The induced
magnetic field of the m elec-
trons of (a) an alkene and
(b) an arene reinforces the
applied fields in the regions
where vinyl and aryl protons
are located.
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H;C CH;
H;C CH
H;C CH 3 \C—C/ 3
’ ’ /7N
H;C CH;
H;C CH;
Hexamethylbenzene 2,3-Dimethyl-2-butene
Chemical shift
(8), ppm: 22 1.7

Table 13.1 collects chemical-shift information for protons of various types. Within
each type, methyl (CH3) protons are more shielded than methylene (CH,) protons, and
methylene protons are more shielded than methine (CH) protons. These differences are
small—only about 0.7 ppm separates a methyl proton from a methine proton of the same
type. Overall, proton chemical shifts among common organic compounds encompass a
range of about 12 ppm. The protons in alkanes are the most shielded, and O—H pro-
tons of carboxylic acids are the least shielded.

|G ER R Chemical Shifts of Representative Types of Protons

Chemical shift (3),

Chemical shift (3),

Type of proton ppm* Type of proton ppm*
| |
H—C|—R 0.9-1.8 H—C|—NR 2.2-2.9
| |
H—C|—C=C 1.6-2.6 H—C|—CI 3.1-4.1
| (ll) |
H—C|—C— 2.1-25 H—C|—Br 2.7-4.1
| |
H—C—C=N 2.1-3 H—C—O 3.3-3.7
| |
H—C=C— 2.5
l R
H—C—Ar 2.3-2.8 H—NR 1-3
|
| - N
H—C=C\ 45-6.5 H—OR 0.5-5
H—Ar 6.5-8.5 H—OAr 6-8"
7 7
H—C— 9-10 H—OC— 10-13"

*Approximate values relative to tetramethylsilane; other groups within the molecule can cause a proton
signal to appear outside of the range cited.
"The chemical shifts of protons bonded to nitrogen and oxygen are temperature- and concentration-

dependent.
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The ability of an NMR spectrometer to separate signals that have similar chemi-
cal shifts is termed its resolving power and is directly related to the magnetic field
strength of the instrument. Two closely spaced signals at 60 MHz become well separated
if a 300-MHz instrument is used. (Remember, though, that the chemical shift 8, cited in
parts per million, is independent of the field strength.)

13.6 INTERPRETING PROTON NMR SPECTRA

Analyzing an NMR spectrum in terms of a unique molecular structure begins with the

information contained in Table 13.1. By knowing the chemical shifts characteristic of

various proton environments, the presence of a particular structural unit in an unknown

compound may be inferred. An NMR spectrum also provides other useful information,
including:

1. The number of signals, which tells us how many different kinds of protons there
are.

2. The intensity of the signals as measured by the area under each peak, which tells
us the relative ratios of the different kinds of protons.

3. The multiplicity, or splitting, of each signal, which tells us how many protons are
vicinal to the one giving the signal.

Protons that have different chemical shifts are said to be chemical-shift-non-
equivalent (or chemically nonequivalent). A separate NMR signal is given for each
chemical-shift-nonequivalent proton in a substance. Figure 13.9 shows the 200-MHz 'H
NMR spectrum of methoxyacetonitrile (CH;0OCH,CN), a molecule with protons in two
different environments. The three protons in the CH5O group constitute one set, the two

3H

N= CCHzoCH:;
CH,

2H

CH,

10.0 9.0 8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 0.0
Chemical shift (3, ppm)

FIGURE 13.9 The 200-MHz "H NMR spectrum of methoxyacetonitrile (CH;OCH,CN).
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protons in the OCH,CN group the other. These two sets of protons give rise to the two
peaks that we see in the NMR spectrum and can be assigned on the basis of their chem-
ical shifts. The protons in the OCH,CN group are connected to a carbon that bears two
electronegative substituents (O and C=N) and are less shielded than those of the CH;0
group, which are attached to a carbon that bears only one electronegative atom (O). The
signal for the protons in the OCH,CN group appears at & 4.1 ppm; the signal corre-
sponding to the CH30 protons is at & 3.3 ppm.

Another way to assign the peaks is by comparing their intensities. The three equiv-
alent protons of the CH;O group give rise to a more intense peak than the two equiva-
lent protons of the OCH,CN group. This is clear by simply comparing the heights of the
peaks in the spectrum. It is better, though, to compare peak areas by a process called
integration. This is done electronically at the time the NMR spectrum is recorded, and
the integrated areas are displayed on the computer screen or printed out. Peak areas are
proportional to the number of equivalent protons responsible for that signal.

It is important to remember that integration of peak areas gives relative, not
absolute, proton counts. Thus, a 3:2 ratio of areas can, as in the case of CH;0CH,CN,
correspond to a 3:2 ratio of protons. But in some other compound a 3:2 ratio of areas
might correspond to a 6:4 or 9:6 ratio of protons.

PROBLEM 13.5 The 200-MHz 'H NMR spectrum of 1,4-dimethylbenzene looks
exactly like that of CH30CH,CN except the chemical shifts of the two peaks are
d 2.2 ppm and 3 7.0 ppm. Assign the peaks to the appropriate protons of 1,4-
dimethylbenzene.

Protons are equivalent to one another and have the same chemical shift when they
are in equivalent environments. Often it is an easy matter to decide, simply by inspec-
tion, when protons are equivalent or not. In more difficult cases, mentally replacing a
proton in a molecule by a “test group” can help. We’ll illustrate the procedure for a sim-
ple case—the protons of propane. To see if they have the same chemical shift, replace
one of the methyl protons at C-1 by chlorine, then do the same thing for a proton at
C-3. Both replacements give the same molecule, 1-chloropropane. Therefore the methyl
protons at C-1 are equivalent to those at C-3.

CH;CH,CH3; CICH,CH,CH3 CH;CH,CH,CI
Propane 1-Chloropropane 1-Chloropropane

If the two structures produced by mental replacement of two different hydrogens in a
molecule by a test group are the same, the hydrogens are chemically equivalent. Thus,
the six methyl protons of propane are all chemically equivalent to one another and have
the same chemical shift.

Replacement of either one of the methylene protons of propane generates 2-chloro-
propane. Both methylene protons are equivalent. Neither of them is equivalent to any of
the methyl protons.

The '"H NMR spectrum of propane contains two signals: one for the six equiva-
lent methyl protons, the other for the pair of equivalent methylene protons.

PROBLEM 13.6 How many signals would you expect to find in the "H NMR spec-
trum of each of the following compounds?

(a) 1-Bromobutane (c) Butane
(b) 1-Butanol (d) 1,4-Dibromobutane
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(e) 2,2-Dibromobutane (g9) 1,1,4-Tribromobutane
(f) 2,2,3,3-Tetrabromobutane (h) 1,1,1-Tribromobutane

SAMPLE SOLUTION (a) To test for chemical-shift equivalence, replace the pro-
tons at C-1, C-2, C-3, and C-4 of 1-bromobutane by some test group such as chlo-
rine. Four constitutional isomers result:

CH3CH2CH2C|HBr CH3CH2C|HCHZBr CH3(‘ZHCH2CHZBr CICH,CH,CH,CH,Br

cl Cl Cl
1-Bromo-1- 1-Bromo-2- 1-Bromo-3- 1-Bromo-4-
chlorobutane chlorobutane chlorobutane chlorobutane

Thus, separate signals will be seen for the protons at C-1, C-2, C-3, and C-4. Bar-
ring any accidental overlap, we expect to find four signals in the NMR spectrum
of 1-bromobutane.

Chemical-shift nonequivalence can occur when two environments are stereochem-
ically different. The two vinyl protons of 2-bromopropene have different chemical shifts.

Br H §53ppm
AN /
C=C
/ AN
H;C H $§5.5ppm

2-Bromopropene

One of the vinyl protons is cis to bromine; the other trans. Replacing one of the vinyl
protons by some test group, say, chlorine, gives the Z isomer of 2-bromo-1-chloro-
propene; replacing the other gives the E stereoisomer. The E and Z forms of 2-bromo-
1-chloropropene are stereoisomers that are not enantiomers; they are diastereomers. Pro-
tons that yield diastereomers on being replaced by some test group are described as
diastereotopic. The vinyl protons of 2-bromopropene are diastereotopic. Diastereotopic
protons can have different chemical shifts. Because their environments are similar, how-
ever, this difference in chemical shift is usually small, and it sometimes happens that
two diastereotopic protons accidentally have the same chemical shift. Recording the spec-
trum on a higher field NMR spectrometer is often helpful in resolving signals with sim-
ilar chemical shifts.

PROBLEM 13.7 How many signals would you expect to find in the '"H NMR spec-

trum of each of the following compounds?

(a) Vinyl bromide (d) trans-1,2-Dibromoethene
(b) 1,1-Dibromoethene (e) Allyl bromide
(c) cis-1,2-Dibromoethene (f) 2-Methyl-2-butene

SAMPLE SOLUTION (a) Each proton of vinyl bromide is unique and has a chem-
ical shift different from the other two. The least shielded proton is attached to
the carbon that bears the bromine. The pair of protons at C-2 are diastereotopic
with respect to each other; one is cis to bromine while the other is trans to
bromine. There are three proton signals in the NMR spectrum of vinyl bromide.
Their observed chemical shifts are as indicated.

Br H §5.7 ppm
AN /
Cc=cC
/ AN
3 6.4 ppm H H §5.8ppm
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Enantiotopic protons can
have different chemical
shifts in a chiral solvent. Be-
cause the customary solvent
(CDCl3) used in NMR mea-
surements is achiral, this
phenomenon is not observed
in routine work.

More complicated splitting

patterns conform to an ex-

tension of the “n + 1" rule

and will be discussed in Sec-
tion 13.11.
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When enantiomers are generated by replacing first one proton and then another by
a test group, the pair of protons are enantiotopic with respect to one another. The meth-
ylene protons at C-2 of 1-propanol, for example, are enantiotopic.

Cle (l?Hz Cle
il C anlb C il C
o Semon Y Scnom H™ [ ™>ch,0n
Enantlotog/H
protons
1-Propanol (R)-2-Chloro-1-propanol (8)-2-Chloro-1-propanol

Replacing one of these protons by chlorine as a test group gives (R)-2-chloro-1-propanol;
replacing the other gives (S)-2-chloro-1-propanol. Enantiotopic protons have the same
chemical shift, regardless of the field strength of the NMR spectrometer.

At the beginning of this section we noted that an NMR spectrum provides struc-
tural information based on chemical shift, the number of peaks, their relative areas, and
the multiplicity, or splitting, of the peaks. We have discussed the first three of these fea-
tures of "H NMR spectroscopy. Let’s now turn our attention to peak splitting to see what
kind of information it offers.

13.7 SPIN-SPIN SPLITTING IN NMR SPECTROSCOPY

The 'H NMR spectrum of CH;OCH,CN (see Figure 13.9) discussed in the preceding
section is relatively simple because both signals are singlets; that is, each one consists
of a single peak. It is quite common though to see a signal for a particular proton appear
not as a singlet, but as a collection of peaks. The signal may be split into two peaks (a
doublet), three peaks (a triplet), four peaks (a quartet), or even more. Figure 13.10
shows the 'H NMR spectrum of 1,1-dichloroethane (CH3;CHCI,), which is characterized
by a doublet centered at 8 2.1 ppm for the methyl protons and a quartet at 8 5.9 ppm
for the methine proton.

The number of peaks into which the signal for a particular proton is split is called
its multiplicity. For simple cases the rule that allows us to predict splitting in "H NMR
spectroscopy is

Multiplicity of signal for H, = n + 1

where n is equal to the number of equivalent protons that are vicinal to H,. Two pro-
tons are vicinal to each other when they are bonded to adjacent atoms. Protons vicinal
to H, are separated from H, by three bonds. The three methyl protons of 1,1-
dichloroethane are vicinal to the methine proton and split its signal into a quartet. The
single methine proton, in turn, splits the methyl protons’ signal into a doublet.

This proton splits the signal for the (|:1
methyl protons into a doublet. These three protons split the signal
2’ H—C—Cl for the methine proton into a quartet.
CH;

The physical basis for peak splitting in 1,1-dichloroethane can be explained with
the aid of Figure 13.11, which examines how the chemical shift of the methyl protons
is affected by the spin of the methine proton. There are two magnetic environments for
the methyl protons: one in which the magnetic moment of the methine proton is paral-
lel to the applied field, and the other in which it is antiparallel to it. When the magnetic
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CH;
C1,CHCH;
' 214 ' 2'.0 ' '
614' I '610' I '5l.6'
Cl,CH
9.0 8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 0.0

Chemical shift (8, ppm)

FIGURE 13.10 The 200-MHz '"H NMR spectrum of 1,1-dichloroethane, showing the methine
proton as a quartet and the methyl protons as a doublet. The peak multiplicities are seen more
clearly in the scale-expanded insets.

moment of the methine proton is parallel to the applied field, it reinforces it. This
decreases the shielding of the methyl protons and causes their signal to appear at slightly
lower field strength. Conversely, when the magnetic moment of the methine proton is
antiparallel to the applied field, it opposes it and increases the shielding of the methyl
protons. Instead of a single peak for the methyl protons, there are two of approximately
equal intensity: one at slightly higher field than the “true” chemical shift, the other at
slightly lower field.

Turning now to the methine proton, its signal is split by the methyl protons into a
quartet. The same kind of analysis applies here and is outlined in Figure 13.12. The
methine proton “sees” eight different combinations of nuclear spins for the methyl

Cl Cl
T H—C|—Cl l H—C—Cl
C|H3 C|H3
#o

Spin of methine proton shields
methyl protons from .
Methyl signal appears at higher field.

Spin of methine proton reinforces #;
a weaker % is needed for resonance.
Methyl signal appears at lower field.
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FIGURE 13.11 The magnetic
moments (blue arrows) of
the two possible spin states
of the methine proton affect
the chemical shift of the
methyl protons in 1,1-
dichloroethane. When the
magnetic moment is parallel
to the external field %,
(green arrow), it adds to the
external field and a smaller
9y is needed for resonance.
When it is antiparallel to the
external field, it subtracts
from it and shields the
methyl protons.
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There are eight possible combinations These eight combinations cause the
of the nuclear spins of the three methyl signal of the CHCI, proton to be
protons in CH3CHCl,. split into a quartet, in which the
intensities of the peaks are in the

ratio 1:3:3:1.

FIGURE 13.12 The methyl protons of 1,1-dichloroethane split the signal of the methine pro-
ton into a quartet.

protons. In one combination, the magnetic moments of all three methyl protons rein-
force the applied field. At the other extreme, the magnetic moments of all three methyl
protons oppose the applied field. There are three combinations in which the magnetic
moments of two methyl protons reinforce the applied field, whereas one opposes it.
Finally, there are three combinations in which the magnetic moments of two methyl
protons oppose the applied field and one reinforces it. These eight possible combina-
tions give rise to four distinct peaks for the methine proton, with a ratio of intensities
of 1:3:3:1.

We describe the observed splitting of NMR signals as spin—spin splitting and the
physical basis for it as spin—spin coupling. It has its origin in the communication of
nuclear spin information between nuclei. This information is transmitted by way of the
electrons in the bonds that intervene between the nuclei. Its effect is greatest when the
number of bonds is small. Vicinal protons are separated by three bonds, and coupling
between vicinal protons, as in 1,1-dichloroethane, is called three-bond coupling or vic-
inal coupling. Four-bond couplings are weaker and not normally observable.

A very important characteristic of spin—spin splitting is that protons that have the
same chemical shift do not split each other’s signal. Ethane, for example, shows only a
single sharp peak in its NMR spectrum. Even though there is a vicinal relationship
between the protons of one methyl group and those of the other, they do not split each
other’s signal because they are equivalent.

PROBLEM 13.8 Describe the appearance of the "H NMR spectrum of each of the
following compounds. How many signals would you expect to find, and into how
many peaks will each signal be split?

(a) 1,2-Dichloroethane (d) 1,2,2-Trichloropropane

(b) 1,1,1-Trichloroethane (e) 1,1,1,2-Tetrachloropropane

(c) 1,1,2-Trichloroethane

SAMPLE SOLUTION (a) All the protons of 1,2-dichloroethane (CICH,CH,CI) are
chemically equivalent and have the same chemical shift. Protons that have the
same chemical shift do not split each other’s signal, and so the NMR spectrum of
1,2-dichloroethane consists of a single sharp peak.
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Coupling of nuclear spins requires that the nuclei split each other’s signal equally.
The separation between the two halves of the methyl doublet in 1,1-dichloroethane is
equal to the separation between any two adjacent peaks of the methine quartet. The extent
to which two nuclei are coupled is known as the coupling constant J and in simple
cases is equal to the separation between adjacent lines of the signal of a particular pro-
ton. The three-bond coupling constant *J,, in 1,1-dichloroethane has a value of 7 Hz.
The size of the coupling constant is independent of the field strength; the separation
between adjacent peaks in 1,1-dichloroethane is 7 Hz, irrespective of whether the spec-
trum is recorded at 200 MHz or 500 MHz.

13.8 SPLITTING PATTERNS: THE ETHYL GROUP

At first glance, splitting may seem to complicate the interpretation of NMR spectra. In
fact, it makes structure determination easier because it provides additional information.
It tells us how many protons are vicinal to a proton responsible for a particular signal.
With practice, we learn to pick out characteristic patterns of peaks, associating them with
particular structural types. One of the most common of these patterns is that of the ethyl
group, represented in the NMR spectrum of ethyl bromide in Figure 13.13.

CH,
3.6 3.5 3.4 33 I 1.I80 I 1.I7O I 1.I60 o
CH,
BTCH2CH3
CHCl, TMS
-
9.0 8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 0.0

Chemical shift (8, ppm)

FIGURE 13.13 The 200-MHz 'H NMR spectrum of ethyl bromide, showing the characteristic
triplet-quartet pattern of an ethyl group.
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There are four possible
combinations of the nuclear
spins of the two methylene
protons in CH;CH,Br.
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These four combinations cause
the signal of the CHj; protons to
be split into a triplet, in which
the intensities of the peaks are
in the ratio 1:2:1.

FIGURE 13.14 The methyl-
ene protons of ethyl bro-
mide split the signal of the
methyl protons into a
triplet.

The intensities correspond to
the coefficients of a binomial
expansion (Pascal’s triangle).
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In compounds of the type CH3;CH,X, especially where X is an electronegative atom
or group, such as bromine in ethyl bromide, the ethyl group appears as a triplet—quartet
pattern. The methylene proton signal is split into a quartet by coupling with the methyl
protons. The signal for the methyl protons is a triplet because of vicinal coupling to the
two protons of the adjacent methylene group.

Br— CHZ_ CH3

These two protons split — These three protons split
the methyl signal into the methylene signal into
a triplet. a quartet.

We have discussed in the preceding section why methyl groups split the signals
due to vicinal protons into a quartet. Splitting by a methylene group gives a triplet cor-
responding to the spin combinations shown in Figure 13.14 for ethyl bromide. The rel-
ative intensities of the peaks of this triplet are 1:2:1.

PROBLEM 13.9 Describe the appearance of the "H NMR spectrum of each of the
following compounds. How many signals would you expect to find, and into how
many peaks will each signal be split?

(a) CICH,OCH,CH;
(b) CH3CH,OCH;
(c) CH3CH,OCH,CH3
(d) p-Diethylbenzene
(e) CICH,CH,OCH,CHj5
SAMPLE SOLUTION (a) Along with the triplet-quartet pattern of the ethyl

group, the NMR spectrum of this compound will contain a singlet for the two
protons of the chloromethyl group.

Split into triplet by two
CICH,—O—CH,—CH3z ~=protons of adjacent

Singlet; no protonsj /V methylene group
vicinal to these; Split into quartet by
therefore, no splitting three protons of

methyl group

Table 13.2 summarizes the splitting patterns and peak intensities expected for cou-
pling to various numbers of protons.

AR ERPE  Splitting Patterns of Common Multiplets

Number of equivalent protons Appearance of Intensities of lines
to which nucleus is coupled multiplet in multiplet

1 Doublet 1:1

2 Triplet 1:2:1

3 Quartet 1:3:3:1

4 Pentet 1:4:6:4:1

5 Sextet 1:5:10:10:5:1

6 Septet 1:6:15:20:15:6:1




13.10  Splitting Patterns: Pairs of Doublets

H
| CH;
H3C_C|:_CH3
Cl
1.8 1.6 1.4
4t4 4'.3 412 4.1 4.0 m CH

10.0 9.0 8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 0.0
Chemical shift (3, ppm)

13.9 SPLITTING PATTERNS: THE ISOPROPYL GROUP

The NMR spectrum of isopropyl chloride (Figure 13.15) illustrates the appearance of an
isopropyl group. The signal for the six equivalent methyl protons at 8 1.5 ppm is split
into a doublet by the proton of the H—C-—CI unit. In turn, the H—C—CI proton sig-
nal at & 4.2 ppm is split into a septet by the six methyl protons. A doublet—septet pat-
tern is characteristic of an isopropyl group.

This proton splits the - H\ /CH3 These six protons

signal for the methyl /C\ split the methine
rotons into a doublet. signal into a septet.

protons ¢ Cl  CH; g P

13.10 SPLITTING PATTERNS: PAIRS OF DOUBLETS

We often see splitting patterns in which the intensities of the individual peaks do not
match those given in Table 13.2, but are distorted in that the signals for coupled protons
“lean” toward each other. This leaning is a general phenomenon, but is most easily illus-
trated for the case of two nonequivalent vicinal protons as shown in Figure 13.16.

HI_C_C_H2

The appearance of the splitting pattern of protons 1 and 2 depends on their coupling con-
stant J and the chemical shift difference Av between them. When the ratio Av/J is large,
two symmetrical 1:1 doublets are observed. We refer to this as the “AX” case, using two
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FIGURE 13.15 The 200-MHz
"H NMR spectrum of iso-
propyl chloride, showing the
doublet-septet pattern of
an isopropyl group.
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FIGURE 13.16 The appear-
ance of the splitting pattern
of two coupled protons
depends on their coupling
constant J and the chemical
shift difference Av between
them. As the ratio Av/J de-
creases, the doublets be-
come increasingly distorted.
When the two protons have
the same chemical shift, no
splitting is observed.
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Chemical shift difference

AX .i. much larger than coupling .i.
constant
AM
J J
AB
J J |

A Same chemical shift;
2 no splitting

letters that are remote in the alphabet to stand for signals well removed from each other
on the spectrum. Keeping the coupling constant the same while reducing Av leads to a
steady decrease in the intensity of the outer two peaks with a simultaneous increase in
the inner two as we progress from AX through AM to AB. At the extreme (A,), the two
protons have the same chemical shift, the outermost lines have disappeared, and no split-
ting is observed. Because of its appearance, it is easy to misinterpret an AB pattern as
a quartet, rather than the pair of skewed doublets it really is.

The skewed AB pattern is clearly visible in the 'H NMR spectrum of 2,3,4-
trichloroanisole (Figure 13.17). In addition to the singlet at & 3.9 ppm for the protons of
the —OCH; group, we see doublets at 8 6.8 and & 7.3 ppm for the two protons of the
aromatic ring.

Doublet ,~ ¢~ Doublet
373ppm H H 96.8ppm
«z-Singlet
c OCEE 8 3.9 ppm
Cl Cl

2,3,4-Trichloroanisole
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cl OCH,

Cl Cl

L

74 72 70 68 6.6

TMS
i I
10.0 9.0 8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 0.0

Chemical shift (8, ppm)

A similar pattern can occur with geminal protons (protons bonded to the same carbon).
Geminal protons are separated by two bonds, and geminal coupling is referred to as two-
bond coupling (°J) in the same way that vicinal coupling is referred to as three-bond
coupling (*J). An example of geminal coupling is provided by the compound 1-chloro-
1-cyanoethene, in which the two hydrogens appear as a pair of doublets. The splitting
in each doublet is 2 Hz.

Doublet 1
/

I
a

2J=2Hz /C 1-Chloro-1-cyanoethene

Doublet CN

Splitting due to geminal coupling is seen only in CH, groups and only when the
two protons have different chemical shifts. All three protons of a methyl (CH3) group
are equivalent and cannot split one another’s signal, and, of course, there are no protons
geminal to a single methine (CH) proton.

13.11 COMPLEX SPLITTING PATTERNS

All the cases we’ve discussed so far have involved splitting of a proton signal by cou-
pling to other protons that were equivalent to one another. Indeed, we have stated the
splitting rule in terms of the multiplicity of a signal as being equal to n + 1, where n
is equal to the number of equivalent protons to which the proton that gives the signal is
coupled. What if all the vicinal protons are not equivalent?

Figure 13.18a shows the signal for the proton marked ArCH,=CH, in
m-nitrostyrene, which appears as a set of four peaks in the range 3 6.7-6.9 ppm. These
four peaks are in fact a “doublet of doublets.” The proton in question is unequally
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FIGURE 13.17 The 200-MHz
'"H NMR spectrum of 2,3,4-
trichloroanisole, illustrating
the splitting of the ring pro-
tons into a pair of doublets
that “lean” toward each
other.

The protons in 1-chloro-1-
cyanoethene are diaste-
reotopic (Section 13.6). They
are nonequivalent and have
different chemical shifts. Re-
member, splitting can only
occur between protons that
have different chemical
shifts.
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FIGURE 13.18 Splitting of
a signal into a doublet of
doublets by unequal cou-
pling to two vicinal protons.
(a) Appearance of the signal
for the proton marked H, in
m-nitrostyrene as a set of
four peaks. (b) Origin of
these four peaks through
successive splitting of the
signal for H,.

You will find it revealing to
construct a splitting diagram
similar to that of Figure
13.18 for the case in which
the cis and trans
H—C=C—H coupling con-
stants are equal. Under those
circumstances the four-line
pattern simplifies to a triplet,
as it should for a proton
equally coupled to two vici-
nal protons.
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\
C—H
O,N /
H

(@) (b)

coupled to the two protons at the end of the vinyl side chain. The size of the vicinal
coupling constant between protons trans to each other on a double bond is normally
larger than that between cis protons. In this case the trans coupling constant is 16 Hz
and the cis coupling constant is 12 Hz. Thus, as shown in Figure 13.18b, the signal is
split into a doublet with a spacing of 16 Hz by one vicinal proton, and each line of this
doublet is then split into another doublet with a spacing of 12 Hz.

PROBLEM 13.10 In addition to the proton marked H, in m-nitrostyrene in Fig-
ure 13.18, there are two other vinylic protons. Assuming that the coupling con-
stant between the two geminal protons in ArCH=CH, is 2 Hz and the vicinal cou-
pling constants are 12 Hz (cis) and 16 Hz (trans), describe the splitting pattern for
each of these other two vinylic hydrogens.

The “n + 1 rule” should be amended to read: When a proton H, is coupled to H,,
H., Hy, etc., and J,, # J,, F Jua etc., the original signal for H, is split into n + 1
peaks by n Hy, protons, each of these lines is further split into n + 1 peaks by n H, pro-
tons, and each of these into n + 1 lines by n H, protons, etc. Bear in mind that because
of overlapping peaks, the number of lines actually observed can be less than that
expected on the basis of the splitting rule.

PROBLEM 13.11 Describe the splitting pattern expected for the proton at
(a) C-2 in (Z)-1,3-dichloropropene

|
(b) C-2in CH3C|HCH
Br

SAMPLE SOLUTION (a) The signal of the proton at C-2 is split into a doublet
by coupling to the proton cis to it on the double bond, and each line of this dou-
blet is split into a triplet by the two protons of the CH,Cl group.
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This proton splits ~~ * H H* N Proton at C-2 appears as
signal for proton at AN / a doublet of triplets.
C-2 into a doublet.

I
(@]

C|/1 2 \CH a These protons split signal for
2 proton at C-2 into a triplet.

13.12 "H NMR SPECTRA OF ALCOHOLS

The hydroxyl proton of a primary alcohol RCH,OH is vicinal to two protons, and its sig-
nal would be expected to be split into a triplet. Under certain conditions signal splitting
of alcohol protons is observed, but usually it is not. Figure 13.19 presents the NMR spec-
trum of benzyl alcohol, showing the methylene and hydroxyl protons as singlets at & 4.7
and 2.5 ppm, respectively. (The aromatic protons also appear as a singlet, but that is
because they all accidentally have the same chemical shift and so cannot split each other.)

The reason that splitting of the hydroxyl proton of an alcohol is not observed is that
it is involved in rapid exchange reactions with other alcohol molecules. Transfer of a pro-
ton from an oxygen of one alcohol molecule to the oxygen of another is quite fast and
effectively decouples it from other protons in the molecule. Factors that slow down this
exchange of OH protons, such as diluting the solution, lowering the temperature, or
increasing the crowding around the OH group, can cause splitting of hydroxyl resonances.

The chemical shift of the hydroxyl proton is variable, with a range of & 0.5-5 ppm,
depending on the solvent, the temperature at which the spectrum is recorded, and the
concentration of the solution. The alcohol proton shifts to lower field strength in more
concentrated solutions.

10.0 9.0 8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 0.0
Chemical shift (8, ppm)

FIGURE 13.19 The 200-MHz '"H NMR spectrum of benzyl alcohol. The hydroxyl proton and the
methylene protons are vicinal but do not split each other because of the rapid intermolecular
exchange of hydroxyl protons.
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An easy way to verify that a particular signal belongs to a hydroxyl proton is to
add D,0. The hydroxyl proton is replaced by deuterium according to the equation:

RCH,OH + D,0 = RCH,OD + DOH

Deuterium does not give a signal under the conditions of 'H NMR spectroscopy. Thus,
replacement of a hydroxyl proton by deuterium leads to the disappearance of the OH
peak. Protons bonded to nitrogen and sulfur also undergo exchange with D,O. Those
bound to carbon normally do not, and so this technique is useful for assigning the pro-
ton resonances of OH, NH, and SH groups.

13.13 NMR AND CONFORMATIONS

We know from Chapter 3 that the protons in cyclohexane exist in two different envi-
ronments: axial and equatorial. The NMR spectrum of cyclohexane, however, shows only
a single sharp peak at & 1.4 ppm. All the protons of cyclohexane appear to be equiva-
lent in the NMR spectrum. Why?

The answer is related to the very rapid rate of ring flipping in cyclohexane.

Hy

m%y . m(ﬁ

H,
One property of NMR spectroscopy is that it is too slow a technique to “see” the indi-
vidual conformations of cyclohexane. What NMR sees is the average environment of
the protons. Since chair—chair interconversion in cyclohexane converts each axial proton
to an equatorial one and vice versa, the average environments of all the protons are the
same. A single peak is observed that has a chemical shift midway between the true chem-
ical shifts of the axial and the equatorial protons.

The rate of ring flipping can be slowed down by lowering the temperature. At tem-
peratures on the order of —100°C, separate signals are seen for the axial and equatorial
protons of cyclohexane.

13.14 3C NMR SPECTROSCOPY

We pointed out in Section 13.3 that both 'H and '*C are nuclei that can provide useful
structural information when studied by NMR. Although a "H NMR spectrum helps us
infer much about the carbon skeleton of a molecule, a 13C NMR spectrum has the obvi-
ous advantage of probing the carbon skeleton directly. '>*C NMR spectroscopy is analo-
gous to '"H NMR in that the number of signals informs us about the number of differ-
ent kinds of carbons, and their chemical shifts are related to particular chemical
environments.

However, unlike 'H, which is the most abundant of the hydrogen isotopes
(99.985%), only 1.1% of the carbon atoms in a sample are '*C. Moreover, the intensity
of the signal produced by '*C nuclei is far weaker than the signal produced by the same
number of 'H nuclei. In order for >*C NMR to be a useful technique in structure deter-
mination, a vast increase in the signal-to-noise ratio is required. Pulsed FT-NMR pro-
vides for this, and its development was the critical breakthrough that led to '>*C NMR
becoming the routine tool that it is today.
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To orient ourselves in the information that '*C NMR provides, let’s compare the
"H and '*C NMR spectra of 1-chloropentane (Figures 13.20a and 13.20b, respectively).
The "H NMR spectrum shows reasonably well defined triplets for the protons of the CH;

CICH,CH,CH,CH,CH;
b TMS
10.0 9.0 8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 0.0
Chemical shift (3, ppm)
(@)
CICH,CH,CH,CH,CH;
CDCl,

200 180 160 140 120 100 80 60 40 20 0
Chemical shift (8, ppm)

(b)

511

FIGURE 13.20 (a) The 200-
MHz 'H NMR spectrum and
(b) the *C NMR spectrum of
1-chloropentane.
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and CH,Cl groups (5 0.9 and 3.55 ppm, respectively). The signals for the six CH, pro-
tons at C-2, C-3, and C-4 of CH;CH,CH,CH,CH,Cl, however, appear as two unresolved
multiplets at & 1.4 and 1.8 ppm.

The '*C NMR spectrum, on the other hand, is very simple: a separate, distinct
peak is observed for each carbon.

Notice, too, how well-separated these '*C signals are: they cover a range of over
30 ppm, compared with less than 3 ppm for the proton signals of the same compound.
In general, the window for proton signals in organic molecules is about 12 ppm; '°C
chemical shifts span a range of over 200 ppm. The greater spread of '*C chemical shifts
makes it easier to interpret the spectra.

PROBLEM 13.12 How many signals would you expect to see in the '*C NMR
spectrum of each of the following compounds?

(a) Propylbenzene (d) 1,2,4-Trimethylbenzene
(b) Isopropylbenzene (e) 1,3,5-Trimethylbenzene
(c) 1,2,3-Trimethylbenzene

SAMPLE SOLUTION (a) The two ring carbons that are ortho to the propyl sub-
stituent are equivalent and so must have the same chemical shift. Similarly, the
two ring carbons that are meta to the propyl group are equivalent to each other.
The carbon atom para to the substituent is unique, as is the carbon that bears
the substituent. Thus, there will be four signals for the ring carbons, designated
w, X, ¥, and z in the structural formula. These four signals for the ring carbons
added to those for the three nonequivalent carbons of the propyl group yield a
total of seven signals.

X y
W@CHZCHZCH3 Propylbenzene
X y

13.15 '3C CHEMICAL SHIFTS

Just as chemical shifts in "H NMR are measured relative to the protons of tetramethyl-
silane, chemical shifts in 13C NMR are measured relative to the carbons of tetra-
methylsilane as the zero point of the chemical-shift scale. Table 13.3 lists typical
chemical-shift ranges for some representative types of carbon atoms.

In general, the factors that most affect 13C chemical shifts are:

1. The hybridization of carbon
2. The electronegativity of the groups attached to carbon
Both can be illustrated by comparing the chemical shifts of the designated carbon in the

compounds shown. (The numbers are the chemical shift of the indicated carbon in parts
per million.)

N~ NN \/\/OH WO
23 138 61 202
Pentane 1-Pentene 1-Butanol Butanal
sp3—Hybridized carbons are more shielded than sp* as the chemical shifts for C-2 in pen-

tane versus l-pentene and C-1 in 1-butanol versus butanal demonstrate. The effect of
substituent electronegativity is evident when comparing pentane with 1-butanol and
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1A SN RS Chemical Shifts of Representative Carbons

Chemical shift (3)

Chemical shift (3)

Type of carbon ppm* Type of carbon ppm*

Hydrocarbons Functionally substituted carbons

RCH; 0-35 RCH,Br 20-40

R,CH, 15-40 RCH,CI 25-50

RsCH 25-50 RCH,NH, 35-50

R4C 30-40 RCH,OH and RCH,OR 50-65

RC=CR 65-90 RC=N 110-125
i i

R,C=CR, 100-150 RCOH and RCOR 160-185
i i

@ 110-175 RCH and RCR 190-220

*Approximate values relative to tetramethylsilane.

1-pentene with butanal. Replacing the methyl group in pentane by the more electroneg-
ative oxygen deshields the carbon in 1-butanol. Likewise, replacing C-1 in 1-pentene by
oxygen deshields the carbonyl carbon in butanal.

PROBLEM 13.13 Consider carbons x, y, and z in p-methylanisole. One has a
chemical shift of 3 20 ppm, another has 3 55 ppm, and the third 157 ppm. Match
the chemical shifts with the appropriate carbons.

X y z
H5C OCH;

sp-Hybridized carbons are a special case; they are less shielded than sp® but more
shielded than sp*-hybridized carbons.

13.16 "*C NMR AND PEAK INTENSITIES

Two features that are fundamental to "H NMR spectroscopy—integrated areas and split-
ting patterns—are not very important in '*C NMR.

Although it is a simple matter to integrate '*C signals, it is rarely done because
the observed ratios can be more misleading than helpful. The pulsed FT technique that
is standard for '>C NMR has the side effect of distorting the signal intensities, especially
for carbons that lack attached hydrogens. Examine Figure 13.21 which shows the "*C
spectrum of 3-methylphenol (m-cresol). Notice that, contrary to what we might expect
for a compound with seven peaks for seven different carbons, the intensities of these
peaks are not nearly the same. The two least intense signals, those at & 140 and
d 157 ppm, correspond to carbons that lack attached hydrogens.

PROBLEM 13.14 To which of the compounds of Problem 13.12 does the ">*C NMR
spectrum of Figure 13.22 belong?
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FIGURE 13.21 The *C NMR
spectrum of m-cresol. Each
of the seven carbons of
m-cresol gives a separate
peak. Integrating the spec-
trum would not provide use-
ful information because the
intensities of the peaks are
so different, even though
each one corresponds to a
single carbon.

FIGURE 13.22 The "*C NMR
spectrum of the unknown
compound of Problem 13.14.
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CH;
OH
CDCl,
i
200 180 160 140 120 100 80 60 40 20
Chemical shift (§, ppm)
CDCl,
200 180 160 140 120 100 80 60 40 20

Chemical shift (3, ppm)
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13.17 *C—"H COUPLING

You may have noticed another characteristic of '>C NMR spectra—all of the peaks are
singlets. With a spin of i%, a *C nucleus is subject to the same splitting rules that apply
to 'H, and we might expect to see splittings due to *C—"C and '*C—"H couplings.
We don’t. Why?

The lack of splitting due to '*C—"3C coupling is easy to understand. '>C NMR
spectra are measured on samples that contain '*C at the “natural abundance” level. Only
1% of all the carbons in the sample are '>C, and the probability that any molecule con-
tains more than one '*C atom is quite small.

Splitting due to '*C—"H coupling is absent for a different reason, one that has to
do with the way the spectrum is run. Because a '*C signal can be split not only by the
protons to which it is directly attached, but also by protons separated from it by two,
three, or even more bonds, the number of splittings might be so large as to make the
spectrum too complicated to interpret. Thus, the spectrum is measured under conditions,
called broadband decoupling, that suppress such splitting. In addition to pulsing the
sample by a radiofrequency tuned for '*C, the sample is continuously irradiated by a
second rf transmitter that covers the entire frequency range for all the 'H nuclei. The
effect of this second 1f is to decouple the 'H spins from the '*C spins, which causes all
the '*C signals to collapse to singlets.

What we gain from broadband decoupling in terms of a simple-looking spectrum
comes at the expense of some useful information. For example, being able to see split-
ting corresponding to one-bond '*C—'H coupling would immediately tell us the num-
ber of hydrogens directly attached to each carbon. The signal for a carbon with no
attached hydrogens (a quaternary carbon) would be a singlet, the hydrogen of a CH
group would split the carbon signal into a doublet, and the signals for the carbons of a
CH, and a CH; group would appear as a triplet and a quartet, respectively. Although it
is possible, with a technique called off-resonance decoupling, to observe such one-bond
couplings, identifying a signal as belonging to a quaternary carbon or to the carbon of
a CH, CH,, or CHj; group is normally done by a method called DEPT, which is described
in the next section.

13.18 USING DEPT TO COUNT THE HYDROGENS ATTACHED TO '3C
In general, a simple pulse FI-NMR experiment involves the following stages:

1. Equilibration of the nuclei between the lower and higher spin states under the influ-
ence of a magnetic field

2. Application of a radiofrequency pulse to give an excess of nuclei in the higher spin
state

3. Acquisition of free-induction decay data during the time interval in which the equi-
librium distribution of nuclear spins is restored

4. Mathematical manipulation (Fourier transform) of the data to plot a spectrum

The pulse sequence (stages 2-3) can be repeated hundreds of times to enhance the signal-
to-noise ratio. The duration of time for stage 2 is on the order of milliseconds, and that
for stage 3 is about 1 second.

Major advances in NMR have been made by using a second rf transmitter to irra-
diate the sample at some point during the sequence. There are several such techniques,
of which we’ll describe just one, called “distortionless enhancement of polarization
transfer,” abbreviated as DEPT.
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FIGURE 13.23 '3C NMR
spectra of 1-phenyl-1-pen-
tanone. (a) Normal spec-
trum. (b) DEPT spectrum
recorded using a pulse se-
quence in which CH; and CH
carbons appear as positive
peaks, CH, carbons as nega-
tive peaks, and carbons
without any attached hydro-
gens are nulled.
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In the DEPT routine, a second transmitter excites 'H, and this affects the appear-
ance of the '*C spectrum. A typical DEPT experiment is illustrated for the case of
1-phenyl-1-pentanone in Figure 13.23. In addition to the normal spectrum shown in Fig-

CH
CH
H H ?
H CCH,CH,CH,CH;
H H
CH cH,
CH, CH,
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|
C
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CH CH
H H ?
H CCH,CH,CH,CHj3;
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ure 13.23a, four more spectra are run using prescribed pulse sequences. In one (Figure
13.23b), the signals for carbons of CH; and CH groups appear normally, whereas those
for CH, groups are inverted and those for C without any attached hydrogens are nulled.
In the others (not shown) different pulse sequences produce combinations of normal,
nulled, and inverted peaks that allow assignments to be made to the various types of car-
bons with confidence.

MAGNETIC RESONANCE IMAGING

ike all photographs, a chest X-ray is a two-

dimensional projection of a three-dimensional

object. It is literally a collection of shadows pro-
duced by all the organs that lie between the source
of the X-rays and the photographic plate. The clear-
est images in a chest X-ray are not the lungs (the cus-
tomary reason for taking the X-ray in the first place)
but rather the ribs and backbone. It would be desir-
able if we could limit X-ray absorption to two dimen-
sions at a time rather than three. This is, in fact, what
is accomplished by a technique known as computer-
ized axial tomography, which yields its information in
a form called a CT (or CAT) scan. With the aid of a
computer, a CT scanner controls the movement of an
X-ray source and detector with respect to the patient
and to each other, stores the X-ray absorption pat-
tern, and converts it to an image that is equivalent to
an X-ray photograph of a thin section of tissue. It is a
noninvasive diagnostic method, meaning that
surgery is not involved nor are probes inserted into
the patient’s body.

As useful as the CT scan is, it has some draw-
backs. Prolonged exposure to X-rays is harmful, and
CT scans often require contrast agents to make cer-
tain organs more opaque to X-rays. Some patients
are allergic to these contrast agents. An alternative
technique was introduced in the 1980s that is not
only safer but more versatile than X-ray tomography.
This technique is magnetic resonance imaging, or
MRI. MRI is an application of nuclear magnetic reso-
nance spectroscopy that makes it possible to examine
the inside of the human body using radiofrequency
radiation, which is lower in energy (see Figure 13.1)
and less damaging than X-rays and requires no imag-
ing or contrast agents. By all rights MRI should be
called NMRI, but the word “nuclear” was dropped
from the name so as to avoid confusion with nuclear
medicine, which involves radioactive isotopes.

Although the technology of an MRI scanner is
rather sophisticated, it does what we have seen other
NMR spectrometers do; it detects protons. Thus, MRI

is especially sensitive to biological materials such as
water and lipids that are rich in hydrogen. Figure
13.24 shows an example of the use of MRI to detect a
brain tumor. Regions of the image are lighter or
darker according to the relative concentration of pro-
tons and to their environments.

Using MRI as a substitute for X-ray tomography
is only the first of what are many medical applica-
tions. More lie on the horizon. If, for example, the
rate of data acquisition could be increased, then it
would become possible to make the leap from the
equivalent of still photographs to motion pictures.
One could watch the inside of the body as it works—
see the heart beat, see the lungs expand and con-
tract—rather than merely examine the structure of
an organ.

FIGURE 13.24 A magnetic resonance image of a section
of a brain that has a tumor in the left hemisphere. The
image has been computer-enhanced to show the tumor
and the surrounding liquid in different shades of red, fatty
tissues in green, the normal part of the brain in blue, and
the eyeballs in yellow. (Photograph courtesy of Simon
Fraser Science Photo Library, Newcastle upon Tyne.)
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FIGURE 13.25 Stretch- @

ing and bending vibrations
of a methylene unit.
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13.19 INFRARED SPECTROSCOPY

Before the advent of NMR spectroscopy, infrared (IR) spectroscopy was the instrumen-
tal method most often applied to determine the structure of organic compounds. Although
NMR spectroscopy, in general, tells us more about the structure of an unknown com-
pound, IR still retains an important place in the chemist’s inventory of spectroscopic
methods because of its usefulness in identifying the presence of certain functional groups
within a molecule.

Infrared radiation is the portion of the electromagnetic spectrum (see Figure 13.1)
between microwaves and visible light. The fraction of the infrared region of most use
for structure determination lies between 2.5 X 10~° m and 16 X 10~° m in wavelength.
Two units commonly employed in infrared spectroscopy are the micrometer and the wave
number. One micrometer (wm) is 10~® m, and infrared spectra record the region from
2.5 wm to 16 wm. Wave numbers are reciprocal centimeters (cm™ '), so that the region
2.5-16 pm corresponds to 4000-625 cm ™~ '. An advantage to using wave numbers is that
they are directly proportional to energy. Thus, 4000 cm ™' is the high-energy end of the
scale, and 625 cm ™! is the low-energy end.

Electromagnetic radiation in the 4000-625 cm ™' region corresponds to the sepa-
ration between adjacent vibrational energy states in organic molecules. Absorption of
a photon of infrared radiation excites a molecule from its lowest, or ground, vibrational
state to a higher one. These vibrations include stretching and bending modes of the type
illustrated for a methylene group in Figure 13.25. A single molecule can have a large
number of distinct vibrations available to it, and infrared spectra of different molecules,
like fingerprints, are different. Superposability of their infrared spectra is commonly
offered as proof that two compounds are the same.

@~ Q.
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@’ @’

Symmetric Antisymmetric
v
C C
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@ @
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A typical infrared spectrum, such as that of hexane in Figure 13.26, appears as a
series of absorption peaks of varying shape and intensity. Almost all organic compounds
exhibit a peak or group of peaks near 3000 cm™ ' due to carbon-hydrogen stretching.
The peaks at 1460, 1380, and 725 cm ™' are due to various bending vibrations.

Infrared spectra can be recorded on a sample regardless of its physical state—solid,
liquid, gas, or dissolved in some solvent. The spectrum in Figure 13.26 was taken on
the neat sample, meaning the pure liquid. A drop or two of hexane was placed between
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Like NMR spectrometers,
some IR spectrometers oper-
ate in a continuous-sweep
mode, whereas others em-
ploy pulse Fourier-transform
(FT-IR) technology. All the IR
spectra in this text were ob-
tained on an FT-IR instru-

t.
two sodium chloride disks, through which the infrared beam is passed. Solids may be men
dissolved in a suitable solvent such as carbon tetrachloride or chloroform. More com-
monly, though, a solid sample is mixed with potassium bromide and the mixture pressed
into a thin wafer, which is placed in the path of the infrared beam.
In using infrared spectroscopy for structure determination, peaks in the range
1600—4000 cm ™' are usually emphasized because this is the region in which the vibra-
tions characteristic of particular functional groups are found. The region 1300-625 cm ™'
is known as the fingerprint region; it is here that the pattern of peaks varies most from
compound to compound. Table 13.4 lists the frequencies (in wave numbers) associated
with a variety of groups commonly found in organic compounds.
TABLE 13.4 Infrared Absorption Frequencies of Some Common Structural Units
Structural unit Frequency, cm ™" Structural unit Frequency, cm ™"
Stretching vibrations
Single bonds Double bonds
N
—O—H (alcohols) 3200-3600 /C=C 1620-1680
—O—H (carboxylic acids) ~ 2500-3600
N
N C=0
/N—H 3350-3500 4
Aldehydes and ketones  1710-1750
sp C—H 3310-3320 L
SpZ C—H 3000-3100 Carboxyllc acids 1700-1725
sp3 C—H 2850-2950 Acid anhydrldes 1800-1850 and 1740-1790
, Acyl halides 1770-1815
sp, €0 1200 Esters 1730-1750
sp” C—0 1025-1200 Amides 16801700
Triple bonds
—C=C— 2100-2200
—C=N 2240-2280
Bending vibrations of diagnostic value
Alkenes: Substituted derivatives of benzene:
RCH=CH, 910, 990 Monosubstituted 730-770 and 690-710
R,C=CH, 890 Ortho-disubstituted 735-770
cis-RCH=CHR’ 665-730 Meta-disubstituted 750-810 and 680-730
trans-RCH=CHR’ 960-980 Para-disubstituted 790-840

R,C=CHR’ 790-840
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All of the calculated vibra-
tional frequencies given on
Learning By Modeling are
too high. For example, the
C=C stretching frequency
of 1-hexene observed at
1640 cm ™' is calculated to
be at 1857 cm ™.
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FIGURE 13.26 The infrared spectrum of hexane. @

To illustrate how structural features affect infrared spectra, compare the spectrum
of hexane (Figure 13.26) with that of 1-hexene (Figure 13.27). The two are quite dif-
ferent. In the C—H stretching region of 1-hexene, there is a peak at 3095 cm ™', whereas
all the C—H stretching vibrations of hexane appear below 3000 cm ™ '. A peak or peaks
above 3000 cm™ ' is characteristic of a hydrogen bonded to sp*-hybridized carbon. The
IR spectrum of 1-hexene also displays a peak at 1640 cm ™' corresponding to its C=C
stretching vibration. The peaks near 1000 and 900 cm™ ' in the spectrum of 1-hexene,
absent in the spectrum of hexane, are bending vibrations involving the hydrogens of the
doubly bonded carbons.

Carbon-hydrogen stretching vibrations with frequencies above 3000 cm ™" are also
found in arenes such as tert-butylbenzene, as shown in Figure 13.28. This spectrum also
contains two intense bands at 760 and 700 cm ™', which are characteristic of monosub-
stituted benzene rings. Other substitution patterns, some of which are listed in Table 13.4,
give different combinations of peaks.

In addition to sp* C—H stretching modes, there are other stretching vibrations that
appear at frequencies above 3000 cm™'. The most important of these is the O—H stretch
of alcohols. Figure 13.29 shows the IR spectrum of 2-hexanol. It contains a broad peak
at 3300 cm ™' ascribable to O—H stretching of hydrogen-bonded alcohol groups. In
dilute solution, where hydrogen bonding is less and individual alcohol molecules are pres-
ent as well as hydrogen-bonded aggregates, an additional peak appears at approximately
3600 cm ™.

Carbonyl groups rank among the structural units most readily revealed by IR spec-
troscopy. The carbon—oxygen double bond stretching mode gives rise to a very strong peak
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@FIGURE 13.27 The infrared spectrum of 1-hexene.
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The C=0 stretching fre-
quency in 2-hexanone ap-
pears at 1720 cm™'. To view
this vibration on Learning By
Modeling, select the calcu-
lated value of 1940 cm™".

in the 1650-1800 cm™' region. This peak is clearly evident in the spectrum of
2-hexanone, shown in Figure 13.30. The position of the carbonyl peak varies with the nature
of the substituents on the carbonyl group. Thus, characteristic frequencies are associated
with aldehydes and ketones, amides, esters, and so forth, as summarized in Table 13.4.

PROBLEM 13.15 Which one of the following compounds is most consistent with
the infrared spectrum given in Figure 13.31? Explain your reasoning.

i i
Oron Ol Ol Crovo

Phenol Acetophenone Benzoic acid Benzyl alcohol

In later chapters, when families of compounds are discussed in detail, the infrared
frequencies associated with each type of functional group will be described.

13.20 ULTRAVIOLET-VISIBLE (UV-VIS) SPECTROSCOPY

The main application of UV-VIS spectroscopy, which depends on transitions between
electronic energy levels, is in identifying conjugated  electron systems.

Much greater energies separate vibrational states than nuclear spin states, and the
energy differences between electronic states are greater yet. The energy required to
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An important enzyme in bio-
logical electron transport
called cytochrome P450 gets
its name from its UV absorp-
tion. The “P” stands for “pig-
ment” because it is colored,
and the “450" corresponds
to the 450-nm absorption of
one of its derivatives.

Molar absorptivity used to
be called the molar extinc-
tion coefficient.

O
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FIGURE 13.32 The ultravio-
let spectrum of cis,trans-1,3-
cyclooctadiene.

FIGURE 13.33 The m — =*
transition in cis, trans-1,3-
cyclooctadiene involves exci-
tation of an electron from
the highest occupied molec-
ular orbital (HOMO) to the
lowest unoccupied molecu-
lar orbital (LUMO).
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promote an electron from one electronic state to the next lies in the visible and ultravi-
olet range of the electromagnetic spectrum (see Figure 13.1). We usually identify radia-
tion in the UV-VIS range by its wavelength in nanometers (1 nm = 10~° m). Thus, the
visible region corresponds to 400-800 nm. Red light is the low-energy (long wavelength)
end of the visible spectrum, violet light the high-energy (short wavelength) end. Ultra-
violet light lies beyond the visible spectrum with wavelengths in the 200—400-nm range.

Figure 13.32 shows the UV spectrum of the conjugated diene cis,trans-1,3-cyclooc-
tadiene, measured in ethanol as the solvent. As is typical of most UV spectra, the absorp-
tion is rather broad and is often spoken of as a “band” rather than a “peak.” The wave-
length at an absorption maximum is referred to as the \,, of the band. There is only
one band in the UV spectrum of 1,3-cyclooctadiene; its A, is 230 nm. In addition to
Amax UV-VIS bands are characterized by their absorbance (A), which is a measure of
how much of the radiation that passes through the sample is absorbed. To correct for
concentration and path length effects, absorbance is converted to molar absorptivity (e)
by dividing it by the concentration ¢ in moles per liter and the path length / in cen-
timeters.

A

e = -
c-l

Molar absorptivity, when measured at A, is cited as €,,,. It is normally expressed

without units. Both ., and €, are affected by the solvent, which is therefore included

when reporting UV-VIS spectroscopic data. Thus, you might find a literature reference
expressed in the form

D

Figure 13.33 illustrates the transition between electronic energy states responsible
for the 230-nm UV band of cis-trans-1,3-cyclooctadiene. Absorption of ultraviolet radi-
ation excites an electron from the highest occupied molecular orbital (HOMO) to the
lowest unoccupied molecular orbital (LUMO). In alkenes and polyenes, both the HOMO

cis, trans-1,3-Cyclooctadiene
ethanol
Mmax 230 nm

eSthanol He30)

—_— v — v

LUMO

—— v

AE = hv

e

%v/l

Most stable
electron configuration

%v/l

Electron configuration
of excited state



13.20  Ultraviolet-Visible (UV-VIS) Spectroscopy 525

and LUMO are w-type orbitals (rather than o); the HOMO is the highest energy  orbital
and the LUMO is the lowest energy m* orbital. Exciting one of the m electrons from a
bonding m orbital to an antibonding * orbital is referred to as a w—m* transition.

PROBLEM 13.16 \,,.x for the m—=* transition in ethylene is 170 nm. Is the
HOMO-LUMO energy difference in ethylene greater than or less than that of
cis, trans-1,3-cyclooctadiene?

The HOMO-LUMO energy gap and, consequently, A, for the m—m* transition
varies with the substituents on the double bonds. The data in Table 13.5 illustrate two
substituent effects: adding methyl substituents to the double bond, and extending conju-
gation. Both cause A, to shift to longer wavelengths, but the effect of conjugation is
the larger of the two. Based on data collected for many dienes it has been found that
each methyl substituent on the double bonds causes a shift to longer wavelengths of
about 5 nm, whereas extending the conjugation causes a shift of about 36 nm for each
additional double bond.

PROBLEM 13.17 Which one of the CsHg isomers shown has its Ay« at the
longest wavelength?

A striking example of the effect of conjugation on light absorption occurs in
Iycopene, which is one of the pigments in ripe tomatoes. Lycopene has a conjugated sys-
tem of 11 double bonds and absorbs visible light. It has several UV-VIS bands, each
characterized by a separate \,... Its longest wavelength absorption is at 505 nm.

Lycopene

Many organic compounds such as lycopene are colored because their HOMO-
LUMO energy gap is small enough that X\, appears in the visible range of the spectrum.

IAGESRERCE  Absorption Maxima of Some Representative Alkenes and Polyenes*

Compound Structure Amax (NmM)
Ethylene H,C=CH, 170
2-Methylpropene H,C=C(CH5;), 188
1,3-Butadiene H,C=CHCH=CH, 217
4-Methyl-1,3-pentadiene H,C=CHCH=C(CHs), 234
2,5-Dimethyl-2,4-hexadiene (CH3),C=CHCH=C(CH3), 241
(2E,4E,6E)-2,4,6-Octatriene CH;CH=CHCH=CHCH=CHCHj3 263
(2E,4E,6E,8E)-2,4,6,8-Decatetraene CH3;CH=CH(CH=CH),CH=CHCH3; 299
(2E,AE,6E,8E,10E)-2,4,6,8,10-Dodecapentaene CH3CH=CH(CH=CH)3CH=CHCHj5 326

*The value of A\, refers to the longest wavelength mw—m* transition.
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All that is required for a compound to be colored, however, is that it possess some
absorption in the visible range. It often happens that a compound will have its A, in
the UV region but that the peak is broad and extends into the visible. Absorption of the
blue-to-violet components of visible light occurs, and the compound appears yellow.

A second type of absorption that is important in UV-VIS examination of organic
compounds is the n—m* transition of the carbonyl (C=0) group. One of the electrons
in a lone-pair orbital of oxygen is excited to an antibonding orbital of the carbonyl group.
The n in n—* identifies the electron as one of the nonbonded electrons of oxygen. This
transition gives rise to relatively weak absorption peaks (€., < 100) in the region
270-300 nm.

The structural unit associated with the electronic transition in UV-VIS spectroscopy
is called a chromophore. Chemists often refer to model compounds to help interpret UV-
VIS spectra. An appropriate model is a simple compound of known structure that incor-
porates the chromophore suspected of being present in the sample. Because remote sub-
stituents do not affect N\, of the chromophore, a strong similarity between the spectrum
of the model compound and that of the unknown can serve to identify the kind of
electron system present in the sample. There is a substantial body of data concerning the
UV-VIS spectra of a great many chromophores, as well as empirical correlations of sub-
stituent effects on \,,.. Such data are helpful when using UV-VIS spectroscopy as a tool
for structure determination.

13.21 MASS SPECTROMETRY

Mass spectrometry differs from the other instrumental methods discussed in this chap-
ter in a fundamental way. It does not depend on the absorption of electromagnetic radi-
ation but rather examines what happens when a molecule is bombarded with high-energy
electrons. If an electron having an energy of about 10 electronvolts (10 eV = 230.5
kcal/mol) collides with an organic molecule, the energy transferred as a result of that
collision is sufficient to dislodge one of the molecule’s electrons.

+
A:B + e — A-B + 2e

Molecule Electron Cation radical Two electrons

We say the molecule AB has been ionized by electron impact. The species that results,
called the molecular ion, is positively charged and has an odd number of electrons—it
is a cation radical. The molecular ion has the same mass (less the negligible mass of a
single electron) as the molecule from which it is formed.

Although energies of about 10 eV are required, energies of about 70 eV are used.
Electrons this energetic not only cause ionization of a molecule but impart a large amount
of energy to the molecular ion, enough energy to break chemical bonds. The molecular
ion dissipates this excess energy by dissociating into smaller fragments. Dissociation of
a cation radical produces a neutral fragment and a positively charged fragment.

4
A:B —> A" + B-
A
Cation radical Cation Radical

Ionization and fragmentation produce a mixture of particles, some neutral and some
positively charged. To understand what follows, we need to examine the design of an
electron-impact mass spectrometer, shown in a schematic diagram in Figure 13.34. The
sample is bombarded with 70-eV electrons, and the resulting positively charged ions (the
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FIGURE 13.34 Diagram of a mass spectrometer. Only positive ions are detected. The cation X*
has the lowest mass-to-charge ratio, and its path is deflected most by the magnet. The cation
Z" has the highest mass-to-charge ratio, and its path is deflected least. (Adapted, with per-
mission, from M. Silberberg, Chemistry, 2d edition, WCB/McGraw-Hill, New York, 2000, p. 56.)

molecular ion as well as fragment ions) are directed into an analyzer tube surrounded
by a magnet. This magnet deflects the ions from their original trajectory, causing them
to adopt a circular path, the radius of which depends on their mass-to-charge ratio (m/z).
Ions of small m/z are deflected more than those of larger m/z. By varying either the mag-
netic field strength or the degree to which the ions are accelerated on entering the ana-
lyzer, ions of a particular m/z can be selectively focused through a narrow slit onto a
detector, where they are counted. Scanning all m/z values gives the distribution of pos-
itive ions, called a mass spectrum, characteristic of a particular compound.

Modern mass spectrometers are interfaced with computerized data-handling sys-
tems capable of displaying the mass spectrum according to a number of different for-
mats. Bar graphs on which relative intensity is plotted versus m/z are the most common.
Figure 13.35 shows the mass spectrum of benzene in bar graph form.

The mass spectrum of benzene is relatively simple and illustrates some of the infor-
mation that mass spectrometry provides. The most intense peak in the mass spectrum is
called the base peak and is assigned a relative intensity of 100. Ion abundances are
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FIGURE 13.35 The mass spectrum of benzene. The peak at m/z = 78 corresponds to the CgHg
molecular ion.
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proportional to peak intensities and are reported as intensities relative to the base peak.
The base peak in the mass spectrum of benzene corresponds to the molecular ion (M)
at m/z = 78.

H H
H H H H
+ e — +  2e
H H H H
H H
Benzene Electron Molecular ion Two
of benzene electrons

Benzene does not undergo extensive fragmentation; none of the fragment ions in its mass
spectrum are as abundant as the molecular ion.

There is a small peak one mass unit higher than M™ in the mass spectrum of ben-
zene. What is the origin of this peak? What we see in Figure 13.35 as a single mass spec-
trum is actually a superposition of the spectra of three isotopically distinct benzenes. Most
of the benzene molecules contain only 'C and 'H and have a molecular mass of 78.
Smaller proportions of benzene molecules contain *C in place of one of the '*C atoms
or *H in place of one of the protons. Both these species have a molecular mass of 79.

IH IIII 2H
1 1 1 s 1 1 1
H H H / H H H
'H 'H HTN 'H '"H 'H
'H 'H 'H
93.4% 6.5% 0.1%
(all carbons are 12C) x = 130) (all carbons are '2C)
GivesM ™ 78 Gives M ™ 79 Gives M ™ 79

Not only the molecular ion peak but all the peaks in the mass spectrum of benzene are
accompanied by a smaller peak one mass unit higher. Indeed, since all organic com-
pounds contain carbon and most contain hydrogen, similar isotopic clusters will appear
in the mass spectra of all organic compounds.

Isotopic clusters are especially apparent when atoms such as bromine and chlorine
are present in an organic compound. The natural ratios of isotopes in these elements are

BCl_ 100 ™Br _ 100
Cl 327 YBr 975

Figure 13.36 presents the mass spectrum of chlorobenzene. There are two prominent mo-
lecular ion peaks, one at m/z 112 for C¢Hs>>Cl and the other at m/z 114 for C¢H5>'Cl.
The peak at m/z 112 is three times as intense as the one at m/z 114.

PROBLEM 13.18 Knowing what to look for with respect to isotopic clusters can
aid in interpreting mass spectra. How many peaks would you expect to see for
the molecular ion in each of the following compounds? At what m/z values would
these peaks appear? (Disregard the small peaks due to "C and 2H.)

(a) p-Dichlorobenzene (c) p-Dibromobenzene
(b) o-Dichlorobenzene (d) p-Bromochlorobenzene



13.21  Mass Spectrometry

SAMPLE SOLUTION (a) The two isotopes of chlorine are 3*Cl and 3’Cl. There will
be three isotopically different forms of p-dichlorobenzene present. They have the
structures shown as follows. Each one will give an M* peak at a different value
of m/z.

35C| 35C| 37C|

35cl 37cl 37cl
m/z 146 m/z 148 m/z 150

Unlike the case of benzene, in which ionization involves loss of a 1 electron from
the ring, electron-impact-induced ionization of chlorobenzene involves loss of an elec-
tron from an unshared pair of chlorine. The molecular ion then fragments by
carbon—chlorine bond cleavage.

o)

Chlorobenzene Molecular ion Chlorine Phenyl cation
of chlorobenzene atom m/z 77

The peak at m/z 77 in the mass spectrum of chlorobenzene in Figure 13.36 is attributed
to this fragmentation. Because there is no peak of significant intensity two atomic mass
units higher, we know that the cation responsible for the peak at m/z 77 cannot contain
chlorine.

Some classes of compounds are so prone to fragmentation that the molecular ion
peak is very weak. The base peak in most unbranched alkanes, for example, is m/z 43,
which is followed by peaks of decreasing intensity at m/z values of 57, 71, 85, and so
on. These peaks correspond to cleavage of each possible carbon—carbon bond in the mol-
ecule. This pattern is evident in the mass spectrum of decane, depicted in Figure 13.37.
The points of cleavage are indicated in the following diagram:

CH3_CHZ_CHZ_CHz_CHZ_CHz_CHZ_CH2_CH2_CH3 M N 142

i
J 99J 113J 127
85

57 71
43

Many fragmentations in mass spectrometry proceed so as to form a stable carbo-
cation, and the principles that we have developed regarding carbocation stability apply.
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FIGURE 13.36 The mass
spectrum of chlorobenzene.
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FIGURE 13.37 The mass 100

spectrum of decane. The
peak for the molecular ion is
extremely small. The most
prominent peaks arise by
fragmentation.
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GAS CHROMATOGRAPHY, GC/MS, AND MS/MS
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Il of the spectra in this chapter ("H NMR, '3C

NMR, IR, UV-VIS, and MS) were obtained using

pure substances. It is much more common,
however, to encounter an organic substance, either
formed as the product of a chemical reaction or iso-
lated from natural sources, as but one component of
a mixture. Just as the last half of the twentieth cen-
tury saw a revolution in the methods available for
the identification of organic compounds, so too has it
seen remarkable advances in methods for their sepa-
ration and purification.

Classical methods for separation and purifica-
tion include fractional distillation of liquids and re-
crystallization of solids, and these two methods are
routinely included in the early portions of laboratory
courses in organic chemistry. Because they are capa-
ble of being adapted to work on a large scale, frac-
tional distillation and recrystallization are the pre-
ferred methods for purifying organic substances in
the pharmaceutical and chemical industries.

Some other methods are more appropriate
when separating small amounts of material in
laboratory-scale work and are most often encoun-
tered there. Indeed, it is their capacity to deal with
exceedingly small quantities that is the strength of a
number of methods that together encompass the
various forms of chromatography. The first step in all
types of chromatography involves absorbing the sam-
ple onto some material called the stationary phase.
Next, a second phase (the mobile phase) is allowed to
move across the stationary phase. Depending on the
properties of the two phases and the components of
the mixture, the mixture is separated into its compo-
nents according to the rate at which each is removed
from the stationary phase by the mobile phase.

In gas chromatography (GC), the stationary
phase consists of beads of an inert solid support
coated with a high-boiling liquid, and the mobile
phase is a gas, usually helium. Figure 13.38 shows a
typical gas chromatograph. The sample is injected by

Chromatography
column (coiled

Heated to conserve Heated
Injection space in oven) detector
block block

Syringe to

\

inject sample

|

York, 1987.)

e
A 200000000000000000000000
Flow rate [ [
ier control Oven heater and fan
L alve | Output to
8as recorder

FIGURE 13.38 Diagram of a gas chromatograph. When connected to a mass spectrometer as in GC/MS, the effluent is
split into two streams as it leaves the column. One stream goes to the detector, the other to the mass spectrometer.
(Adapted, with permission, from H. D. Durst and G. W. Gokel, Experimental Organic Chemistry, 2nd ed., McGraw-Hill, New
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syringe onto a heated block where a stream of he-
lium carries it onto a coiled column packed with the
stationary phase. The components of the mixture
move through the column at different rates. They are
said to have different retention times. Gas chro-
matography is also referred to as gas-liquid partition
chromatography, because the technique depends on
how different substances partition themselves be-
tween the gas phase (dispersed in the helium carrier
gas) and the liquid phase (dissolved in the coating on
the beads of solid support).

Typically the effluent from a gas chromato-
graph is passed through a detector, which feeds a sig-
nal to a recorder whenever a substance different
from pure carrier gas leaves the column. Thus, one
determines the number of components in a mixture
by counting the number of peaks on a strip chart. It is
good practice to carry out the analysis under differ-
ent conditions by varying the liquid phase, the tem-
perature, and the flow rate of the carrier gas so as to
ensure that two substances have not eluted together
and given a single peak under the original condi-
tions. Gas chromatography can also be used to iden-
tify the components of a mixture by comparing their
retention times with those of authentic samples.

In gas chromatography/mass spectrometry
(GT/MS), the effluent from a gas chromatograph is
passed into a mass spectrometer and a mass spectrum
is taken every few milliseconds. Thus gas chromatog-

raphy is used to separate a mixture, and mass spec-
trometry used to analyze it. GC/MS is a very powerful
analytical technique. One of its more visible applica-
tions involves the testing of athletes for steroids,
stimulants, and other performance-enhancing drugs.
These drugs are converted in the body to derivatives
called metabolites, which are then excreted in the
urine. When the urine is subjected to GC/MS analysis,
the mass spectra of its organic components are iden-
tified by comparison with the mass spectra of known
metabolites stored in the instrument’s computer. Us-
ing a similar procedure, the urine of newborn infants
is monitored by GC/MS for metabolite markers of ge-
netic disorders that can be treated if detected early in
life. GUMS is also used to detect and measure the
concentration of halogenated hydrocarbons in drink-
ing water.

Although GC/MS is the most widely used ana-
lytical method that combines a chromatographic sep-
aration with the identification power of mass spec-
trometry, it is not the only one. Chemists have
coupled mass spectrometers to most of the instru-
ments that are used to separate mixtures. Perhaps
the ultimate is mass spectrometry/mass spectrome-
try (MS/MS), in which one mass spectrometer gener-
ates and separates the molecular ions of the compo-
nents of a mixture and a second mass spectrometer
examines their fragmentation patterns!

Alkylbenzenes of the type C¢HsCH,R undergo cleavage of the bond to the benzylic car-
bon to give m/z 91 as the base peak. The mass spectrum in Figure 13.39 and the fol-
lowing fragmentation diagram illustrate this for propylbenzene.

<;>—CH2J—CH2—CH3 M* 120

91

Although Fhls cleavage.ls probably drlyen by t.he stability of benzyl cation, evidence has S EEIeture of tropyna
been obtained suggesting that tropylium cation, formed by rearrangement of benzyl cation is given in Section
cation, is actually the species responsible for the peak. 11.20.
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(=
S

91
80

40
20 FIGURE 13.39 The mass

I PUUPPTRIN I ORI 1 POV . IR PUUUUPR BRPPPTPR N P spectrum of propy|benzene_
10 20 30 40 50 60 70 80 90 100 110 120 130 140 150  The most intense peak is

m/z C7H7+.

Relative intensity

(=]



532

You can't duplicate these
molecular weights for C;H;¢
and CsHgO,; by using the
atomic weights given in

the periodic table. Those
values are for the natural-
abundance mixture of iso-
topes. The exact values are
12.00000 for '*C, 1.00783 for
'H, and 15.9949 for '°0.
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PROBLEM 13.19 The base peak appears at m/z 105 for one of the following
compounds and at m/z 119 for the other two. Match the compounds with the
appropriate m/z values for their base peaks.

CH,CH; CH,CH,CH;  CH5CHCH;

CHs CHs CHs CHs
Understanding how molecules fragment upon electron impact permits a mass spec-
trum to be analyzed in sufficient detail to deduce the structure of an unknown compound.
Thousands of compounds of known structure have been examined by mass spectrome-
try, and the fragmentation patterns that characterize different classes are well docu-
mented. As various groups are covered in subsequent chapters, aspects of their frag-
mentation behavior under conditions of electron impact will be described.

13.22 MOLECULAR FORMULA AS A CLUE TO STRUCTURE

As we have just seen, interpreting the fragmentation patterns in a mass spectrum in terms
of a molecule’s structural units makes mass spectrometry much more than just a tool for
determining molecular weights. Nevertheless, even the molecular weight can provide more
information than you might think. Compare, for example, heptane and cyclopropyl acetate.

I
CH;(CH,)sCHj; CH;CO
Heptane (C;H,¢) Cyclopropyl acetate (CsHgO,)

Heptane and cyclopropyl acetate have different molecular formulas but have the same
molecular weight—at least to a first approximation. Because we normally round off mo-
lecular weights to whole numbers, both have a molecular weight of 100 and both have
a peak for their molecular ion at m/z 100 in a typical mass spectrum. Recall, however,
that mass spectra contain isotopic clusters that differ according to the isotopes present
in each ion. Using the exact values for the major isotopes of C, H, and O, we calculate
exact masses of m/z of 100.1253 and 100.0524 for the molecular ions of heptane (C;H;¢)
and cyclopropyl acetate (CsHgO,), respectively. As similar as these values are, it is pos-
sible to distinguish between them using a high-resolution mass spectrometer. What this
means is that the exact mass of a molecular ion can usually be translated into a unique
molecular formula.

Once we have the molecular formula, it can provide information that limits the
amount of trial-and-error structure writing we have to do. Consider, for example, hep-
tane and its molecular formula of C;H;s. We know immediately that the molecular for-
mula belongs to an alkane because it corresponds to C,H,,, 5.

What about a substance with the molecular formula C;H;4? This compound can-
not be an alkane but may be either a cycloalkane or an alkene, because both these classes
of hydrocarbons correspond to the general molecular formula C,H,,,. Any time a ring or
a double bond is present in an organic molecule, its molecular formula has two fewer
hydrogen atoms than that of an alkane with the same number of carbons.

The relationship between molecular formulas, multiple bonds, and rings is referred
to as the index of hydrogen deficiency and can be expressed by the equation:



13.23  Summary

Index of hydrogen deficiency = %(CnH2,,+2 - C,H)

where C,H, is the molecular formula of the compound.
A molecule that has a molecular formula of C;H;4 has an index of hydrogen defi-
ciency of 1:

Index of hydrogen deficiency = %(C7H16 — C;Hyy)

Index of hydrogen deficiency = %(2) =1

Thus, the compound has one ring or one double bond. It can’t have a triple bond.

A molecule of molecular formula C;H;, has four fewer hydrogens than the corre-
sponding alkane. It has an index of hydrogen deficiency of 2 and can have two rings,
two double bonds, one ring and one double bond, or one triple bond.

What about substances other than hydrocarbons, 1-heptanol [CH3(CH,)sCH,OH],
for example? Its molecular formula (C;H;40) contains the same carbon-to-hydrogen ratio
as heptane and, like heptane, it has no double bonds or rings. Cyclopropyl acetate
(CsHgO,), the structure of which was given at the beginning of this section, has one ring
and one double bond and an index of hydrogen deficiency of 2. Oxygen atoms have no
effect on the index of hydrogen deficiency.

A halogen substituent, like hydrogen is monovalent, and when present in a mo-
lecular formula is treated as if it were hydrogen for counting purposes.

How does one distinguish between rings and double bonds? This additional piece
of information comes from catalytic hydrogenation experiments in which the amount of
hydrogen consumed is measured exactly. Each of a molecule’s double bonds consumes
one molar equivalent of hydrogen, but rings are unaffected. For example, a substance
with a hydrogen deficiency of 5 that takes up 3 moles of hydrogen must have two rings.

PROBLEM 13.20 How many rings are present in each of the following com-
pounds? Each consumes 2 moles of hydrogen on catalytic hydrogenation.

(@) CioH1s (d) CgHgO
(b) CgHg (e) CgH400,
(C) C8H8C|2 (f) Cgchlo

SAMPLE SOLUTION (a) The molecular formula C;oHg contains four fewer
hydrogens than the alkane having the same number of carbon atoms (C;oH5y).
Therefore, the index of hydrogen deficiency of this compound is 2. Since it con-
sumes two molar equivalents of hydrogen on catalytic hydrogenation, it must
have two double bonds and no rings.

13.23 SUMMARY

Section 13.1  Structure determination in modern-day organic chemistry relies heavily
on instrumental methods. Several of the most widely used ones depend

on the absorption of electromagnetic radiation.

Section 13.2  Absorption of electromagnetic radiation causes a molecule to be excited
from its most stable state (the ground state) to a higher energy state (an

excited state).
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Other terms that mean the
same thing as the index of
hydrogen deficiency include
elements of unsaturation,
sites of unsaturation, and
the sum of double bonds
and rings.

A more detailed discussion
can be found in the May
1995 issue of the Journal of
Chemical Education,

pp. 245-248.
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Spectroscopic method Transitions between

Nuclear magnetic resonance Spin states of an atom’s nucleus
Infrared Vibrational states
Ultraviolet-visible Electronic states

Mass spectrometry is not based on absorption of electromagnetic radia-
tion, but monitors what happens when a substance is ionized by collision
with a high-energy electron.

'H Nuclear Magnetic Resonance Spectroscopy

Section 13.3

Section 13.4

Section 13.5

Section 13.6

Section 13.7

Section 13.8

Section 13.9

In the presence of an external magnetic field, the +% and —% nuclear spin
states of a proton have slightly different energies.

The energy required to “flip” the spin of a proton from the lower energy
spin state to the higher state depends on the extent to which a nucleus is
shielded from the external magnetic field by the molecule’s electrons.

Protons in different environments within a molecule have different chem-
ical shifts; that is, they experience different degrees of shielding. Chem-
ical shifts (8) are reported in parts per million (ppm) from tetramethylsi-
lane (TMS). Table 13.1 lists characteristic chemical shifts for various
types of protons.

In addition to chemical shift, a "H NMR spectrum provides structural

information based on:

Number of signals, which tells how many different kinds of protons there
are

Integrated areas, which tells the ratios of the various kinds of protons

Splitting pattern, which gives information about the number of protons
that are within two or three bonds of the one giving the signal

Spin-spin splitting of NMR signals results from coupling of the nuclear
spins that are separated by two bonds (geminal coupling) or three bonds
(vicinal coupling).

H
N/ |
C —C—C—
RN | ]
] H H
Geminal hydrogens Vicinal hydrogens
are separated by two bonds are separated by three bonds

In the simplest cases, the number of peaks into which a signal is split is
equal to n + 1, where n is the number of protons to which the proton in
question is coupled. Protons that have the same chemical shift do not
split each other’s signal.

The methyl protons of an ethyl group appear as a triplet and the meth-
ylene protons as a quartet in compounds of the type CH;CH,X.

The methyl protons of an isopropyl group appear as a doublet and the
methine proton as a septet in compounds of the type (CH;),CHX.



Section 13.10

Section 13.11

Section 13.12

Section 13.13

13.23  Summary

A doublet of doublets characterizes the signals for the protons of the type
shown (where W, X, Y, and Z are not H or atoms that split H themselves).

T
W—Cl—(ll—Z
H H

Complicated splitting patterns can result when a proton is unequally cou-
pled to two or more protons that are different from one another.

Splitting resulting from coupling to the O—H proton of alcohols is not
normally observed, because the hydroxyl proton undergoes rapid inter-
molecular exchange with other alcohol molecules, which “decouples” it
from other protons in the molecule.

Many processes such as conformational changes take place faster than
they can be detected by NMR. Consequently, NMR provides information
about the average environment of a proton. For example, cyclohexane
gives a single peak for its 12 protons even though, at any instant, 6 are
axial and 6 are equatorial.

3C Nuclear Magnetic Resonance Spectroscopy

Section 13.14

Section 13.15

Section 13.16

Section 13.17

13C has a nuclear spin of i% but only about 1% of all the carbons in a
sample are '’C. Nevertheless, high-quality '*C NMR spectra can be
obtained by pulse FT techniques and are a useful complement to "H NMR
spectra.

13C signals are more widely separated from one another than proton sig-
nals, and '*C NMR spectra are relatively easy to interpret. Table 13.3
gives chemical shift values for carbon in various environments.

3C NMR spectra are rarely integrated because the pulse FT technique
distorts the signal intensities.

Carbon signals normally appear as singlets, but several techniques are
available that allow one to distinguish among the various kinds of car-
bons shown.

i i i I
H—(lj—C C—(lj—C C—le—C C—(lj—C
H H C C
3 attached 2 attached 1 attached no attached
hydrogens hydrogens hydrogen hydrogen
(Primary carbon) (Secondary carbon) (Tertiary carbon) (Quaternary carbon)

Section 13.18

One of the special techniques for distinguishing carbons according to the
number of their attached hydrogens is called DEPT. A series of NMR
measurements using different pulse sequences gives normal, nulled, and
inverted peaks that allow assignment of primary, secondary, tertiary, and
quaternary carbons.
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Infrared Spectroscopy

Section 13.19 Infrared spectroscopy probes molecular structure by examining transitions
between vibrational energy levels using electromagnetic radiation in the
625-4000-cm ' range. The presence or absence of a peak at a character-
istic frequency tells us whether a certain functional group is pres-
ent. Table 13.4 lists IR absorption frequencies for common structural units.

Ultraviolet-Visible Spectroscopy

Section 13.20 Transitions between electronic energy levels involving electromagnetic
radiation in the 200-800-nm range form the basis of UV-VIS spectroscopy.
The absorption peaks tend to be broad but are often useful in indicating
the presence of particular  electron systems within a molecule.

Mass Spectrometry

Section 13.21 Mass spectrometry exploits the information obtained when a molecule is
ionized by electron impact and then dissociates to smaller fragments. Pos-
itive ions are separated and detected according to their mass-to-charge
(m/z) ratio. By examining the fragments and by knowing how classes of
molecules dissociate on electron impact, one can deduce the structure of
a compound. Mass spectrometry is quite sensitive; as little as 102 g of
compound is sufficient for analysis.

Section 13.22 A compound’s molecular formula gives information about the number of
double bonds and rings it contains and is a useful complement to spec-
troscopic methods of structure determination.

PROBLEMS

13.21 Each of the following compounds is characterized by a 'H NMR spectrum that consists of
only a single peak having the chemical shift indicated. Identify each compound.

(a) CgHig; © 0.9 ppm (f) C,H;Cls; 8 2.7 ppm
(b) CsHyp; 8 1.5 ppm (g) CsHgCly; d 3.7 ppm
(c) CgHg; © 5.8 ppm (h) Ci,H;g; 8 2.2 ppm

(d) C4HoBr; 8 1.8 ppm (i) C3;HgBr,; 8 2.6 ppm

(e) C,H4Cly; & 3.7 ppm
13.22 Each of the following compounds is characterized by a "H NMR spectrum that consists of
two peaks, both singlets, having the chemical shifts indicated. Identify each compound.
(a) C¢Hg; 6 2.7 ppm (4H) and 5.6 ppm (4H)
(b) CsH;;Br; & 1.1 ppm (9H) and 3.3 ppm (2H)
(c) C¢H1,0; 3 1.1 ppm (9H) and 2.1 ppm (3H)
(d) C¢H¢O5; 8 2.2 ppm (6H) and 2.7 ppm (4H)
13.23 Deduce the structure of each of the following compounds on the basis of their 'H NMR
spectra and molecular formulas:
(a) CgHyq; d 1.2 ppm (triplet, 3H)
d 2.6 ppm (quartet, 2H)
d 7.1 ppm (broad singlet, SH)
(b) CioHy4; d 1.3 ppm (singlet, 9H)
8 7.0 to 7.5 ppm (multiplet, SH)



Problems

(c) CeHyy; 8 0.8 ppm (doublet, 12H) (f) C4HgCl,; 8 2.2 ppm (singlet, 3H)

d 1.4 ppm (heptet, 2H)
(d) CeHy»; 8 0.9 ppm (triplet, 3H)

d 4.1 ppm (doublet, 2H)
8 5.7 ppm (triplet, 1H)

d 1.6 ppm (singlet, 3H) (g) C3H,CIO; & 2.0 ppm (pentet, 2H)

d 1.7 ppm (singlet, 3H)
3 2.0 ppm (pentet, 2H)
d 5.1 ppm (triplet, 1H)
(e) C4H4Cly; 8 3.9 ppm (doublet, 4H) (h) Ci4H4;
d 4.6 ppm (triplet, 2H)

d 2.8 ppm (singlet, 1H)
d 3.7 ppm (triplet, 2H)
S 3.8 ppm (triplet, 2H)
3 2.9 ppm (singlet, 4H)
8 7.1 ppm (broad singlet, 10H)

13.24 From among the isomeric compounds of molecular formula C,HoCl, choose the one hav-

ing a "H NMR spectrum that
(a) Contains only a single peak
(b) Has several peaks including a doublet at 8 3.4 ppm
(c) Has several peaks including a triplet at 8 3.5 ppm

(d) Has several peaks including two distinct three-proton signals, one of them a triplet at

8 1.0 ppm and the other a doublet at & 1.5 ppm

13.25 Identify the C3HsBr isomers on the basis of the following information:

(a) Isomer A has the "H NMR spectrum shown in Figure 13.40.

10.0 9.0 8.0 7.0 6.0 5.0 4.0
Chemical shift (8, ppm)

3.0 2.0 1.0 0.0

FIGURE 13.40 The 200-MHz "H NMR spectrum of isomer A of C3HsBr (Problem 13.25a).
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(b) Isomer B has three peaks in its '>*C NMR spectrum: & 32.6 ppm (CH,); 118.8 ppm
(CH,); and 134.2 ppm (CH).

(¢) Isomer C has two peaks in its '>*C NMR spectrum: & 12.0 ppm (CH,) and 16.8 ppm
(CH). The peak at lower field is only half as intense as the one at higher field.

13.26 Identify each of the C,H;,O isomers on the basis of their '*C NMR spectra:

(a) & 18.9 ppm (CHj3) (two carbons) (c) & 31.2 ppm (CHj3) (three carbons)
8 30.8 ppm (CH) (one carbon) 8 68.9 ppm (C) (one carbon)
8 69.4 ppm (CH,) (one carbon)

(b) & 10.0 ppm (CHs)
8 22.7 ppm (CHs)
8 32.0 ppm (CH,)
8 69.2 ppm (CH)

13.27 Identify the CgH,4 isomers on the basis of their '>C NMR spectra:

(a) d 19.1 ppm (CHy) (d) 8 8.5 ppm (CHj)
8 33.9 ppm (CH) 8 28.7 ppm (CHj)

(b) & 13.7 ppm (CHs) 8 30.2 ppm (C)
8 22.8 ppm (CH,) 8 36.5 ppm (CH,)
8 31.9 ppm (CH,) (e) & 14.0 ppm (CHy)

(c) & 11.1 ppm (CHs) 8 20.5 ppm (CH,)
8 18.4 ppm (CHy) 8 22.4 ppm (CHy)
8 29.1 ppm (CH,) 8 27.6 ppm (CH)
8 36.4 ppm (CH) 8 41.6 ppm (CH,)

13.28 A compound (C4Hy) has two signals of approximately equal intensity in its '*C NMR spec-
trum; one is a CH, carbon at & 30.2 ppm, the other a CH at 8 136 ppm. Identify the compound.

13.29 A compound (C5H,ClO,) exhibited three peaks in its '>C NMR spectrum at 8 46.8 (CH,),
63.5 (CHy), and 72.0 ppm (CH). Excluding compounds that have Cl and OH on the same carbon,
which are unstable, what is the most reasonable structure for this compound?

13.30 From among the compounds chlorobenzene, o-dichlorobenzene, and p-dichlorobenzene,
choose the one that

(a) Gives the simplest '"H NMR spectrum
(b) Gives the simplest '*C NMR spectrum
(c) Has three peaks in its '>*C NMR spectrum
(d) Has four peaks in its >C NMR spectrum

13.31 Compounds A and B are isomers of molecular formula C;yH;4. Identify each one on the
basis of the '>*C NMR spectra presented in Figure 13.41.

13.32 A compound (CgH,,0) has the infrared and 'H NMR spectra presented in Figure 13.42.
What is its structure?

13.33 Deduce the structure of a compound having the mass spectrum and 'H NMR spectrum pre-
sented in Figure 13.43.

13.34 Figure 13.44 presents several types of spectroscopic data (IR, "H NMR, '*C NMR, and mass
spectra) for a particular compound. What is it?



Problems

CH,
CH
Compound A
C
CDCl,
Il
200 180 160 140 120 100 80 60 40 20 0
Chemical shift (3, ppm)
(a)
CH
CH,
Compound B
CH,
C
C
200 180 160 140 120 100 80 60 40 20 0

Chemical shift (8, ppm)

(b)

FIGURE 13.41 The '®C NMR spectrum of (a) compound A and (b) compound B, isomers of

CioH1a (Problem 13.31).
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FIGURE 13.42 (a) Infrared and (b) 200-MHz 'H NMR spectra of a compound CgH;00 (Problem
13.32).
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FIGURE 13.43 (a) Mass spectrum and (b) 200-MHz 'H NMR spectrum of an unknown compound
(Problem 13.33).
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compound of Problem 13.34.




Problems 543

6
4
250 240 120 110 100
(ppm) (ppm)
A \.4._—1—
100 90 80 70 60 50 40 30 20 10 00
Chemical shift (8, ppm)
(©
CH;
CH,
200 180 160 140 120 100 80 60 40 20 0

Chemical shift (§, ppm)
(@)



544 CHAPTER THIRTEEN  Spectroscopy

13.35 [18]-Annulene exhibits a '"H NMR spectrum that is unusual in that in addition to a peak at
d 8.8 ppm, it contains a second peak having a chemical shift & of —1.9 ppm. A negative value for
the chemical shift 8 indicates that the protons are more shielded than those of tetramethylsilane.
This peak is 1.9 ppm upfield from the TMS peak. The high-field peak has half the area of the low-
field peak. Suggest an explanation for these observations.

[18]-Annulene

13.36 '°F is the only isotope of fluorine that occurs naturally, and it has a nuclear spin of t%.

(a) Into how many peaks will the proton signal in the "H NMR spectrum of methyl
fluoride be split?

(b) Into how many peaks will the fluorine signal in the '°F NMR spectrum of methyl
fluoride be split?

(c) The chemical shift of the protons in methyl fluoride is & 4.3 ppm. Given that the
geminal "H—'F coupling constant is 45 Hz, specify the 8 values at which peaks are
observed in the proton spectrum of this compound at 200 MHz.

ﬁ 13.37 In general, the vicinal coupling constant between two protons varies with the angle between
i) the C—H bonds of the H—C—C—H unit. The coupling constant is greatest when the protons
are periplanar (dihedral angle = 0° or 180°) and smallest when the angle is approximately 90°.
The dependence of *J on di- Describe, with the aid of molecular models, how you could distinguish between cis-1-bromo-2-

hedral angle is referred to as chlorocyclopropane and its trans stereoisomer on the basis of their '"H NMR spectra.
the Karplus relationship af-

ter Martin Karplus (Harvard 13.38 The w—m* transition in the UV spectrum of frans-stilbene (trans-CqHsCH=CHC¢Hs)
University) who offered the . . . . K
i TR e appears at 295 nm compared with 283 nm for the cis stereoisomer. The extinction coefficient €,
e ienenn is approximately twice as great for trans-stilbene as for cis-stilbene. Both facts are normally inter-
preted in terms of more effective conjugation of the 7 electron system in trans-stilbene. Construct
ﬁ\ a molecular model of each stereoisomer, and identify the reason for the decreased effectiveness of
%/  conjugation in cis-stilbene.

13.39 3'P is the only phosphorus isotope present at natural abundance and has a nuclear spin of
i%. The 'H NMR spectrum of trimethyl phosphite, (CH;0)5P, exhibits a doublet for the methyl
protons with a splitting of 12 Hz.

(a) Into how many peaks is the >'P signal split?

(b) What is the difference in chemical shift (in hertz) between the lowest and highest
field peaks of the *'P multiplet?

13.40 We noted in section 13.13 that an NMR spectrum is an average spectrum of the conforma-
tions populated by a molecule. From the following data, estimate the percentages of axial and
equatorial bromine present in bromocyclohexane.

8 4.62 ppm 8 3.81 ppm 8 3.95 ppm

Br H

H
H Br
(CH;);C (CH3)5C <:><Br
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13.41 Infrared spectroscopy is an inherently “faster” method than NMR, and an IR spectrum is a
superposition of the spectra of the various conformations, rather than an average of them. When
1,2-dichloroethane is cooled below its freezing point, the crystalline material gives an IR spectrum
consistent with a single species that has a center of symmetry. At room temperature, the IR spec-
trum of liquid 1,2-dichloroethane retains the peaks present in the solid, but includes new peaks as
well. Explain these observations.

13.42 Microwave spectroscopy is used to probe transitions between rotational energy levels in mol-
ecules.

(a) A typical wavelength for microwaves is 10~% m, compared with 10~> m for infrared
radiation. Is the energy separation between rotational energy levels in a molecule
greater or less than the separation between vibrational energy levels?

(b) Microwave ovens cook food by heating the water in the food. Absorption of
microwave radiation by the water excites it to a higher rotational energy state, and it
gives off this excess energy as heat when it relaxes to its ground state. Why are
vibrational and electronic energy states not involved in this process?

13.43 The peak in the UV-VIS spectrum of acetone [(CH3),C=0] corresponding to the n — w*
transition appears at 279 nm when hexane is the solvent, but shifts to 262 nm in water. Which is
more polar, the ground electronic state or the excited state?

13.44 A particular vibration will give an absorption peak in the infrared spectrum only if the dipole
moment of the molecule changes during the vibration. Which vibration of carbon dioxide, the sym-
metrical stretch or the antisymmetrical stretch, is “infrared-active”?

<« — — —
0=C=0 O0=C=0
Symmetrical stretch Antisymmetrical stretch

13.45 The protons in the methyl group shown in italics in the following structure are highly
shielded and give a signal 0.38 ppm upfield from TMS. The other methyl group on the same car-
bon has a more normal chemical shift of 0.86 ppm downfield from TMS. Why is the indicated
methyl group so highly shielded? (Building a molecular model can help.)
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CHAPTER 14
ORGANOMETALLIC COMPOUNDS

lie at the place where organic and inorganic chemistry meet. You are already

familiar with at least one organometallic compound, sodium acetylide
(NaC=CH), which has an ionic bond between carbon and sodium. But just because a
compound contains both a metal and carbon isn’t enough to classify it as organometal-
lic. Like sodium acetylide, sodium methoxide (NaOCHj;) is an ionic compound. Unlike
sodium acetylide, however, the negative charge in sodium methoxide resides on oxygen,
not carbon.

Organomemllic compounds are compounds that have a carbon-metal bond; they

Na* :C=CH Na® :OCH;
Sodium acetylide Sodium methoxide
(has a carbon-to-metal bond) (does not have a carbon-to-metal bond)

The properties of organometallic compounds are much different from those of the
other classes we have studied to this point. Most important, many organometallic com-
pounds are powerful sources of nucleophilic carbon, something that makes them espe-
cially valuable to the synthetic organic chemist. For example, the preparation of alkynes
by the reaction of sodium acetylide with alkyl halides (Section 9.6) depends on the pres-
ence of a negatively charged, nucleophilic carbon in acetylide ion.

Synthetic procedures that use organometallic reagents are among the most impor-
tant methods for carbon—carbon bond formation in organic chemistry. In this chapter you
will learn how to prepare organic derivatives of lithium, magnesium, copper, and zinc and
see how their novel properties can be used in organic synthesis. We will also finish the
story of polyethylene and polypropylene begun in Chapter 6 and continued in Chapter 7
to see the unique way that organometallic compounds catalyze alkene polymerization.



14.2  Carbon-Metal Bonds in Organometallic Compounds

14.1 ORGANOMETALLIC NOMENCLATURE

Organometallic compounds are named as substituted derivatives of metals. The metal is
the base name, and the attached alkyl groups are identified by the appropriate prefix.

Li
> CH,—CHNa  (CHsCH,),Mg
H
Cyclopropyllithium Vinylsodium Diethylmagnesium

When the metal bears a substituent other than carbon, the substituent is treated as if it
were an anion and named separately.

Methylmagnesium iodide Diethylaluminum chloride

PROBLEM 14.1 Both of the following organometallic reagents will be encoun-
tered later in this chapter. Suggest a suitable name for each.

(a) (CHs)sCLi (b) <:><H
MgdCl

SAMPLE SOLUTION (a) The metal lithium provides the base name for (CHs);CLi.
The alkyl group to which lithium is bonded is tert-butyl, and so the name of this
organometallic compound is tert-butylithium. An alternative, equally correct name
is 1,1-dimethylethyllithium.

An exception to this type of nomenclature is NaC=CH, which is normally referred to
as sodium acetylide. Both sodium acetylide and ethynylsodium are acceptable IUPAC names.

14.2 CARBON-METAL BONDS IN ORGANOMETALLIC COMPOUNDS

With an electronegativity of 2.5 (Table 14.1), carbon is neither strongly electropositive
nor strongly electronegative. When carbon is bonded to an element more electronegative
than itself, such as oxygen or chlorine, the electron distribution in the bond is polarized

AN Electronegativities of Some Representative Elements

Element Electronegativity

F
(0]
cl
N
C
H
Cu
Zn
Al
Mg
Li
Na
K
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FIGURE 14.1 Electro- @

static potential maps of
(a) methyl fluoride and of
(b) methyllithium. The elec-
tron distribution is reversed
in the two compounds. Car-
bon is electron-poor (blue) in
methyl fluoride, but electron-
rich (red) in methyllithium.

CHAPTER FOURTEEN ~ Organometallic Compounds

so that carbon is slightly positive and the more electronegative atom is slightly negative.
Conversely, when carbon is bonded to a less electronegative element, such as a metal,
the electrons in the bond are more strongly attracted toward carbon.

o+ 8- \o— o8+
~C—X ~C—M
S > S —+

X is more electronegative
than carbon

M is less electronegative
than carbon

Figure 14.1 uses electrostatic potential maps to show how different the electron distri-
bution is between methyl fluoride (CH5F) and methyllithium (CH;Li).

An anion that contains a negatively charged carbon is referred to as a carbanion.
Covalently bonded organometallic compounds are said to have carbanionic character.
As the metal becomes more electropositive, the ionic character of the carbon—-metal bond
becomes more pronounced. Organosodium and organopotassium compounds have ionic
carbon—metal bonds; organolithium and organomagnesium compounds tend to have
covalent, but rather polar, carbon—metal bonds with significant carbanionic character. It
is the carbanionic character of such compounds that is responsible for their usefulness
as synthetic reagents.

‘8 o
«

(a) Methyl fluoride

C

(b) Methyllithium



14.3  Preparation of Organolithium Compounds

14.3 PREPARATION OF ORGANOLITHIUM COMPOUNDS

Before we describe the applications of organometallic reagents to organic synthesis, let
us examine their preparation. Organolithium compounds and other Group I organometal-
lic compounds are prepared by the reaction of an alkyl halide with the appropriate metal.

RX + 2M — RM + MTX™

Alkyl Group I Group I Metal
halide metal organometallic halide
compound
diethyl ether
(CH3,CCl  + 2Li ——-——> (CHy:CLi + LiCl
tert-Butyl chloride Lithium tert-Butyllithium Lithium

(75%) chloride

The alkyl halide can be primary, secondary, or tertiary. Alkyl iodides are the most reac-
tive, followed by bromides, then chlorides. Fluorides are relatively unreactive.

Unlike elimination and nucleophilic substitution reactions, formation of organo-
lithium compounds does not require that the halogen be bonded to sp>-hybridized carbon.
Compounds such as vinyl halides and aryl halides, in which the halogen is bonded to sp*-
hybridized carbon, react in the same way as alkyl halides, but at somewhat slower rates.

. diethyl ether 0 .
QBr-I— 2Li %@*Ll-l- LiBr

Bromobenzene Lithium Phenyllithium Lithium
(95-99%) bromide

Organolithium compounds are sometimes prepared in hydrocarbon solvents such
as pentane and hexane, but normally diethyl ether is used. It is especially important that
the solvent be anhydrous. Even trace amounts of water or alcohols react with lithium to
form insoluble lithium hydroxide or lithium alkoxides that coat the surface of the metal
and prevent it from reacting with the alkyl halide. Furthermore, organolithium reagents
are strong bases and react rapidly with even weak proton sources to form hydrocarbons.
We shall discuss this property of organolithium reagents in Section 14.5.

PROBLEM 14.2 Write an equation showing the formation of each of the fol-
lowing from the appropriate bromide:

(a) Isopropenyllithium (b) sec-Butyllithium
SAMPLE SOLUTION (a) In the preparation of organolithium compounds from

organic halides, lithium becomes bonded to the carbon that bore the halogen.
Therefore, isopropenyllithium must arise from isopropenyl bromide.

diethyl
CH,=CCH; + 2L ﬂ CH,=CCH; + LiBr
B|r L|i
Isopropenyl bromide Lithium Isopropenyllithium Lithium bromide

Reaction with an alkyl halide takes place at the metal surface. In the first step, an
electron is transferred from the metal to the alkyl halide.

R:X: + Li- —> [R:X]" + Li*
Alkyl halide Lithium Anion radical Lithium cation
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The reaction of an alkyl
halide with lithium was cited
earlier (Section 2.16) as an
example of an oxidation-
reduction. Group | metals are
powerful reducing agents.
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Grignard shared the prize
with Paul Sabatier, who, as

was mentioned in Chapter 6,

showed that finely divided
nickel could be used to cat-
alyze the hydrogenation of
alkenes.

Recall the structure of
tetrahydrofuran from Sec-

tion 3.15: / \

0
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Having gained one electron, the alkyl halide is now negatively charged and has an odd
number of electrons. It is an anion radical. The extra electron occupies an antibonding
orbital. This anion radical fragments to an alkyl radical and a halide anion.

[R: X I R + X
Anion radical Alkyl radical Halide anion

Following fragmentation, the alkyl radical rapidly combines with a lithium atom to form
the organometallic compound.

R- + Li- — R:Li
Alkyl radical Lithium Alkyllithium

14.4 PREPARATION OF ORGANOMAGNESIUM COMPOUNDS:
GRIGNARD REAGENTS

The most important organometallic reagents in organic chemistry are organomagnesium
compounds. They are called Grignard reagents after the French chemist Victor
Grignard. Grignard developed efficient methods for the preparation of organic deriva-
tives of magnesium and demonstrated their application in the synthesis of alcohols. For
these achievements he was a corecipient of the 1912 Nobel Prize in chemistry.

Grignard reagents are prepared from organic halides by reaction with magnesium,
a Group II metal.

RX + Mg —> RMgX
Organic halide Magnesium Organomagnesium halide

(R may be methyl or primary, secondary, or tertiary alkyl; it may also be a cycloalkyl,
alkenyl, or aryl group.)

cl diethyl ether MgCl
+ Mg C
H H

Cyclohexyl chloride Magnesium Cyclohexylmagnesium chloride (96%)
diethyl ether
Bromobenzene Magnesium Phenylmagnesium bromide (95%)

Anhydrous diethyl ether is the customary solvent used when preparing organo-
magnesium compounds. Sometimes the reaction does not begin readily, but once started,
it is exothermic and maintains the temperature of the reaction mixture at the boiling point
of diethyl ether (35°C).

The order of halide reactivity is I > Br > CI > F, and alkyl halides are more reac-
tive than aryl and vinyl halides. Indeed, aryl and vinyl chlorides do not form Grignard
reagents in diethyl ether. When more vigorous reaction conditions are required, tetrahy-
drofuran (THF) is used as the solvent.

Mg

CH,=CHCl — ;¢ CH,=CHMgCl
Vinyl chloride Vinylmagnesium chloride (92%)
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PROBLEM 14.3 Write the structure of the Grignard reagent formed from each
of the following compounds on reaction with magnesium in diethyl ether:
(a) p-Bromofluorobenzene (c) lodocyclobutane
(b) Allyl chloride (d) 1-Bromocyclohexene

SAMPLE SOLUTION (a) Of the two halogen substituents on the aromatic ring,
bromine reacts much faster than fluorine with magnesium. Therefore, fluorine is
left intact on the ring, while the carbon-bromine bond is converted to a car-
bon-magnesium bond.

diethyl
h
FOBr + Mg —5 FOMgBr

p-Bromofluorobenzene Magnesium p-Fluorophenylmagnesium
bromide

The formation of a Grignard reagent is analogous to that of organolithium reagents
except that each magnesium atom can participate in two separate one-electron transfer steps:

.. .. +
R:X: + Mg: —> [RI)“(:]T + Mg'
Alkyl halide Magnesium Anion radical

Anion radical Alkyl Hahde Alkylmagnesium halide
radical ion

Organolithium and organomagnesium compounds find their chief use in the prepara-
tion of alcohols by reaction with aldehydes and ketones. Before discussing these reactions,
let us first examine the reactions of these organometallic compounds with proton donors.

14.5 ORGANOLITHIUM AND ORGANOMAGNESIUM COMPOUNDS
AS BRONSTED BASES

Organolithium and organomagnesium compounds are stable species when prepared in
suitable solvents such as diethyl ether. They are strongly basic, however, and react
instantly with proton donors even as weakly acidic as water and alcohols. A proton is
transferred from the hydroxyl group to the negatively polarized carbon of the
organometallic compound to form a hydrocarbon.

d—

R

jgl —> R— H+Ro M"
+M ‘OR’

8*

CH;CH,CH,CH,Li + H,0 —— CH;CH,CH,CH; + LiOH
Butyllithium Water Butane (100%) Lithium hydroxide

Phenylmagnesium Methanol Benzene Methoxymagnesium
bromide (100%) bromide
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Because of their basicity organolithium compounds and Grignard reagents can-
not be prepared or used in the presence of any material that bears a hydroxyl group.
Nor are these reagents compatible with —NH or —SH groups, which can also con-
vert an organolithium or organomagnesium compound to a hydrocarbon by proton
transfer.

The carbon—metal bonds of organolithium and organomagnesium compounds have
appreciable carbanionic character. Carbanions rank among the strongest bases that we’ll
see in this text. Their conjugate acids are hydrocarbons—very weak acids indeed. The
equilibrium constants K, for ionization of hydrocarbons are much smaller than the K’s
for water and alcohols.

N\ - \\
C—H — H" + C :
/ /
Hydrocarbon Proton Carbanion
(very weak acid) (very strong base)

Table 14.2 presents some approximate data for the acid strengths of representative hydro-
carbons.

Acidity increases in progressing from the top of Table 14.2 to the bottom. An acid
will transfer a proton to the conjugate base of any acid above it in the table. Organo-
lithium compounds and Grignard reagents act like carbanions and will abstract a proton
from any substance more acidic than a hydrocarbon. Thus, N—H groups and terminal
alkynes (RC=C—H) are converted to their conjugate bases by proton transfer to
organolithium and organomagnesium compounds.

Approximate Acidities of Some Hydrocarbons and Reference
TABLE 14.2 Materials

Compound Formula* K, pK, Conjugate base
2-Methylpropane  (CH3);C—H 107" 71 (CH3)5C:
Ethane CH3CH,—H 10792 62 CH3CH,
Methane CH;—H 109 60 HsC:
Ethylene CH,=CH—H 10% 45 CH,=CH

H H H H
Benzene H H 1074 43 H %

H H H H
Ammonia H,N—H 10736 36 HN©
Acetylene HC=C—H 10726 26 HC=C:
Ethanol CH3CH,0—H 1071 16 CH3CH,0®
Water HO—H 1.8x 107 157  HO:

*The acidic proton in each compound is shaded in red.
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Methyllithium Ammonia Methane Lithium amide
(stronger base) (stronger acid: (weaker acid: (weaker base)
K, =109 K, ~107%)

CH;CH,MgBr + HC=CH ——> CH;CH; + HC=CMgBr

Ethylmagnesium Acetylene Ethane Ethynylmagnesium
bromide bromide
(stronger base) (stronger acid: (weaker acid: (weaker base)
K, = 10729 K, =107

PROBLEM 14.4 Butyllithium is commercially available and is frequently used by
organic chemists as a strong base. Show how you could use butyllithium to pre-
pare solutions containing

(a) Lithium diethylamide, (CH3CH,),NLi
(b) Lithium 1-hexanolate, CH5(CH,),CH,OLi
(c) Lithium benzenethiolate, CgHsSLi
SAMPLE SOLUTION When butyllithium is used as a base, it abstracts a proton,

in this case a proton attached to nitrogen. The source of lithium diethylamide
must be diethylamine.

(CH3CH2)2NH + CH3CH2CH2CH2L| —> (CH3CH2)2NL| + CH3CH2CH2CH3

Diethylamine Butyllithium Lithium Butane
diethylamide
(stronger acid) (stronger base) (weaker base) (weaker acid)

Although diethylamine is not specifically listed in Table 14.2, its strength as an
acid (K, ~ 1073%) is, as might be expected, similar to that of ammonia.

It is sometimes necessary in a synthesis to reduce an alkyl halide to a hydrocar-
bon. In such cases converting the halide to a Grignard reagent and then adding water or
an alcohol as a proton source is a satisfactory procedure. Adding D,O to a Grignard

553

reagent is a commonly used method for introducing deuterium into a molecule at a spe- T is the mass

cific location. tope of hydrogen. Deute-
rium oxide (D,0) is some-
Mg D,0 ti lled “h ter.”
CH;CH=CHBr — > CH;CH=CHMgBr ——>  CH;CH=CHD 1R L
1-Bromopropene Propenylmagnesium bromide 1-Deuteriopropene (70%)

14.6 SYNTHESIS OF ALCOHOLS USING GRIGNARD REAGENTS

The main synthetic application of Grignard reagents is their reaction with certain car-
bonyl-containing compounds to produce alcohols. Carbon—carbon bond formation is
rapid and exothermic when a Grignard reagent reacts with an aldehyde or ketone.

8+ ..o— | I
/CtOi —> —C—0: nor.mally —COMgX
written as
R "MgX
R—MgX
d3— o+

A carbonyl group is quite polar, and its carbon atom is electrophilic. Grignard reagents
are nucleophilic and add to carbonyl groups, forming a new carbon—carbon bond. This
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addition step leads to an alkoxymagnesium halide, which in the second stage of the syn-
thesis is converted to an alcohol by adding aqueous acid.

R—C—OMgX + H;0® — R—C—OH + Mg** + X+ H,0

Alkoxymagnesium Hydronium Alcohol Magnesium Halide Water
halide ion ion ion

The type of alcohol produced depends on the carbonyl compound. Substituents pres-
ent on the carbonyl group of an aldehyde or ketone stay there—they become substituents
on the carbon that bears the hydroxyl group in the product. Thus as shown in Table 14.3,
formaldehyde reacts with Grignard reagents to yield primary alcohols, aldehydes yield
secondary alcohols, and ketones yield tertiary alcohols.

PROBLEM 14.5 Write the structure of the product of the reaction of propyl-
magnesium bromide with each of the following. Assume that the reactions are
worked up by the addition of dilute aqueous acid.

(a) 0] (©)
I Cyclohexanone, (0]
Formaldehyde, HCH

(b) o (d) (l?
Benzaldehyde, CgHsCH 2-Butanone, CH3CCH,CHs3

SAMPLE SOLUTION (a) Grignard reagents react with formaldehyde to give pri-
mary alcohols having one more carbon atom than the alkyl halide from which the
Grignard reagent was prepared. The product is 1-butanol.

diethyl
h +
CHsCH,CH,—MgBr  ——<"5 CH3CH2(|ZH2 29 5 CH3CH,CH,CH,OH

H H—C—OMgBr

\C—O l

) H
H

Propylmagnesium bromide 1-Butanol

+ formaldehyde

An ability to form carbon—carbon bonds is fundamental to organic synthesis. The
addition of Grignard reagents to aldehydes and ketones is one of the most frequently
used reactions in synthetic organic chemistry. Not only does it permit the extension of
carbon chains, but since the product is an alcohol, a wide variety of subsequent func-
tional group transformations is possible.

14.7 SYNTHESIS OF ALCOHOLS USING ORGANOLITHIUM
REAGENTS

Organolithium reagents react with carbonyl groups in the same way that Grignard
reagents do. In their reactions with aldehydes and ketones, organolithium reagents are
somewhat more reactive than Grignard reagents.
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IVAGESREER  Reactions of Grignard Reagents with Aldehydes and Ketones

Reaction

General equation and specific example

Reaction with formaldehyde
Grignard reagents react with formal-
dehyde (CH,=O) to give primary
alcohols having one more carbon
than the Grignard reagent.

Reaction with aldehydes Grignard
reagents react with aldehydes
(RCH=0) to give secondary alcohols.

Reaction with ketones Grignard

reagents react with ketones (RCR’)
to give tertiary alcohols.

diethyl T T
ether H5;0
RMgX + HCH R—(ll—OMgX —> R—C—OH
H H
Grignard Formaldehyde Primary Primary
reagent alkoxymagnesium alcohol
halide

0]

Mgdl T

Formaldehyde

1. diethyl ether
2. H;0"

O/CHZOH

Cyclohexylmagnesium Cyclohexylmethanol

chloride (64-69%)
diethyl T T
, ether Hs0

RMgX + R'CH R—Cl—OMgX — R—Cl—OH

R’ R’
Grignard Aldehyde Secondary Secondary
reagent alkoxymagnesium alcohol

halide

1
1. diethyl eth
CH3(CH,)4CH,MgBr +  CH3CH SO CH3(CH2)4CH2(|IHCH3
OH
Hexylmagnesium Ethanal 2-Octanol (84%)
bromide (acetaldehyde)
(") diethyl R” T
h HsO0

RMgX + RCR% — R—Cl—OMgX L R—cl—OH

R’ R’
Grignard Ketone Tertiary Tertiary
reagent alkoxymagnesium alcohol

halide

1. diethyl ether
CH3M9C| + 2.H,0
o) HsC® OH

1-Methylcyclopentanol

Cyclopentanone
(62%)

Methylmagnesium
chloride
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In this particular example,
the product can be variously
described as a secondary al-
cohol, a benzylic alcohol,
and an allylic alcohol. Can
you identify the structural
reason for each classifica-
tion?

These reactions are normally
carried out in liquid ammo-
nia because that is the sol-
vent in which the sodium salt
of the alkyne is prepared.
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N | o
RLi + C=0— R—Cl—OLi 2095, R—C—OH

Alkyllithium Aldehyde Lithium alkoxide Alcohol
compound or ketone
| 1. dlLlh\Ium
CH,=CHLi + ~— no (leCH=CH2
OH
Vinyllithium Benzaldehyde 1-Phenyl-2-propen-1-ol (76%)

14.8 SYNTHESIS OF ACETYLENIC ALCOHOLS

The first organometallic compounds we encountered were compounds of the type
RC=CNa obtained by treatment of terminal alkynes with sodium amide in liquid
ammonia (Section 9.6):

RC=CH + NaNH, —-—> RC=CNa + NH,

Terminal Sodium Sodium Ammonia
alkyne amide alkynide

These compounds are sources of the nucleophilic anion RC=C:", and their reaction
with primary alkyl halides provides an effective synthesis of alkynes (Section 9.6). The
nucleophilicity of acetylide anions is also evident in their reactions with aldehydes and
ketones, which are entirely analogous to those of Grignard and organolithium reagents.

? $1/ ?U
NH;
RC=CNa + R'CR"” — RC=C— C| ONa Lo, RC= CC|OH
R’ R’
Sodium Aldehyde Sodium salt of an Alkynyl
alkynide or ketone alkynyl alcohol alcohol
HO_ C=CH
HC=CNa é [[ 0 é
Sodium acetylide Cyclohexanone 1-Ethynylcyclohexanol
(65-75%)

Acetylenic Grignard reagents of the type RC=CMgBr are prepared, not from an
acetylenic halide, but by an acid-base reaction in which a Grignard reagent abstracts a
proton from a terminal alkyne.

diethyl ether

CH3(CH2)3CECH + CH3CH2MgBr —_—> CH3(CH2)3CECMgBr + CH3CH3

1-Hexyne Ethylmagnesium 1-Hexynylmagnesium Ethane
bromide bromide
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i
. diethyl ether
CHy(CH);C=CMgBr + HCH  — o> CHy(CH,),C=CCH,OH
1-Hexynylmagnesium Formaldehyde 2-Heptyn-1-ol (82%)

bromide

PROBLEM 14.6 Write the equation for the reaction of 1-hexyne with ethyl-
magnesium bromide as if it involved ethyl anion (CHsCH, ) instead of
CH5CH,MgBr and use curved arrows to represent the flow of electrons.

14.9 RETROSYNTHETIC ANALYSIS

In our earlier discussions of synthesis, we stressed the value of reasoning backward from
the target molecule to suitable starting materials. A name for this process is retrosyn-
thetic analysis. Organic chemists have employed this approach for many years, but the
term was invented and a formal statement of its principles was set forth only relatively
recently by E. J. Corey at Harvard University. Beginning in the 1960s, Corey began stud-
ies aimed at making the strategy of organic synthesis sufficiently systematic so that the
power of electronic computers could be applied to assist synthetic planning.

A symbol used to indicate a retrosynthetic step is an open arrow written from prod-
uct to suitable precursors or fragments of those precursors.

Target molecule ) precursors

Often the precursor is not defined completely, but rather its chemical nature is empha-
sized by writing it as a species to which it is equivalent for synthetic purposes. Thus, a
Grignard reagent or an organolithium reagent might be considered synthetically equiva-
lent to a carbanion:

RMgX or RLi is synthetically equivalent to R:™

Figure 14.2 illustrates how retrosynthetic analysis can guide you in planning the
synthesis of alcohols by identifying suitable Grignard reagent and carbonyl-containing
precursors. In the first step, locate the carbon of the target alcohol that bears the hydroxyl
group, remembering that this carbon originated in the C=O group. Next, as shown in
Figure 14.2, step 2, mentally disconnect a bond between that carbon and one of its
attached groups (other than hydrogen). The attached group is the group that is to be trans-
ferred from the Grignard reagent. Once you recognize these two structural fragments,
the carbonyl partner and the carbanion that attacks it (Figure 14.2, step 3), you can read-
ily determine the synthetic mode wherein a Grignard reagent is used as the synthetic
equivalent of a carbanion (Figure 14.2, step 4).

Primary alcohols, by this analysis, are seen to be the products of Grignard addi-
tion to formaldehyde:

Disconnect this bond

(H
—on[ Hwe
R‘i’C—OH R: C=0
| /
H

H
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Corey was honored with the
1990 Nobel Prize for his
achievements in synthetic or-
ganic chemistry.

Problem 14.6 at the end of
the preceding section intro-
duced this idea with the sug-
gestion that ethylmagnesium
bromide be represented as
ethyl anion.
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Step 1: Locate the hydroxyl-bearing carbon.

R This carbon must have been part of the C=0
|/— group in the starting material

X—(lf —Y

OH
Step 2: Disconnect one of the organic substituents attached to the carbon that
bears the hydroxyl group.

IT/\ Disconnect this bond

X—Cll —Y
OH

Step 3: Steps 1 and 2 reveal the carbonyl-containing substrate and the
carbanionic fragment.

.
X Y
N/
= NI
OH (0]

Step 4: Since a Grignard reagent may be considered as synthetically equivalent to
a carbanion, this suggests the synthesis shown.

X\ 1. diethyl )|(
RMgBr  +  ¢=0 ———> R—C—OH
Y o !

FIGURE 14.2 A retrosynthetic analysis of alcohol preparation by way of the addition of a

Grignard reagent to an aldehyde or ketone.

Secondary alcohols may be prepared by two different combinations of Grignard

reagent and aldehyde:

Disconnect R—C Disconnect R"—C

R:™ \c—o < R—(ll—OH > R \c—o
' % ' /
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Three combinations of Grignard reagent and ketone give rise to tertiary alcohols:

Disconnect R—C Y Disconnect R'—C
RH R RU
RN | N
R C=0 R—(lf—OH R’ /C=O
R R’ R
O Disconnect R"—C
R
_ AN
R”: C=0
/
RI

Usually, there is little to choose among the various routes leading to a particular
target alcohol. For example, all three of the following combinations have been used to
prepare the tertiary alcohol 2-phenyl-2-butanol:

i T
1. diethyl ether
CH;
Methylmagnesium 1-Phenyl-1-propanone 2-Phenyl-2-butanol
iodide
i T
1. diethyl ether
CH;CH,MgBr + CCH; —5 o Q?CHﬁHs
CH;
Ethylmagnesium Acetophenone 2-Phenyl-2-butanol
bromide
i T
1. diethyl ether
QMgBr + CHyCCH,CH; —————> Q?CI‘ECH.%
CH;
Phenylmagnesium 2-Butanone 2-Phenyl-2-butanol
bromide

PROBLEM 14.7 Suggest two ways in which each of the following alcohols might
be prepared by using a Grignard reagent:

(a) 2-Hexanol, CH3CHCH,CH,CH,CH3
o
(b) 2-Phenyl-2-propanol, C¢HsC(CHs),
o

SAMPLE SOLUTION (a) Since 2-hexanol is a secondary alcohol, we consider the
reaction of a Grignard reagent with an aldehyde. Disconnection of bonds to the
hydroxyl-bearing carbon generates two pairs of structural fragments:

559
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CH3CHCH,CH,CH,CH; :CH; HCCH,CH,CH,CH;

b L)

and  CH3;CHCH,CH,CH,CH; CHsCH  :CH,CH,CH,CH;
b )

Therefore, one route involves the addition of a methyl Grignard reagent to a five-
carbon aldehyde:

(0]
1. diethyl ether

I
CHsMgl + CH3CH,CH,CH,CH ———
- M3

CH3CH2CH2CH2(|:HCH3
OH

Methylmagnesium Pentanal 2-Hexanol
iodide

The other requires addition of a butylmagnesium halide to a two-carbon alde-
hyde:

1. diethyl ether

I
CH3CH2CH2CH2MgBr + CH3CH 2. H.O"
- A3

CH3CH2CH2CH2(|:HCH3
OH

Butylmagnesium Acetaldehyde 2-Hexanol
bromide

All that has been said in this section applies with equal force to the use of organo-
lithium reagents in the synthesis of alcohols. Grignard reagents are one source of nucleo-
philic carbon; organolithium reagents are another. Both have substantial carbanionic
character in their carbon—metal bonds and undergo the same kind of reaction with alde-
hydes and ketones.

14.10 PREPARATION OF TERTIARY ALCOHOLS FROM ESTERS AND
GRIGNARD REAGENTS

Tertiary alcohols can be prepared by a variation of the Grignard synthesis that employs
an ester as the carbonyl component. Methyl and ethyl esters are readily available and
are the types most often used. Two moles of a Grignard reagent are required per mole
of ester; the first mole reacts with the ester, converting it to a ketone.

ﬁ ?(/—MgX O
diethyl ether M~
RMgX + R'COCH; —— R'(ls—OCH3 —> R'CR + CH;OMgX
R
Grignard Methyl Ketone Methoxymagnesium
reagent ester halide

The ketone is not isolated, but reacts rapidly with the Grignard reagent to give, after
adding aqueous acid, a tertiary alcohol. Ketones are more reactive than esters toward
Grignard reagents, and so it is not normally possible to interrupt the reaction at the ketone
stage even if only one equivalent of the Grignard reagent is used.
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OH
, 1. diethyl ether , |
R'CR + RMgX > RO" R C|R
R
Ketone Grignard Tertiary
reagent alcohol

Two of the groups bonded to the hydroxyl-bearing carbon of the alcohol are the same
because they are derived from the Grignard reagent. For example,

(0] OH

1. diethyl ether
2. H;0

2CH;MgBr  + (CHs),CHCOCH, (CH3)2CHC|CH3 + CH,OH

CH;
Methylmagnesium Methyl 2,3-Dimethyl- Methanol
bromide 2-methylpropanoate 2-butanol (73%)

PROBLEM 14.8 What combination of ester and Grignard reagent could you use
to prepare each of the following tertiary alcohols?

(@) CoHsC(CH:CHa) (b) <c6H5>2c|%
OH OH

SAMPLE SOLUTION (a) To apply the principles of retrosynthetic analysis to this
case, we disconnect both ethyl groups from the tertiary carbon and identify them
as arising from the Grignard reagent. The phenyl group originates in an ester of
the type CgHsCO,R (a benzoate ester).

C6H5C|(CH2CH3)2 > CGHsiOR + 2CH5CH,MgX
OH

An appropriate synthesis would be

I ettt et
2CH3CH2MgBr + CGHSCOCH3 1. diethyl ether

2 H,0 CeHs(l:(CH2CH3)2
OH
Ethylmagnesium Methyl 3-Phenyl-3-pentanol

bromide benzoate

14.11 ALKANE SYNTHESIS USING ORGANOCOPPER REAGENTS

Organometallic compounds of copper have been known for a long time, but their ver-
satility as reagents in synthetic organic chemistry has only recently been recognized. The
most useful organocopper reagents are the lithium dialkylcuprates, which result when a
copper(I) halide reacts with two equivalents of an alkyllithium in diethyl ether or tetrahy-
drofuran.

diethyl ether

2RLi  +  CuX —— RCuLi + LiX

Alkyllithium Cu(I) halide Lithium Lithium
X =CLBr]I) dialkylcuprate halide
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Copper(l) salts are also
known as cuprous salts.
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In the first stage of the preparation, one molar equivalent of alkyllithium displaces halide
from copper to give an alkylcopper(I) species:

R—Li — RCu + Lil
A Alkylcopper Lithium iodide
Cu—I

The second molar equivalent of the alkyllithium adds to the alkylcopper to give a neg-
atively charged dialkyl-substituted derivative of copper(l) called a dialkylcuprate anion.
It is formed as its lithium salt, a lithium dialkylcuprate.

/\ = o+
LiR + Cu—R ——> [R—Cu—R]Li

Alkyllithium Alkylcopper Lithium dialkylcuprate
(soluble in ether and in THF)

Lithium dialkylcuprates react with alkyl halides to produce alkanes by carbon—car-
bon bond formation between the alkyl group of the alkyl halide and the alkyl group of
the dialkylcuprate:

R,CuLi + RX —>R—R' + RCu + LiX

Lithium Alkyl halide Alkane Alkylcopper Lithium
dialkylcuprate halide

Primary alkyl halides, especially iodides, are the best substrates. Elimination becomes a
problem with secondary and tertiary alkyl halides:

(CH3),Culi + CH;(CH,)sCH,I > CHy(CH,)sCH,CH,

0

Lithium 1-Iododecane Undecane (90%)
dimethylcuprate

Lithium diarylcuprates are prepared in the same way as lithium dialkylcuprates and
undergo comparable reactions with primary alkyl halides:
diethyl ether

(C6H5)2CULi + ICHz(CH2)6CH3 EE—— C6H5CH2(CH2)6CH3

Lithium 1-Iodooctane 1-Phenyloctane (99%)
diphenylcuprate

The most frequently used organocuprates are those in which the alkyl group is pri-
mary. Steric hindrance makes organocuprates that bear secondary and tertiary alkyl
groups less reactive, and they tend to decompose before they react with the alkyl halide.
The reaction of cuprate reagents with alkyl halides follows the usual Sy2 order: CH; >
primary > secondary > tertiary, and I > Br > Cl > F. p-Toluenesulfonate esters are
suitable substrates and are somewhat more reactive than halides. Because the alkyl halide
and dialkylcuprate reagent should both be primary in order to produce satisfactory yields
of coupled products, the reaction is limited to the formation of RCH,—CH,R’ and
RCH,—CHj; bonds in alkanes.

A key step in the reaction mechanism appears to be nucleophilic attack on the
alkyl halide by the negatively charged copper atom, but the details of the mechanism
are not well understood. Indeed, there is probably more than one mechanism by which
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cuprates react with organic halogen compounds. Vinyl halides and aryl halides
are known to be very unreactive toward nucleophilic attack, yet react with lithium
dialkylcuprates:

(CH;CH,CH,CH,),CuLi + Q—Br ety ether,, <:>—CHZCHZCH2CH3

1-Butylcyclohexene (80%)

(CH;CH,CH,CH,),CuLi + @— iethyl ether @—CHZCHZCHZCH3

Butylbenzene (75%)

Lithium dibutylcuprate 1-Bromocyclohexene

Lithium dibutylcuprate Iodobenzene

PROBLEM 14.9 Suggest a combination of organic halide and cuprate reagent
appropriate for the preparation of each of the following compounds:

(a) 2-Methylbutane

(b) 1,3,3-Trimethylcyclopentene
SAMPLE SOLUTION (a) First inspect the target molecule to see which bonds are
capable of being formed by reaction of an alkyl halide and a cuprate, bearing in

mind that neither the alkyl halide nor the alkyl group of the lithium dialkylcuprate
should be secondary or tertiary.

A bond between a
methyl group and a
methylene group can

I
be formed. CH3_CH2_CH_CH3

None of the bonds to the
methine group can be
formed efficiently.

CH;

There are two combinations, both acceptable, that give the CH;—CH, bond:

(CH3),CulLi

Lithium
dimethylcuprate

+ BrCHch(CHg)Z —> CH3CH2CH(CH3)2

1-Bromo- 2-Methylbutane

2-methylpropane

CH3| + L|CU[CH2CH(CH3)2]2 — CH3CH2CH(CH3)2
lodomethane Lithium diisobutylcuprate 2-Methylbutane

14.12 AN ORGANOZINC REAGENT FOR CYCLOPROPANE SYNTHESIS

Zinc reacts with alkyl halides in a manner similar to that of magnesium.

ether

RX + Zn —
Alkyl halide

RZnX

Zinc Alkylzinc halide

Organozinc reagents are not nearly as reactive toward aldehydes and ketones as Grignard
reagents and organolithium compounds but are intermediates in certain reactions of
alkyl halides.

An organozinc compound that occupies a special niche in organic synthesis is
iodomethylzinc iodide (ICH,Znl), prepared by the reaction of zinc—copper couple
[Zn(Cu), zinc that has had its surface activated with a little copper] with diiodomethane
in ether.
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Victor Grignard was led to
study organomagnesium
compounds because of ear-
lier work he performed with
organic derivatives of zinc.



564

lodomethylzinc iodide is
known as the Simmons-
Smith reagent, after Howard
E. Simmons and Ronald D.
Smith of Du Pont, who first
described its use in the
preparation of cyclo-
propanes.
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diethyl ether

ICH,I  + Zn —

Diiodomethane Zinc

ICH,ZnI

Todomethylzinc iodide

What makes iodomethylzinc iodide such a useful reagent is that it reacts with alkenes

to give cyclopropanes.

/ CH,I,, Zn(Cu)

AN diethyl ether
CH;

2-Methyl-1-butene

CH2=C CH3

1-Ethyl-1-methylcyclopropane (79%)

This reaction is called the Simmons—Smith reaction and is one of the few methods avail-
able for the synthesis of cyclopropanes. Mechanistically, the Simmons—Smith reaction
seems to proceed by a single-step cycloaddition of a methylene (CH,) unit from
iodomethylzinc iodide to the alkene:

AN /
/C N2 ,"C\ AN /
C=C, — ‘CH, —> C—C_ + Znl,
PR 7N /N
1) Znl CH,
ICH,Znl Transition state for methylene transfer

PROBLEM 14.10 What alkenes would you choose as starting materials in order
to prepare each of the following cyclopropane derivatives by reaction with

iodomethylzinc iodide?
o

(a) CHs
SAMPLE SOLUTION (a) In a cyclopropane synthesis using the Simmons-Smith
reagent, you should remember that a CH, unit is transferred. Therefore, retro-
synthetically disconnect the bonds to a CH, group of a three-membered ring to
identify the starting alkene.

CH; CH,
CH, > + [CH,]
The complete synthesis is:
CH3 CHs3
CH,l5, Zn(Cu)

diethyl ether

1-Methylcycloheptene 1-Methylbicyclo[5.1.0]octane (55%)

Methylene transfer from iodomethylzinc iodide is stereospecific. Substituents that
were cis in the alkene remain cis in the cyclopropane.
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CHiCH,  CH.CH; . CH,CH, CH,CH,
c=cC —
\ Zx](l(Ll) H H
H H ether
(Z2)-3-Hexene cis-1,2-Diethylcyclopropane (34%)
CH;CH H
3 2\ / CH.L CH3CH2 H
C=C —
J AN Zn(Cu)
H CH2CH3 ether H CH2CH3
(E)-3-Hexene trans-1,2-Diethylcyclopropane (15%)

Yields in Simmons—Smith reactions are sometimes low. Nevertheless, since it often
provides the only feasible route to a particular cyclopropane derivative, it is a valuable
addition to the organic chemist’s store of synthetic methods.

14.13 CARBENES AND CARBENOIDS

Iodomethylzinc iodide is often referred to as a carbenoid, meaning that it resembles a
carbene in its chemical reactions. Carbenes are neutral molecules in which one of the
carbon atoms has six valence electrons. Such carbons are divalent; they are directly
bonded to only two other atoms and have no multiple bonds. Iodomethylzinc iodide
reacts as if it were a source of the carbene H—C—H.

It is clear that free :CH, is not involved in the Simmons—Smith reaction, but there
is substantial evidence to indicate that carbenes are formed as intermediates in certain
other reactions that convert alkenes to cyclopropanes. The most studied examples of these
reactions involve dichlorocarbene and dibromocarbene.

C C
VRN /7 N\
Cl Cl Br Br

Dichlorocarbene Dibromocarbene

Carbenes are too reactive to be isolated and stored, but have been trapped in frozen argon
for spectroscopic study at very low temperatures.

Dihalocarbenes are formed when trihalomethanes are treated with a strong base,
such as potassium fert-butoxide. The trihalomethyl anion produced on proton abstraction
dissociates to a dihalocarbene and a halide anion:

K\, .. _ .
Tribromomethane tert-Butoxide Tribromomethide tert-Butyl
ion ion alcohol
: B.r Br Br
SN N .
C: — C: + :Br:
/ / -
Br Br
Tribromomethide ion Dibromocarbene Bromide ion

When generated in the presence of an alkene, dihalocarbenes undergo cycloaddition to
the double bond to give dihalocyclopropanes:
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Br
KOC(CHs);
T CHBr3 (CH;);COH
Br
Cyclohexene Tribromomethane 7,7-Dibromobicyclo[4.1.0]heptane (75%)

The reaction of dihalocarbenes with alkenes is stereospecific, and syn addition is
observed.

PROBLEM 14.11 The syn stereochemistry of dibromocarbene cycloaddition was
demonstrated in experiments using cis- and trans-2-butene. Give the structure of
the product obtained from addition of dibromocarbene to each alkene.

The process in which a dihalocarbene is formed from a trihalomethane corresponds
to an elimination in which a proton and a halide are lost from the same carbon. It is an
a-elimination proceeding via the organometallic intermediate K™ [:CX;5] ™.

14.14 TRANSITION-METAL ORGANOMETALLIC COMPOUNDS

A large number of organometallic compounds are based on transition metals. Examples
include organic derivatives of iron, nickel, chromium, platinum, and rhodium. Many
important industrial processes are catalyzed by transition metals or their complexes.
Before we look at these processes, a few words about the structures of transition-metal
complexes are in order.

A transition-metal complex consists of a transition-metal atom or ion bearing
attached groups called ligands. Essentially, anything attached to a metal is a ligand. A
ligand can be an element (O,, N,), a compound (NO), or an ion (CN); it can be inor-
ganic as in the examples just cited or it can be an organic ligand. Ligands differ in the
number of electrons that they share with the transition metal to which they are attached.
Carbon monoxide is a frequently encountered ligand in transition-metal complexes arld

contributes two electrons; it is best thought of in terms of the Lewis structure :C=Q:
in which carbon is the reactive site. An example of a carbonyl complex of a transition
metal is nickel carbonyl, a very toxic substance, which was first prepared over a hun-
dred years ago and is an intermediate in the purification of nickel. It forms spontaneously
when carbon monoxide is passed over elemental nickel.

Ni + 4CO —> Ni(CO),

Nickel Carbon monoxide Nickel carbonyl

Many transition-metal complexes, including Ni(CO),, obey what is called the 18-
electron rule, which is to transition-metal complexes as the octet rule is to main-group
elements. It states that for transition-metal complexes, the number of ligands that can be
attached to a metal will be such that the sum of the electrons brought by the ligands
plus the valence electrons of the metal equals 18. With an atomic number of 28, nickel
has the electron configuration [Ar]4s*3d® (10 valence electrons). The 18-electron rule is
satisfied by adding to these 10 the 8 electrons from four carbon monoxide ligands. A
useful point to remember about the 18-electron rule when we discuss some reactions of
transition-metal complexes is that if the number is less than 18, the metal is considered
coordinatively unsaturated and can accept additional ligands.

PROBLEM 14.12 Like nickel, iron reacts with carbon monoxide to form a com-
pound having the formula M(CO), that obeys the 18-electron rule. What is the
value of n in the formula Fe(CO),?
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Not all ligands use just two electrons to bond to transition metals. Chromium has
the electron configuration [Ar]4s*3d* (6 valence electrons) and needs 12 more to satisfy
the 18-electron rule. In the compound (benzene)tricarbonylchromium, 6 of these 12 are
the 7 electrons of the benzene ring; the remaining 6 are from the three carbonyl ligands.

<

Fe
H Cr H
N
oc” | “co
(0]
(Benzene)tricarbonylchromium Ferrocene

Ferrocene has an even more interesting structure. A central iron is mw-bonded to two
cyclopentadienyl ligands in what is aptly described as a sandwich. It, too, obeys the 18-
electron rule. Each cyclopentadienyl ligand contributes 5 electrons for a total of 10 and
iron, with an electron configuration of [Ar]4s23d 6 contributes 8. Alternatively, ferrocene
can be viewed as being derived from Fe?* (6 valence electrons) and two aromatic
cyclopentadienide rings (6 electrons each). Indeed, ferrocene was first prepared by adding
iron(IT) chloride to cyclopentadienylsodium. Instead of the expected o-bonded species
shown in the equation, ferrocene was formed.

H
2 Nat| + FeCl, —,;L>©< H +  2NaCl
Feﬂk >

Cyclopentadienylsodium Iron(II) (Not formed)
chloride

After ferrocene, a large number of related molecules have been prepared—even
some in which uranium is the metal. There is now an entire subset of transition-metal
organometallic complexes known as metallocenes based on cyclopentadienide ligands.
These compounds are not only structurally interesting, but many of them have useful
applications as catalysts for industrial processes.

Naturally occurring compounds with carbon—-metal bonds are very rare. The best
example of such an organometallic compound is coenzyme Bj,, which has a
carbon—cobalt o bond (Figure 14.3). Pernicious anemia results from a coenzyme B,
deficiency and can be treated by adding sources of cobalt to the diet. One source of
cobalt is vitamin Bj,, a compound structurally related to, but not identical with, coen-
zyme By,.

14.15 ZIEGLER-NATTA CATALYSIS OF ALKENE POLYMERIZATION

In Section 6.21 we listed three main methods for polymerizing alkenes: cationic, free-
radical, and coordination polymerization. In Section 7.15 we extended our knowledge of
polymers to their stereochemical aspects by noting that although free-radical polymer-
ization of propene gives atactic polypropylene, coordination polymerization produces a
stereoregular polymer with superior physical properties. Because the catalysts responsi-
ble for coordination polymerization are organometallic compounds, we are now in a posi-
tion to examine coordination polymerization in more detail, especially with respect to
how the catalyst works.
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chapter displayed an electrosta-
tic potential map of ferrocene.
You may wish to view a molecu-
lar model of it on Learning By
Modeling.

Cyclopentadienylsodium is
ionic. Its anion is the cyclo-
pentadienide ion, which con-
tains six w electrons.
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AN ORGANOMETALLIC COMPOUND THAT OCCURS NATURALLY: COENZYME B,,

ernicious anemia is a disease characterized, as

are all anemias, by a deficiency of red blood

cells. Unlike ordinary anemia, pernicious anemia
does not respond to treatment with sources of iron,
and before effective treatments were developed, was
often fatal. Injection of liver extracts was one such
treatment, and in 1948 chemists succeeded in isolat-
ing the “antipernicious anemia factor” from beef
liver as a red crystalline compound, which they called
vitamin B;,. This compound had the formula
Cg3HggCoN14014P. Its complexity precluded structure
determination by classical degradation techniques,
and spectroscopic methods were too primitive to be
of much help. The structure was solved by Dorothy
Crowfoot Hodgkin of Oxford University in 1955 using
X-ray diffraction techniques and is shown in Figure
14.3a. Structure determination by X-ray crystallogra-
phy can be superficially considered as taking a photo-
graph of a molecule with X-rays. It is a demanding
task and earned Hodgkin the 1964 Nobel Prize in
chemistry. Modern structural studies by X-ray crystal-

lography use computers to collect and analyze the
diffraction data and take only a fraction of the time
required years ago to solve the vitamin B;; structure.

The structure of vitamin B, is interesting in
that it contains a central cobalt atom that is sur-
rounded by six atoms in an octahedral geometry. One
substituent, the cyano (—CN) group, is what is
known as an “artifact.” It appears to be introduced
into the molecule during the isolation process and
leads to the synonym cyanocobalamin for vitamin
B1>. This material is used to treat pernicious anemia,
but this is not the form in which it exerts its activity.
The biologically active material is called coenzyme
B4, and differs from vitamin B, in the substituent at-
tached to cobalt (Figure 14.3b). Coenzyme B;; is the
only known naturally occurring substance that has a
carbon-metal bond. Moreover, coenzyme B;, was
discovered before any compound containing an alkyl
group o-bonded to cobalt had ever been isolated in
the laboratory!

HOCH,

(@ R =—C=N

HO  OH
®»R=

CH, 9% N Nﬁ

FIGURE 14.3 The structures of (a) vitamin B;, and (b) coenzyme B;5.
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In the early 1950s, Karl Ziegler, then at the Max Planck Institute for Coal Research
in Germany, was studying the use of aluminum compounds as catalysts for the oligomer-
ization of ethylene.

AI(CH,CHs);
—

nH2C=CH2 CH3CH2(CH2CH2)n72CH=CH2
Ethylene Ethylene oligomers

Ziegler found that adding certain metals or their compounds to the reaction mixture led
to the formation of ethylene oligomers with 6-18 carbons, but others promoted the for-
mation of very long carbon chains giving polyethylene. Both were major discoveries.
The 6-18 carbon ethylene oligomers constitute a class of industrial organic chemicals
known as linear o olefins that are produced at a rate of 10° pounds/year in the United
States. The Ziegler route to polyethylene is even more important because it occurs at
modest temperatures and pressures and gives high-density polyethylene, which has prop-
erties superior to the low-density material formed by free-radical polymerization
described in Section 6.21.

A typical Ziegler catalyst is a combination of titanium tetrachloride (TiCl;) and
diethylaluminum chloride [(CH5CH,),AICI], but other combinations such as
TiCl3/(CH;5CH,);Al also work as do catalysts based on metallocenes. Although still in
question, a plausible mechanism for the polymerization of ethylene in the presence of
such catalysts has been offered and is outlined in Figure 14.4.

569

Step 1: A titanium halide and an ethylaluminum compound combine to place an ethyl group on titanium, giving
the active catalyst. Titanium has one or more vacant coordination sites, shown here as an empty orbital.

CH3(|JH2
C1,Ti

Step 2: Ethylene reacts with the active form of the catalyst. The 7 orbital of ethylene with its two electrons
overlaps with the vacant titanium orbital to bind ethylene as a ligand to titanium.

CH;CH,
CH,CH,

+ HC=CH, — %l_ﬁHz

CH,

C1,Ti

Step 3: The flow of electrons from ethylene to titanium increases the electron density at titanium and weakens
the Ti—-CH,CHj3 bond. The ethyl group migrates from titanium to one of the carbons of ethylene.

CH;CH, CHyCHy_

CH,
Cl1, Ti---]

o, C1,Ti—CH,

Step 4: The catalyst now has a butyl ligand on titanium instead of an ethyl group. Repeating steps 2 and 3
converts the butyl group to a hexyl group, then an octyl group, and so on. After thousands of repetitions,
polyethylene is formed.

FIGURE 14.4 A proposed mechanism for the polymerization of ethylene in the presence of a Ziegler-Natta catalyst.
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Ziegler had a working relationship with the Italian chemical company Montecatini,
for which Giulio Natta of the Milan Polytechnic Institute was a consultant. When Natta
used Ziegler’s catalyst to polymerize propene, he discovered that the catalyst was not
only effective but that it gave mainly isotactic polypropylene. (Recall from Section 7.15
that free-radical polymerization of propene gives atactic polypropylene.) Isotactic
polypropylene has a higher melting point than the atactic form and can be drawn into
fibers or molded into hard, durable materials. Before coordination polymerization was
discovered by Ziegler and applied to propene by Natta, there was no polypropylene indus-
try. Now, more than 10'° pounds of it are prepared each year in the United States. Ziegler
and Natta shared the 1963 Nobel Prize in chemistry: Ziegler for discovering novel cat-
alytic systems for alkene polymerization and Natta for stereoregular polymerization.

14.16 SUMMARY

Section 14.1 Organometallic compounds contain a carbon-metal bond. They are
named as alkyl (or aryl) derivatives of metals.

CH3CH2CH2CH2L1 C6H5MgBr
Butyllithium Phenylmagnesium bromide

Section 14.2 Carbon is more electronegative than metals and carbon—metal bonds are
polarized so that carbon bears a partial to complete negative charge and
the metal bears a partial to complete positive charge.

H H
\5 _
“C—Li®* HC=C:Na"
/
H
Methyllithium has a polar Sodium acetylide has an
covalent carbon—lithium ionic bond between carbon
bond. and sodium.

Section 14.3 See Table 14.4
Section 14.4 See Table 14.4

Section 14.5 Organolithium compounds and Grignard reagents are strong bases and
react instantly with compounds that have —OH groups.

RZM + HLO—R —> R—H + M* "0—R’
These organometallic compounds cannot therefore be formed or used in

solvents such as water and ethanol. The most commonly employed sol-
vents are diethyl ether and tetrahydrofuran.

Section 14.6 See Tables 14.3 and 14.5
Section 14.7 See Table 14.5
Section 14.8 See Table 14.5

Section 14.9 When planning the synthesis of a compound using an organometallic
reagent, or indeed any synthesis, the best approach is to reason backward
from the product. This method is called retrosynthetic analysis. Retro-
synthetic analysis of 1-methylcyclohexanol suggests it can be prepared
by the reaction of methylmagnesium bromide and cyclohexanone.
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1A= ERES Preparation of Organometallic Reagents Used in Synthesis

Type of organometallic reagent
(section) and comments

General equation for preparation
and specific example

Organolithium reagents (Section 14.3) Lithi-
um metal reacts with organic halides to pro-
duce organolithium compounds. The organic
halide may be alkyl, alkenyl, or aryl. lodides
react most and fluorides least readily; bro-
mides are used most often. Suitable solvents
include hexane, diethyl ether, and tetrahy-
drofuran.

Grignard reagents (Section 14.4) Grignard
reagents are prepared in a manner similar to
that used for organolithium compounds.
Diethyl ether and tetrahydrofuran are appro-
priate solvents.

Lithium dialkylcuprates (Section 14.11) These
reagents contain a negatively charged cop-
per atom and are formed by the reaction of
a copper(l) salt with two equivalents of an
organolithium reagent.

lodomethylzinc iodide (Section 14.12) This is
the Simmons—Smith reagent. It is prepared
by the reaction of zinc (usually in the pres-
ence of copper) with diiodomethane.

RX + 2Li

Alkyl
halide

— RLi + LiX

Alkyllithium Lithium

halide

Lithium

Li
CH3CH,CH,Br diethyl ether

Propyl bromide

CH3CH,CH,Li
Propyllithium (78%)

RX + Mg —> RMgX
Alkyl Magnesium Alkylmagnesium halide
halide (Grignard reagent)
| Mg !
CeHsCHCl e CeHsCH,MgC
Benzyl chloride Benzylmagnesium chloride (93%)
2RLi + CuX — R,Culi + LiX
Alkyllithium Copper(l) Lithium Lithium
halide dialkylcuprate halide

diethyl ether
B

2CHsLi  +  Cul (CHs),Culi  + Lil

Methyllithium Copper(l) Lithium Lithium
iodide dimethylcuprate iodide
diethyl eth
CH,l, + Zn ———— ICH,Znl
Diiodomethane Zinc lodomethylzinc
iodide

Ok
OH

1-Methylcyclohexanol

Section 14.10
Section 14.11
Section 14.12

See Table 14.5
See Tables 14.4 and 14.5
See Tables 14.4 and 14.5

> <:>=O +  CH;MgBr

Cyclohexanone

Methylmagnesium
bromide

Section 14.13 Carbenes are species that contain a divalent carbon; that is, a carbon with
only two bonds. One of the characteristic reactions of carbenes is with

alkenes to give cyclopropane derivatives.

CH3 CH3
. / KOC(CHs)s
HQC—C\ + CHC13 (CH,),COH > CH3
CH; cl’

2-Methylpropene 1,1-Dichloro-2,2-dimethylcyclopropane

(65%)
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1A= B0 Carbon—Carbon Bond-Forming Reactions of Organometallic Reagents

Reaction (section) and comments

General equation and specific example

Alcohol synthesis via the reaction of
Grignard reagents with carbonyl com-
pounds (Section 14.6) This is one of the
most useful reactions in synthetic organ-
ic chemistry. Grignard reagents react
with formaldehyde to yield primary alco-
hols, with aldehydes to give secondary
alcohols, and with ketones to form terti-
ary alcohols.

Reaction of Grignard reagents with
esters (Section 14.10) Tertiary alcohols in
which two of the substituents on the
hydroxyl carbon are the same may be
prepared by the reaction of an ester
with two equivalents of a Grignard
reagent.

Synthesis of alcohols using organolithi-
um reagents (Section 14.7) Organolithi-
um reagents react with aldehydes and
ketones in a manner similar to that of
Grignard reagents to produce alcohols.

i 3
. 1. diethyl ether
RMgX + R'CR 2 H,0 R(|:OH
RU
Grignard Aldehyde Alcohol
reagent or ketone
” 1. diethyl eth
CHsMgl + CH3CH,CHyCH —— o CH3CH2CH2(|IHCH3
- A3
OH
Methylmagnesium Butanal 2-Pentanol (82%)
iodide
I FI(’
1. diethyl eth
2RMgX + R'COR" — S0, RCOH
2. H30 |
R
Grignard Ester Tertiary
reagent alcohol
i
1. diethyl eth
2CeHsMgBr  + CgHsCOCH,CH; —————>  (CgHs);COH
- 3
Phenylmagnesium Ethyl benzoate Triphenylmethanol
bromide (89-93%)
| T,
. i 1. diethyl ether
RLi + R'CR 2 H,0 RCOH
RH
Alkyllithium Aldehyde Alcohol
or ketone

1. d|ethyl ether

|
+ CH3CC(CHs)s = 5>

[>—ti

Cyclopropyllithium

I>—CC(CH3)3

2-Cyclopropy|—
3,3-dimethyl-
2-butanol (71%)

3,3-Dimethyl-
2-butanone

Section 14.14

(Continued)

Certain organometallic compounds resemble carbenes in their reactions
and are referred to as carbenoids. Iodomethylzinc iodide (Section 14.12)
is an example.

Transition-metal complexes that contain one or more organic ligands
offer a rich variety of structural types and reactivity. Organic ligands can
be bonded to a metal by a o bond or through its 7 system. Metallocenes
are transition-metal complexes in which one or more of the ligands is a
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VA= B0 Carbon—Carbon Bond-Forming Reactions of Organometallic Reagents (Continued)

Reaction (section) and comments

General equation and specific example

Synthesis of acetylenic alcohols (Section
14.8) Sodium acetylide and acetylenic
Grignard reagents react with aldehydes
and ketones to give alcohols of the type
C=C—COH.

Preparation of alkanes using lithium di-
alkylcuprates (Section 14.11) Two alkyl
groups may be coupled together to form
an alkane by the reaction of an alkyl hal-
ide with a lithium dialkylcuprate. Both
alkyl groups must be primary (or meth-
yl). Aryl and vinyl halides may be used in
place of alkyl halides.

The Simmons-Smith reaction (Section
14.12) Methylene transfer from iodo-
methylzinc iodide converts alkenes to
cyclopropanes. The reaction is a stereo-
specific syn addition of a CH, group to
the double bond.

i T
1. NH5, —33°C
NaC=CH + RCR’ — HC=CCR’
2. H;0
R
Sodium Aldehyde Alcohol
acetylide or ketone
I (I)H
1. NH5, —33°C
NaC=CH + CH3CCH,CH; ——— HCECC|CH2CH3
- A3
CHs
Sodium 2-Butanone 3-Methyl-1-pentyn-3-ol
acetylide (72%)
R,CulLi + R'CH,X —— RCH,R’
Lithium Primary Alkane
dialkylcuprate alkyl halide
. diethyl ether
(CH3)2CUL| + C6H5CH2C| —_—> C6H5CH2CH3
Lithium Benzyl Ethylbenzene (80%)
dimethylcuprate chloride

R R
diethyl ether

ch:CRz + Icsznl —_—> R R + anz
Alkene lodomethylzinc Cyclopropane Zinc
iodide derivative iodide

CH>l5, Zn(Cu)
diethyl ether

J

Cyclopentene

P

Bicyclo[3.1.0]hexane
(53%)

cyclopentadienyl ring. Ferrocene was the first metallocene synthesized;
its structure is shown on the opening page of this chapter.

Section 14.15 Coordination polymerization of ethylene and propene has the biggest eco-
nomic impact of any organic chemical process. Ziegler—Natta polymer-
ization is carried out in the presence of catalysts derived from transition
metals such as titanium. w-Bonded and o-bonded organometallic com-
pounds are intermediates in coordination polymerization.

Problems

14.13 Write structural formulas for each of the following compounds. Specify which compounds

qualify as organometallic compounds.
(a) Cyclopentyllithium
(b) Ethoxymagnesium chloride

(c) 2-Phenylethylmagnesium iodide

(d) Lithium divinylcuprate
(e) Sodium carbonate

(f) Benzylpotassium
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14.14 Dibal is an informal name given to the organometallic compound [(CH3),CHCH,],AlH,
used as a reducing agent in certain reactions. Can you figure out the systematic name from which
“dibal” is derived?

14.15 Suggest appropriate methods for preparing each of the following compounds from the start-
ing material of your choice.

(a) CH3CH2CH2CH2CH2MgI (C) CH3CH2CH2CH2CH2L]

(b) CH3CH,C=CMgl (d) (CH5CH,CH,CH,CH,),CuLi
14.16 Which compound in each of the following pairs would you expect to have the more polar

carbon—metal bond? Compare the models on Learning By Modeling with respect to the charge on
the carbon bonded to the metal.

(a) CH5CH,Li or (CH;CH,);Al (¢) CH;CH,MgBr or HC=CMgBr
(b) (CH3),Zn or (CH3),Mg

14.17 Write the structure of the principal organic product of each of the following reactions:
(a) 1-Bromopropane with lithium in diethyl ether
(b) 1-Bromopropane with magnesium in diethyl ether
(c) 2-lodopropane with lithium in diethyl ether
(d) 2-Iodopropane with magnesium in diethyl ether
(e) Product of part (a) with copper(I) iodide
(f) Product of part (e) with 1-bromobutane
(g) Product of part (e) with iodobenzene
(h) Product of part (b) with D,O and DCl
(i) Product of part (¢) with D,O and DCI
(j) Product of part (a) with formaldehyde in ether, followed by dilute acid
(k) Product of part (b) with benzaldehyde in ether, followed by dilute acid
(1) Product of part (c) with cycloheptanone in ether, followed by dilute acid
(0]
(m) Product of part (d) with CH3£CH2CH3 in ether, followed by dilute acid
1
(n) Product of part (b) with CsHsCOCHj3 (2 mol) in ether, followed by dilute acid
(0) 1-Octene with diiodomethane and zinc—copper couple in ether
(p) (E)-2-Decene with diiodomethane and zinc—copper couple in ether
(q) (Z2)-3-Decene with diiodomethane and zinc—copper couple in ether

(r) 1-Pentene with tribromomethane and potassium tert-butoxide in tert-butyl alcohol

14.18 Using 1-bromobutane and any necessary organic or inorganic reagents, suggest efficient syn-
theses of each of the following alcohols:

(a) 1-Pentanol (d) 3-Methyl-3-heptanol

(b) 2-Hexanol (e) 1-Butylcyclobutanol

(c) 1-Phenyl-1-pentanol
14.19 Using bromobenzene and any necessary organic or inorganic reagents, suggest efficient syn-
theses of each of the following:

(a) Benzyl alcohol (b) 1-Phenyl-1-hexanol
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(c) Bromodiphenylmethane (e) 1-Phenylcyclooctanol
(d) 4-Phenyl-4-heptanol (f) trans-2-Phenylcyclooctanol

14.20 Analyze the following structures so as to determine all the practical combinations of Grig-
nard reagent and carbonyl compound that will give rise to each:

(a) CH3CH2(|JHCH2CH(CH3)2 (d) 6-Methyl-5-hepten-2-ol

S TN A
OH OH

(¢) (CH;);CCH,OH

14.21 A number of drugs are prepared by reactions of the type described in this chapter. Indicate
what you believe would be a reasonable last step in the synthesis of each of the following:

OH
(a) CH3CH2C|TCECH Meparfynol, a mild hypnotic or sleep-inducing agent

CH;

|
(b) (C6H5)2C|CH—N Diphepanol, an antitussive (cough suppressant)
OH

Mestranol, an estrogenic
component of oral
contraceptive drugs

()

CH;0

14.22 Predict the principal organic product of each of the following reactions:

" 1. ]1(|u1d ammonia

1. diethyl ether

(b) + CH;CH,Li > 1.0°
O
B 1. Mg, THE
© r— (H,
HCH
3. H;O"

CH2CH=CH2
CH,I,
d 21y
( ) Zn(Cu)
diethyl ether

575
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H CH,
/ CH.l,

(e) /C=C\ Zn(Cu)
CH, H ether
() O I'+ Licu(CHy), —

CH;0

CHZOSOCm + LiCu(CH,CH,CH,CH;), —>

14.23 Addition of phenylmagnesium bromide to 4-tert-butylcyclohexanone gives two isomeric ter-
tiary alcohols as products. Both alcohols yield the same alkene when subjected to acid-catalyzed
dehydration. Suggest reasonable structures for these two alcohols.

4-tert-Butylcyclohexanone

14.24 (a) Unlike other esters, which react with Grignard reagents to give tertiary alcohols, ethyl
(0}

I
formate (HCOCH,CHj;) yields a different class of alcohols on treatment with Grignard
reagents. What kind of alcohol is formed in this case and why?

[
(b) Diethyl carbonate (CH3;CH,OCOCH,CH3;) reacts with excess Grignard reagent to yield

alcohols of a particular type. What is the structural feature that characterizes alcohols
prepared in this way?

14.25 Reaction of lithium diphenylcuprate with optically active 2-bromobutane yields 2-phenylbu-
tane, with high net inversion of configuration. When the 2-bromobutane used has the stereostruc-
ture shown, will the 2-phenylbutane formed have the R or the S configuration?

CH,CH, CHs
Az
C—H
Br

14.26 Suggest reasonable structures for compounds A, B, and C in the following reactions:

LiCu(CH,),
(CH3)2CNOTS N compound A + compound B

(Ci1H22) (CioHis)
OTs
(CHg)3cw ESCLIN compound B + compound C
(Ci1Ha2)

Compound C is more stable than compound A. OTs stands for toluenesulfonate.
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14.27 The following conversion has been reported in the chemical literature. It was carried out in
two steps, the first of which involved formation of a p-toluenesulfonate ester. Indicate the reagents
for this step, and show how you could convert the p-toluenesulfonate to the desired product.

two steps

(6] OH o

14.28 Sometimes the strongly basic properties of Grignard reagents can be turned to synthetic
advantage. A chemist needed samples of butane specifically labeled with deuterium, the mass 2
isotope of hydrogen, as shown:

(a) CH;CH,CH,CH,D (b) CH3;CHDCH,CHj;
Suggest methods for the preparation of each of these using heavy water (D,0) as the source of

deuterium, butanols of your choice, and any necessary organic or inorganic reagents.

14.29 Diphenylmethane is significantly more acidic than benzene, and triphenylmethane is more
acidic than either. Identify the most acidic proton in each compound, and suggest a reason for the
trend in acidity.

CeHe (CsHs)2CH, (CeHs);CH
Benzene Diphenylmethane Triphenylmethane
K,=10"% K,~ 1073 K, =~ 1073

14.30 The 18-electron rule is a general, but not universal, guide for assessing whether a certain
transition-metal complex is stable or not. Both of the following are stable compounds, but only
one obeys the 18-electron rule. Which one?

14.31 One of the main uses of the “linear a-olefins” prepared by oligomerization of ethylene is
in the preparation of linear low-density polyethylene. Linear low-density polyethylene is a copoly-
mer produced when ethylene is polymerized in the presence of a “linear a-olefin” such as
1-decene [CH,=CH(CH,);,CHj;]. 1-Decene replaces ethylene at random points in the growing
polymer chain. Can you deduce how the structure of linear low-density polyethylene differs from
a linear chain of CH, units?

14.32 Make a molecular model of 7,7-dimethylbicyclo[2.2.1]heptan-2-one. Two diastereomeric
alcohols may be formed when it reacts with methylmagnesium bromide. Which one is formed in
greater amounts?

(0]
7,7-Dimethylbicyclo[2.2.1]heptan-2-one
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14.33 Make molecular models of the product of addition of dichlorocarbene to:
(a) trans-2-Butene
(b) cis-2-Butene
Which product is achiral? Which one is formed as a racemic mixture?
14.34 Examine the molecular model of ferrocene on Learning By Modeling. Does ferrocene have

a dipole moment? Would you expect the cyclopentadienyl rings of ferrocene to be more reactive
toward nucleophiles or electrophiles? Where is the region of highest electrostatic potential?

14.35 Inspect the electrostatic potential surface of the benzyl anion structure given on Learning
By Modeling. What is the hybridization state of the benzylic carbon? Does the region of highest
electrostatic potential lie in the plane of the molecule or perpendicular to it? Which ring carbons
bear the greatest share of negative charge?



CHAPTER 15
ALCOHOLS, DIOLS, AND THIOLS

functional groups. The interplay of these important classes of compounds—alco-
hols, ethers, aldehydes, ketones, carboxylic acids, and derivatives of carboxylic
acids—is fundamental to organic chemistry and biochemistry.

The next several chapters deal with the chemistry of various oxygen-containing

P i
ROH ROR’ RCH RCR’ RCOH
Alcohol Ether Aldehyde Ketone Carboxylic acid

We’ll start by discussing in more detail a class of compounds already familiar to
us, alcohols. Alcohols were introduced in Chapter 4 and have appeared regularly since
then. With this chapter we extend our knowledge of alcohols, particularly with respect
to their relationship to carbonyl-containing compounds. In the course of studying alco-
hols, we shall also look at some relatives. Diols are alcohols in which two hydroxyl
groups (—OH) are present; thiols are compounds that contain an —SH group. Phenols,
compounds of the type ArOH, share many properties in common with alcohols but are
sufficiently different from them to warrant separate discussion in Chapter 24.

This chapter is a transitional one. It ties together much of the material encountered
earlier and sets the stage for our study of other oxygen-containing functional groups in
the chapters that follow.

15.1 SOURCES OF ALCOHOLS

Until the 1920s, the major source of methanol was as a byproduct in the production of
charcoal from wood—hence, the name wood alcohol. Now, most of the more than 10
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Carbon monoxide is ob-
tained from coal, and hydro-
gen is one of the products
formed when natural gas is
converted to ethylene and
propene (Section 5.1).

FIGURE 15.1 Some@

naturally occurring alcohols.
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billion 1b of methanol used annually in the United States is synthetic, prepared by reduc-
tion of carbon monoxide with hydrogen.

co + 2H, "% CH;OH

Carbon monoxide Hydrogen Methanol

Almost half of this methanol is converted to formaldehyde as a starting material
for various resins and plastics. Methanol is also used as a solvent, as an antifreeze, and
as a convenient clean-burning liquid fuel. This last property makes it a candidate as a
fuel for automobiles—methanol is already used to power Indianapolis-class race cars—
but extensive emissions tests remain to be done before it can be approved as a gasoline
substitute. Methanol is a colorless liquid, boiling at 65°C, and is miscible with water in
all proportions. It is poisonous; drinking as little as 30 mL has been fatal. Ingestion of
sublethal amounts can lead to blindness.

When vegetable matter ferments, its carbohydrates are converted to ethanol and
carbon dioxide by enzymes present in yeast. Fermentation of barley produces beer;
grapes give wine. The maximum ethanol content is on the order of 15%, because higher
concentrations inactivate the enzymes, halting fermentation. Since ethanol boils at 78°C

CH;
HOCH,
= HO
HO HO
CH(CH,), HO Gy
Menthol (obtained from oil of Glucose (a carbohydrate)
peppermint and used to flavor
tobacco and food)
H;C
CH;
Cholesterol (principal constituent of
gallstones and biosynthetic precursor
of the steroid hormones)
H;C OH
Y\/W A U N OH
CH CH
} ’ CH;
Citronellol (found in rose and Retinol (vitamin A, an important
geranium oil and used in perfumery) substance in vision)
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and water at 100°C, distillation of the fermentation broth can be used to give “distilled
spirits” of increased ethanol content. Whiskey is the aged distillate of fermented grain
and contains slightly less than 50% ethanol. Brandy and cognac are made by aging the
distilled spirits from fermented grapes and other fruits. The characteristic flavors, odors,
and colors of the various alcoholic beverages depend on both their origin and the way
they are aged.

Synthetic ethanol is derived from petroleum by hydration of ethylene. In the United
States, some 700 million 1Ib of synthetic ethanol is produced annually. It is relatively
inexpensive and useful for industrial applications. To make it unfit for drinking, it is
denatured by adding any of a number of noxious materials, a process that exempts it
from the high taxes most governments impose on ethanol used in beverages.

Our bodies are reasonably well equipped to metabolize ethanol, making it less dan-
gerous than methanol. Alcohol abuse and alcoholism, however, have been and remain
persistent problems.

Isopropyl alcohol is prepared from petroleum by hydration of propene. With a boil-
ing point of 82°C, isopropyl alcohol evaporates quickly from the skin, producing a cool-
ing effect. Often containing dissolved oils and fragrances, it is the major component of
rubbing alcohol. Isopropyl alcohol possesses weak antibacterial properties and is used to
maintain medical instruments in a sterile condition and to clean the skin before minor
surgery.

Methanol, ethanol, and isopropyl alcohol are included among the readily available
starting materials commonly found in laboratories where organic synthesis is carried out.
So, too, are many other alcohols. All alcohols of four carbons or fewer, as well as most
of the five- and six-carbon alcohols and many higher alcohols, are commercially avail-
able at low cost. Some occur naturally; others are the products of efficient syntheses.
Figure 15.1 presents the structures of a few naturally occurring alcohols. Table 15.1 sum-
marizes the reactions encountered in earlier chapters that give alcohols and illustrates a
thread that runs through the fabric of organic chemistry: a reaction that is characteris-
tic of one functional group often serves as a synthetic method for preparing another.

As Table 15.1 indicates, reactions leading to alcohols are not in short supply. Nev-
ertheless, several more will be added to the list in the present chapter—testimony to the
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Some of the substances used
to denature ethanol include
methanol, benzene, pyri-
dine, castor oil, and gasoline.

-GS R Summary of Reactions Discussed in Earlier Chapters That Yield Alcohols

Reaction (section) and comments General equation and specific example

Acid-catalyzed hydration of alkenes H*

(Section 6.10) The elements of water R:C=CR; + H,0 — RZCHC|R2
add to the double bond in accord- OH
ance with Markovnikov’s rule.

Alkene Water Alcohol
CHs3
(CH3),C—CHCH; 25> CH3(:ZCH2CH3
OH
2-Methyl-2-butene 2-Methyl-2-butanol (90%)

(Continued)
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ARSI Summary of Reactions Discussed in Earlier Chapters That Yield Alcohols (Continued)

Reaction (section) and comments

General equation and specific example

Hydroboration—oxidation of alkenes
(Section 6.11) The elements of water
add to the double bond with regio-
selectivity opposite to that of Mar-
kovnikov’s rule. This is a very good
synthetic method; addition is syn,
and no rearrangements are
observed.

Hydrolysis of alkyl halides (Section
8.1) A reaction useful only with sub-
strates that do not undergo E2 elimi-
nation readily. It is rarely used for
the synthesis of alcohols, since alkyl
halides are normally prepared from
alcohols.

Reaction of Grignard reagents with
aldehydes and ketones (Section 14.6)
A method that allows for alcohol
preparation with formation of new
carbon-carbon bonds. Primary, sec-
ondary, and tertiary alcohols can all
be prepared.

Reaction of organolithium reagents
with aldehydes and ketones (Section
14.7) Organolithium reagents react
with aldehydes and ketones in a
manner similar to that of Grignard
reagents to form alcohols.

1. ByHg

R:C=CR; 55, ho

Alkene

CH3(CH2)7CH :CH2

R>CHCR,

|
OH

Alcohol

1. B,Hg, diglyme

CHs3(CH,);,CH,CH,0H

2. H,0,, HO
1-Decene 1-Decanol (93%)
RX + HO™ ——> ROH + X~
Alkyl Hydroxide Alcohol Halide
halide ion ion
CH; CH;
H,0, Ca(OH
H3C CH,Cl 200 CH,OH
CH; CH;
2,4,6-Trimethylbenzyl 2,4,6-Trimethylbenzyl
chloride alcohol (78%)
i y
iy 1. diethyl ether
RMgX + R'CR 2 H,0" R(|IOH
RH
Grignard Aldehyde Alcohol
reagent or ketone
i
1. diethyl ether
+ HCH 2. H;0"
H MgBr H CH,OH
Cyclopentylmagnesium Formaldehyde Cyclopentylmethanol
bromide (62-64%)
i 3
. . 1. diethyl ether
RLi + R'CR 2 H,00 R(|:OH
RN
Organolithium Aldehyde Alcohol
reagent or ketone
0 1. diethyl
” ether

CH3CH,CH,CH,Li + @—

Butyllithium

Acetophenone

CCH3

W CH3CH2CH2CH2—C|—OH

CHs3
2-Phenyl-2-hexanol (67 %)

(Continued)
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-GS R Summary of Reactions Discussed in Earlier Chapters That Yield Alcohols (Continued)

Reaction (section) and comments General equation and specific example
Reaction of Grignard reagents with (0] R’

esters (Section 14.10) Produces terti- , I , 1. diethyl ether y
ary alcohols in which two of the sub- 2RMgX + R'COR 20" RC|:OH + R"OH

stituents on the hydroxyl-bearing R
carbon are derived from the
Grignard reagent.

” diethyl eth
2CH5CH,CH,CH,CH,MgBr + CHaCOCH,CH, ——o ether

2. H;0"
Pentylmagnesium Ethyl
bromide acetate
(|3H
CH3CCH,CH,CH,CH,CH3
CH,CH,CH,CH,CH;
6-Methyl-6-undecanol

(75%)

importance of alcohols in synthetic organic chemistry. Some of these methods involve B ection e

reduction of carbonyl groups: reduction corresponds to a
decrease in the number of

(0} bonds between carbon and

” ) H\ \\:OH oxygen or an increase in the

C reducing agent C$ number of bonds between
R 77N carbon and hydrogen (or

both).
We will begin with the reduction of aldehydes and ketones.

15.2 PREPARATION OF ALCOHOLS BY REDUCTION OF ALDEHYDES
AND KETONES

The most obvious way to reduce an aldehyde or a ketone to an alcohol is by hydro-
genation of the carbon—oxygen double bond. Like the hydrogenation of alkenes, the reac-
tion is exothermic but exceedingly slow in the absence of a catalyst. Finely divided met-
als such as platinum, palladium, nickel, and ruthenium are effective catalysts for the
hydrogenation of aldehydes and ketones. Aldehydes yield primary alcohols:

Pt, Pd, Ni, or Ru

RCH + H, — > RCH,OH
Aldehyde Hydrogen Primary alcohol

0
[

CH;0 OCH s CH3OOCH20H

p-Methoxybenzaldehyde p-Methoxybenzyl alcohol (92%)
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Ketones yield secondary alcohols:

O

Pt, Pd, Ni, or Ru

RCR' + H, —= 5 RclHR'

OH
Ketone Hydrogen Secondary alcohol
H,, Pt
methanol
0 H OH
Cyclopentanone Cyclopentanol (93-95%)

PROBLEM 15.1 Which of the isomeric C4H;0,0 alcohols can be prepared by
hydrogenation of aldehydes? Which can be prepared by hydrogenation of
ketones? Which cannot be prepared by hydrogenation of a carbonyl compound?

For most laboratory-scale reductions of aldehydes and ketones, catalytic hydro-
genation has been replaced by methods based on metal hydride reducing agents. The two
most common reagents are sodium borohydride and lithium aluminum hydride.

® H i
Compare the electrostatic | |

potential maps of CHy, BH, ™, Na* |H—B—H Lit |H—AI—H

and AlH,~ on Learning By Mod- | |

eling. Notice how different the H H

electrostatic potentials associ- . . L . . .

ated with hygrogen are. Sodium borohydride (NaBH,) Lithium aluminum hydride (LiAlH,)

Sodium borohydride is especially easy to use, needing only to be added to an aque-
ous or alcoholic solution of an aldehyde or a ketone:

(0]
NaBH
RCH —— RCH,OH
water, methanol,
Aldehyde ~ orethanol Primary alcohol
O,N O,N
" NaBH,
CH mcllhunol CHon
m-Nitrobenzaldehyde m-Nitrobenzyl alcohol (82%)
i .
NaBH, ,
RCR’ water. lln >thanol RCHR
Ketone dhtm o Secondary alcohol
(0] OH
I NaB, |
CH;CCH,C(CH,); CH,CHCH,C(CH;);

ethanol

4,4-Dimethyl-2-pentanone 4,4-Dimethyl-2-pentanol (85%)
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Lithium aluminum hydride reacts violently with water and alcohols, so it must be
used in solvents such as anhydrous diethyl ether or tetrahydrofuran. Following reduc-
tion, a separate hydrolysis step is required to liberate the alcohol product:

I
1. LiAlH,, diethyl ether
RCH — > RCH,0H
Aldehyde Primary alcohol
| 1. LiAlH,, diethyl ether
CH;3(CH,)sCH DTG CH;3(CH,)sCH,OH
Heptanal 1-Heptanol (86%)
I
. LiAIH,, diethy! ether
RCR’ 1 A - le(l)lu th R(leR,
OH
Ketone Secondary alcohol
i
1. LiAlH,, diethyl ether
(CgHs5),CHCCHj34 2. 1.0 (CGHS)ZCHC|HCH3
OH
1,1-Diphenyl-2-propanone 1,1-Diphenyl-2-propanol (84%)

Sodium borohydride and lithium aluminum hydride react with carbonyl compounds
in much the same way that Grignard reagents do, except that they function as hydride
donors rather than as carbanion sources. Borohydride transfers a hydrogen with its pair
of bonding electrons to the positively polarized carbon of a carbonyl group. The nega-
tively polarized oxygen attacks boron. Ultimately, all four of the hydrogens of borohy-
dride are transferred and a tetraalkoxyborate is formed.

H— BH, _
/ H  BH; 3R,C=0 =
—> | | ——— (R,CHO),B
R28C = 80 RL—0 Tetraalkoxyborate
T o5

Hydrolysis or alcoholysis converts the tetraalkoxyborate intermediate to the corre-
sponding alcohol. The following equation illustrates the process for reactions carried out
in water. An analogous process occurs in methanol or ethanol and yields the alcohol and
(CH30)4B_ or (CH3CH20)4B_

R,CHO —B(OCHR,);
—— R,CHOH + HOB(OCHR,); ——> 3R,CHOH + (HO),B

H—OH

A similar series of hydride transfers occurs when aldehydes and ketones are treated
with lithium aluminum hydride.
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An undergraduate labora-
tory experiment related to
Problem 15.2 appears in the
March 1996 issue of the Jour-
nal of Chemical Education,
pp. 264-266.

D

| _ | _ | _
CHsCH—O—B(OCHDCH5); —— CH3C|H + rls(OCHDCH3)3 2195 3CH,CHOH + B(OH),

CHAPTER FIFTEEN  Alcohols, Diols, and Thiols

H— AIH _
/ ’ H  AlH; 3R,C=0 —
—> | |  —— (RCHO)AI
R,C=0 R,C—0O Tetraalkoxyaluminate
5+ o—

Addition of water converts the tetraalkoxyaluminate to the desired alcohol.

(R,CHO),Al  + 4H,0 —> 4R,CHOH + Al(OH),
Tetraalkoxyaluminate Alcohol

PROBLEM 15.2 Sodium borodeuteride (NaBD,4) and lithium aluminum deuteride
(LiAID,) are convenient reagents for introducing deuterium, the mass 2 isotope of
hydrogen, into organic compounds. Write the structure of the organic product of
the following reactions, clearly showing the position of all the deuterium atoms
in each:

(0]
|

(a) Reduction of CH3CH (acetaldehyde) with NaBD, in H,O
7

(b) Reduction of CH3CCHs (acetone) with NaBD, in CH;0D

I
(c) Reduction of CgHsCH (benzaldehyde) with NaBD, in CD3;OH

I
(d) Reduction of HCH (formaldehyde) with LiAID,4 in diethyl ether, followed
by addition of D,O

SAMPLE SOLUTION (a) Sodium borodeuteride transfers deuterium to the car-
bonyl group of acetaldehyde, forming a C—D bond.

D_ D3 _
/ D BDs; 0 D
| 3CH,CH | =
CH3(|_'=O —>CH3—c|:—o ~—="5 (CH5CHO),B
H H

Hydrolysis of (CH3;CHDO),B in H,O leads to the formation of ethanol, retaining

the C—D bond formed in the preceding step while forming an O—H bond.

D D

/ OH OH
H—OH Ethanol-1-d

Neither sodium borohydride nor lithium aluminum hydride reduces isolated car-

bon—carbon double bonds. This makes possible the selective reduction of a carbonyl
group in a molecule that contains both carbon—carbon and carbon—oxygen double bonds.



15.4  Preparation of Alcohols from Epoxides

0 N
(CH3),C = CHCH,CH,CCH; ————"""“"%5 (CH;),C = CHCH,CH,CHCH;
6-Methyl-5-hepten-2-one 6-Methyl-5-hepten-2-ol (90%)

15.3 PREPARATION OF ALCOHOLS BY REDUCTION OF CARBOXYLIC
ACIDS AND ESTERS

Carboxylic acids are exceedingly difficult to reduce. Acetic acid, for example, is often
used as a solvent in catalytic hydrogenations because it is inert under the reaction con-
ditions. A very powerful reducing agent is required to convert a carboxylic acid to a pri-
mary alcohol. Lithium aluminum hydride is that reducing agent.

o
R£OH 1. Liu\ll?. ;:ic(l)llyl ether RCHZOH
Carboxylic acid Primary alcohol
: 1. LiAlH,, diethyl ether >
C02H i 2.4 ;lli,l)l) ether CHZOH
Cyclopropanecarboxylic Cyclopropylmethanol (78%)

acid

Sodium borohydride is not nearly as potent a hydride donor as lithium aluminum
hydride and does not reduce carboxylic acids.

Esters are more easily reduced than carboxylic acids. Two alcohols are formed from
each ester molecule. The acyl group of the ester is cleaved, giving a primary alcohol.

RCOR’' —> RCH,0H + R'OH
Ester Primary alcohol Alcohol

Lithium aluminum hydride is the reagent of choice for reducing esters to alcohols.

I

I. LiAlH,, diethyl ether
COCH,CH; ——— QCHZOH + CH,CH,OH
Ethyl benzoate Benzyl alcohol (90%) Ethanol

PROBLEM 15.3 Give the structure of an ester that will yield a mixture contain-
ing equimolar amounts of 1-propanol and 2-propanol on reduction with lithium
aluminum hydride.

Sodium borohydride reduces esters, but the reaction is too slow to be useful.
Hydrogenation of esters requires a special catalyst and extremely high pressures and tem-
peratures; it is used in industrial settings but rarely in the laboratory.

15.4 PREPARATION OF ALCOHOLS FROM EPOXIDES

Although the chemical reactions of epoxides will not be covered in detail until the fol-
lowing chapter, we shall introduce their use in the synthesis of alcohols here.
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Catalytic hydrogenation
would not be suitable for
this transformation, because
H, adds to carbon-carbon
double bonds faster than it
reduces carbonyl groups.
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Grignard reagents react with ethylene oxide to yield primary alcohols containing
two more carbon atoms than the alkyl halide from which the organometallic compound
was prepared.

1. diethyl ether

RMgX + H2C\ /CH2 7 1O RCH,CH,OH
o
Grignard Ethylene oxide Primary alcohol
reagent
CHy(CH,),CHMgBr + HyC— CH, - S CH,(CH,),CH,CH,CH,OH
o
Hexylmagnesium Ethylene oxide 1-Octanol (71%)

bromide

Organolithium reagents react with epoxides in a similar manner.

PROBLEM 15.4 Each of the following alcohols has been prepared by reaction
of a Grignard reagent with ethylene oxide. Select the appropriate Grignard
reagent in each case.

(a CH;

CH,CH,OH

(b) %\CHZCHZOH

SAMPLE SOLUTION (a) Reaction with ethylene oxide results in the addition of
a —CH,CH,O0H unit to the Grignard reagent. The Grignard reagent derived from
o-bromotoluene (or o-chlorotoluene or o-iodotoluene) is appropriate here.

CHs CH;
1. diethyl ether
MgBr + HZC\ /CH2 2 h,0° CH,CH,OH
0]
o-Methylphenylmagnesium Ethylene oxide 2-(o-Methylphenyl)ethanol
bromide (66%)

Epoxide rings are readily opened with cleavage of the carbon—oxygen bond when
attacked by nucleophiles. Grignard reagents and organolithium reagents react with eth-
ylene oxide by serving as sources of nucleophilic carbon.

d— &+ e — + H,0*
R—MgX —> R—CH,—CH,—0: MgX ——> RCH,CH,OH

(may be written as

H,C H, RCH,CH,OMgX)

NS ¢
0

This kind of chemical reactivity of epoxides is rather general. Nucleophiles other than
Grignard reagents react with epoxides, and epoxides more elaborate than ethylene oxide
may be used. All these features of epoxide chemistry will be discussed in Sections 16.11

and 16.12.
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15.5 PREPARATION OF DIOLS

Much of the chemistry of diols—compounds that bear two hydroxyl groups—is analo-
gous to that of alcohols. Diols may be prepared, for example, from compounds that con-
tain two carbonyl groups, using the same reducing agents employed in the preparation
of alcohols. The following example shows the conversion of a dialdehyde to a diol by
catalytic hydrogenation. Alternatively, the same transformation can be achieved by reduc-
tion with sodium borohydride or lithium aluminum hydride.

5> (100 atm)

I I
HCCH2C|1HCH2CH ”NT> HOCHZCHzleHCHZCHZOH
CH; CH;
3-Methylpentanedial 3-Methyl-1,5-pentanediol (81-83%)

Diols are almost always given substitutive IUPAC names. As the name of the prod-
uct in the example indicates, the substitutive nomenclature of diols is similar to that of
alcohols. The suffix -diol replaces -ol, and two locants, one for each hydroxyl group, are
required. Note that the final -e of the alkane basis name is retained when the suffix begins
with a consonant (-diol), but dropped when the suffix begins with a vowel (-ol).
[PROBLEM 15.5 Write equations showing how 3-methyl-1,5-pentanediol could]

be prepared from a dicarboxylic acid or a diester.

Vicinal diols are diols that have their hydroxyl groups on adjacent carbons. Two
commonly encountered vicinal diols are 1,2-ethanediol and 1,2-propanediol.

HOCH,CH,OH CH3C|HCH20H

OH

1,2-Ethanediol 1,2-Propanediol
(ethylene glycol) (propylene glycol)

Ethylene glycol and propylene glycol are common names for these two diols and are
acceptable [UPAC names. Aside from these two compounds, the ITUPAC system does not
use the word “glycol” for naming diols.

In the laboratory, vicinal diols are normally prepared from alkenes using the
reagent osmium tetraoxide (0sQ,4). Osmium tetraoxide reacts rapidly with alkenes to give
cyclic osmate esters.

R2C=CR2 + OSO4 e RzC_CRZ
O\OS /O

270N
0~ o

Alkene Osmium Cyclic osmate ester
tetraoxide

Osmate esters are fairly stable but are readily cleaved in the presence of an oxi-
dizing agent such as fert-butyl hydroperoxide.
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Ethylene glycol and propy-
lene glycol are prepared
industrially from the corre-
sponding alkenes by way of
their epoxides. Some applica-
tions were given in the box
in Section 6.21.
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P
Construct a molecular \—)

model of cis-1,2-cyclohexanediol.
What is the orientation of the
OH groups, axial or equatorial?
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HO

R,C—CR, + 2(CH;);COOH ———>

%]

/ \ tert-butyl
o 0 alcohol HO OH
™~ Os/
Z XN
0~ o
tert-Butyl Vicinal Osmium tert-Butyl
hydroperoxide diol tetraoxide alcohol

Since osmium tetraoxide is regenerated in this step, alkenes can be converted to vicinal
diols using only catalytic amounts of osmium tetraoxide, which is both toxic and expen-
sive. The entire process is performed in a single operation by simply allowing a solu-
tion of the alkene and tert-butyl hydroperoxide in tert-butyl alcohol containing a small
amount of osmium tetraoxide and base to stand for several hours.

(CH3);COOH, OsOy(cat)

CHB(CH2)7cH=CH2 tert-butyl alcohol, HO CH3(CH2)7(|2HCH20H
OH
1-Decene 1,2-Decanediol (73%)

Overall, the reaction leads to addition of two hydroxyl groups to the double bond
and is referred to as hydroxylation. Both oxygens of the diol come from osmium tetraox-
ide via the cyclic osmate ester. The reaction of OsO, with the alkene is a syn addition,
and the conversion of the cyclic osmate to the diol involves cleavage of the bonds
between oxygen and osmium. Thus, both hydroxyl groups of the diol become attached
to the same face of the double bond; syn hydroxylation of the alkene is observed.

H
(CH3)3COOH, OsOy(cat)
tert-butyl alcohol, HO

H

Cyclohexene cis-1,2-Cyclohexanediol
(62%)

PROBLEM 15.6 Give the structures, including stereochemistry, for the diols
obtained by hydroxylation of cis-2-butene and trans-2-butene.

A complementary method, one that gives anti hydroxylation of alkenes by way of
the hydrolysis of epoxides, will be described in Section 16.13.

15.6 REACTIONS OF ALCOHOLS: A REVIEW AND A PREVIEW

Alcohols are versatile starting materials for the preparation of a variety of organic func-
tional groups. Several reactions of alcohols have already been seen in earlier chapters
and are summarized in Table 15.2. The remaining sections of this chapter add to the list.

15.7 CONVERSION OF ALCOHOLS TO ETHERS

Primary alcohols are converted to ethers on heating in the presence of an acid catalyst,
usually sulfuric acid.
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IAGESRETPE Summary of Reactions of Alcohols Discussed in Earlier Chapters

Reaction (section) and comments

General equation and specific example

Reaction with hydrogen halides (Sec-
tion 4.8) The order of alcohol reactivi-
ty parallels the order of carbocation
stability: R;C" > R,CH" > RCH," >
CHs™. Benzylic alcohols react readily.

Reaction with thionyl chloride (Sec-
tion 4.14) Thionyl chloride converts
alcohols to alkyl chlorides.

Reaction with phosphorus trihalides
(Section 4.14) Phosphorus trichloride
and phosphorus tribromide convert
alcohols to alkyl halides.

Acid-catalyzed dehydration (Section
5.9) This is a frequently used proce-
dure for the preparation of alkenes.
The order of alcohol reactivity paral-
lels the order of carbocation stability:
R:.;CJr > RzCHJr > RCH2+. BenZyIiC
alcohols react readily. Rearrange-
ments are sometimes observed.

Conversion to p-toluenesulfonate
esters (Section 8.14) Alcohols react
with p-toluenesulfonyl chloride to
give p-toluenesulfonate esters. Sulfo-
nate esters are reactive substrates for
nucleophilic substitution and elimina-
tion reactions. The p-toluenesulfo-
nate group is often abbreviated
—OQOTs.

ROH + HX — RX + H,O0
Alcohol Hydrogen halide Alkyl halide  Water
CHs0 CHs0
CH,OH -5 CH,Br

m-Methoxybenzyl alcohol

m-Methoxybenzyl bromide (98%)

ROH + SOCl, — Rdl + SO, + HCl
Alcohol Thionyl Alkyl Sulfur Hydrogen
chloride chloride dioxide chloride

(CH3)2C=CHCH2CH2C|HCH3 diethyl ether

OH
6-Methyl-5-hepten-2-ol

3ROH +
Alcohol

PX3
Phosphorus trihalide

Cyclopentylmethanol

H
R2C|CHR2 W ch:CRZ + Hzo
OH

Alcohol Alkene Water
Br
KHSO,
(|3HCH2CH3 —
OH

1-(m-Bromophenyl)-1-propanol

SOCl,, pyridine

3RX  +
Alkyl halide

Q—CHZBr

(Bromomethyl)cyclopentane (50%)

(CH3)2C=CHCH2CH2C|HCH3

cl

6-Chloro-2-methyl-
2-heptene (67 %)

H3PO;

Br

Phosphorous acid

CH=CHCH;

1-(m-Bromophenyl)propene (71%)

0
I

ROH + H3COSOZCI — RoS CH; + HCl
o)

Alcohol p-Toluenesulfonyl

chloride
p-toluenesulfonyl

chloride
OH —
pyridine

Cycloheptanol

Alkyl
p-toluenesulfonate

OTs

Cycloheptyl

p-toluenesulfonate (83%)

Hydrogen
chloride
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H", heat

2RCH,0H —— RCH,0CH,R + H,0
Primary alcohol Dialkyl ether Water

This kind of reaction is called a condensation. A condensation is a reaction in which
two molecules combine to form a larger one while liberating a small molecule. In this
case two alcohol molecules combine to give an ether and water.
2CH;CH,CH,CH,OH % CH;CH,CH,CH,0OCH,CH,CH,CH; + H,O
1-Butanol Dibutyl ether (60%) Water

When applied to the synthesis of ethers, the reaction is effective only with primary
alcohols. Elimination to form alkenes predominates with secondary and tertiary alcohols.
Diethyl ether is prepared on an industrial scale by heating ethanol with sulfuric
acid at 140°C. At higher temperatures elimination predominates, and ethylene is the
major product. A mechanism for the formation of diethyl ether is outlined in Figure 15.2.

Overall Reaction:

H,S0,
140°C

2CH,CH,OH CH,CH,OCH,CH; + H,0

Ethanol Diethyl ether Water

Step 1: Proton transfer from the acid catalyst to the oxygen of the alcohol to produce an alkyloxonium ion

H

o /\ /\' fast ./ _
CH3CH20\= + H—OSO,0H — CH3CH20< + 0SO,0H
H H
Ethyl alcohol Sulfuric acid Ethyloxonium ion Hydrogen sulfate ion

Step 2: Nucleophilic attack by a molecule of alcohol on the alkyloxonium ion formed in step 1

CH; H H
. /\\ | ﬂ / slow t /
CH3CH20\: + CH279< S_\Z) CH3CH2?CH2CH3 + : Oi
H H 0 H
Ethyl alcohol Ethyloxonium ion Diethyloxonium ion Water

Step 3: The product of step 2 is the conjugate acid of the dialkyl ether. It is deprotonated in the final step of the
process to give the ether.

H
. /‘2 é_\, fast i

CH,CH,

Diethyloxonium ion Hydrogen sulfate ion Diethyl ether Sulfuric acid

FIGURE 15.2 The mechanism of acid-catalyzed formation of diethyl ether from ethyl alcohol. As an alternative in the third
step, the Bronsted base that abstracts the proton could be a molecule of the starting alcohol.
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The individual steps of this mechanism are analogous to those seen earlier. Nucleophilic
attack on a protonated alcohol was encountered in the reaction of primary alcohols with
hydrogen halides (Section 4.13), and the nucleophilic properties of alcohols were dis-
cussed in the context of solvolysis reactions (Section 8.7). Both the first and the last
steps are proton-transfer reactions between oxygens.

Diols react intramolecularly to form cyclic ethers when a five-membered or six-
membered ring can result.

HOCH,CH,CH,CH,CH,0H ——> + H,0
(0)
1,5-Pentanediol Oxane (76%) Water

In these intramolecular ether-forming reactions, the alcohol may be primary, secondary,
or tertiary.

PROBLEM 15.7 On the basis of the mechanism for the acid-catalyzed formation
of diethyl ether from ethanol in Figure 15.2, write a stepwise mechanism for the
formation of oxane from 1,5-pentanediol (see the equation in the preceding
paragraph).

15.8 ESTERIFICATION

Acid-catalyzed condensation of an alcohol and a carboxylic acid yields an ester and water
and is known as the Fischer esterification.

I i

H
ROH + R'COH —— R'COR + H,O
Alcohol Carboxylic acid Ester Water

Fischer esterification is reversible, and the position of equilibrium lies slightly to the side
of products when the reactants are simple alcohols and carboxylic acids. When the Fis-
cher esterification is used for preparative purposes, the position of equilibrium can be
made more favorable by using either the alcohol or the carboxylic acid in excess. In the
following example, in which an excess of the alcohol was employed, the yield indicated
is based on the carboxylic acid as the limiting reactant.

(0] (0]

I H,SO0, I
CH;0H + COH T COCH; + H,O
Methanol Benzoic acid Methyl benzoate Water
(0.6 mol) (0.1 mol) (isolated in 70%

yield based on
benzoic acid)

Another way to shift the position of equilibrium to favor the formation of ester is by
removing water from the reaction mixture. This can be accomplished by adding benzene
as a cosolvent and distilling the azeotropic mixture of benzene and water.
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Oxane is also called tetrahy-
dropyran.

An azeotropic mixture con-
tains two or more substances
that distill together at a con-
stant boiling point. The ben-
zene-water azeotrope
contains 9% water and boils
at 69°C.
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o (0]

benzene, heat

I I
CH3C|HCH2CH3 + CH,COH CH3COC|HCH2CH3 + H,0

OH CHj;
sec-Butyl alcohol Acetic acid sec-Butyl acetate Water
(0.20 mol) (0.25 mol) (isolated in 71% (codistills

yield based on with benzene)
sec-butyl alcohol)

For steric reasons, the order of alcohol reactivity in the Fischer esterification is
CH;OH > primary > secondary > tertiary.

PROBLEM 15.8 Write the structure of the ester formed in each of the follow-
ing reactions:

(0]
I H,S0,
(a) CH3CH2CH2CH20H + CH3CH2COH W

o
I

O
I H,S04

SAMPLE SOLUTION (a) By analogy to the general equation and to the exam-
ples cited in this section, we can write the equation

I I
CH3CH,CH,CH0H + CH3CH,COH —22 CHCH,COCH,CH,CH,CH5 + H,0

1-Butanol Propanoic acid Butyl propanoate Water

As actually carried out in the laboratory, 3 mol of propanoic acid was used per
mole of 1-butanol, and the desired ester was obtained in 78% vyield.

Esters are also formed by the reaction of alcohols with acyl chlorides:

ROH + R'CC1 ——> R'COR + HCI

Alcohol Acyl chloride Ester Hydrogen
chloride

This reaction is normally carried out in the presence of a weak base such as pyridine,
which reacts with the hydrogen chloride that is formed.

O,N O,N
2 I 2 i
(CH3),CHCH,OH + cal s COCH,CH(CH,),
O,N O,N
Isobutyl alcohol 3,5-Dinitrobenzoyl Isobutyl

chloride 3,5-dinitrobenzoate (86%)
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Carboxylic acid anhydrides react similarly to acyl chlorides.
R I
ROH + R'COCR’" —— R'COR + R’COH

Alcohol Carboxylic Ester Carboxylic
acid anhydride acid

pyridine

Il I I
C6H5CH2CH20H + CF3COCCF3 - C6H5CH2CH20CCF3 + CF3COH

2-Phenylethanol Trifluoroacetic 2-Phenylethyl Trifluoroacetic
anhydride trifluoroacetate acid
(83%)

The mechanisms of the Fischer esterification and the reactions of alcohols with
acyl chlorides and acid anhydrides will be discussed in detail in Chapters 19 and 20 after
some fundamental principles of carbonyl group reactivity have been developed. For the
present, it is sufficient to point out that most of the reactions that convert alcohols to
esters leave the C—O bond of the alcohol intact.

v~ 'This is the same oxygen that
H—O—R — R'C—0—R was attached to the group R in
the starting alcohol.

The acyl group of the carboxylic acid, acyl chloride, or acid anhydride is trans-
ferred to the oxygen of the alcohol. This fact is most clearly evident in the esterification
of chiral alcohols, where, since none of the bonds to the stereogenic center is broken in
the process, retention of configuration is observed.

CH;CH, CH;CH, c”>

] &
pyridine | — Make a molecular model
CeHs OH + OZNOCCI CeHs | OCONOZ corresponding to the stereo-
CH; CH, chemistry of the Fischer projec-

tion of 2-phenyl-2-butanol

(R)-(+)-2-Phenyl- p-Nitrobenzoyl (R)-(—)-1-Methyl-1-phenylpropyl shown in the equation and ver-
2-butanol chloride p-nitrobenzoate (63% yield) ify that it has the R configura-
tion.

PROBLEM 15.9 A similar conclusion may be drawn by considering the reactions
of the cis and trans isomers of 4-tert-butylcyclohexanol with acetic anhydride. On
the basis of the information just presented, predict the product formed from each
stereoisomer.

The reaction of alcohols with acyl chlorides is analogous to their reaction with
p-toluenesulfonyl chloride described earlier (Section 8.14 and Table 15.2). In those reac-
tions, a p-toluenesulfonate ester was formed by displacement of chloride from the sul-
fonyl group by the oxygen of the alcohol. Carboxylic esters arise by displacement of
chloride from a carbonyl group by the alcohol oxygen.

15.9 ESTERS OF INORGANIC ACIDS

Although the term “ester,” used without a modifier, is normally taken to mean an ester
of a carboxylic acid, alcohols can react with inorganic acids in a process similar to the
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Fischer esterification. The products are esters of inorganic acids. For example, alkyl
nitrates are esters formed by the reaction of alcohols with nitric acid.

ROH + HONO, —> RONO, + H,0

Alcohol Nitric acid Alkyl nitrate Water
H,SO
Methanol Nitric acid Methyl nitrate (66—80%) Water

PROBLEM 15.10 Alfred Nobel’s fortune was based on his 1866 discovery that
nitroglycerin, which is far too shock-sensitive to be transported or used safely, can
be stabilized by adsorption onto a substance called kieselguhr to give what is
familiar to us as dynamite. Nitroglycerin is the trinitrate of glycerol (1,2,3-
propanetriol). Write a structural formula or construct a molecular model of nitro-
glycerin.

Dialkyl sulfates are esters of sulfuric acid, trialkyl phosphites are esters of phos-
phorous acid (H3PO3), and trialkyl phosphates are esters of phosphoric acid (H;POy).

l
+ . —
CH30ﬁOCH3 (CH30)3P (CH30)3P_O :

Dimethyl sulfate Trimethyl phosphite Trimethyl phosphate

Some esters of inorganic acids, such as dimethyl sulfate, are used as reagents in syn-
thetic organic chemistry. Certain naturally occurring alkyl phosphates play an important
role in biological processes.

15.10 OXIDATION OF ALCOHOLS

Oxidation of an alcohol yields a carbonyl compound. Whether the resulting carbonyl
compound is an aldehyde, a ketone, or a carboxylic acid depends on the alcohol and on
the oxidizing agent.

Primary alcohols may be oxidized either to an aldehyde or to a carboxylic acid:

i i
oxidize oxidize

RCH,OH — RCH —— RCOH
Primary alcohol Aldehyde Carboxylic acid

Vigorous oxidation leads to the formation of a carboxylic acid, but there are a number
of methods that permit us to stop the oxidation at the intermediate aldehyde stage. The
reagents that are most commonly used for oxidizing alcohols are based on high-
oxidation-state transition metals, particularly chromium(VI).

Chromic acid (H,CrO,) is a good oxidizing agent and is formed when solutions
containing chromate (CrO4>") or dichromate (Cr,0,%>7) are acidified. Sometimes it is
possible to obtain aldehydes in satisfactory yield before they are further oxidized, but in
most cases carboxylic acids are the major products isolated on treatment of primary alco-
hols with chromic acid.
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K,Cr,0,

FCH,CH,CH,OH 1,50, 1,0 FCH,CH,COH
3-Fluoro-1-propanol 3-Fluoropropanoic acid (74%)

Conditions that do permit the easy isolation of aldehydes in good yield by oxida-
tion of primary alcohols employ various Cr(VI) species as the oxidant in anhydrous
media. Two such reagents are pyridinium chlorochromate (PCC), CsHsNH™ CICrO; ",
and pyridinium dichromate (PDC), (CsHsNH),>" Cr,0,°"; both are used in
dichloromethane.

CH;3(CH,)sCH,OH CILCL ——— CH;(CH,)sCH
1-Heptanol Heptanal (78%)
i
(CH3)3COCH20H o (CH3)3COCH
p-tert-Butylbenzyl alcohol p-tert-Butylbenzaldehyde (94%)

Secondary alcohols are oxidized to ketones by the same reagents that oxidize pri-
mary alcohols:

T i
n\ idize
RCHR’ —> RCR’
Secondary alcohol Ketone
OH (@)
Na,Cr,0O,
H,S0,, H,0
Cyclohexanol Cyclohexanone (85%)
OH (0)

| I
CH,=CHCHCH,CH,CH,CH,CH; 7> CH,=CHCCH,CH,CH,CH,CH,

1-Octen-3-ol 1-Octen-3-one (80%)

Tertiary alcohols have no hydrogen on their hydroxyl-bearing carbon and do not
undergo oxidation readily:
R/

oxidize

R—C—OH — no reaction except under forcing conditions
RU

In the presence of strong oxidizing agents at elevated temperatures, oxidation of tertiary
alcohols leads to cleavage of the various carbon—carbon bonds at the hydroxyl-bearing
carbon atom, and a complex mixture of products results.
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Potassium permanganate
(KMnO,) will also oxidize pri-
mary alcohols to carboxylic
acids. What is the oxidation
state of manganese in
KMnO,4?
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ECONOMIC AND ENVIRONMENTAL FACTORS IN ORGANIC SYNTHESIS

eyond the obvious difference in scale that is ev-

ident when one compares preparing tons of a

compound versus preparing just a few grams
of it, there are sharp distinctions between “indus-
trial” and “laboratory” syntheses. On a laboratory
scale, a chemist is normally concerned only with ob-
taining a modest amount of a substance. Sometimes
making the compound is an end in itself, but on
other occasions the compound is needed for some
further study of its physical, chemical, or biological
properties. Considerations such as the cost of
reagents and solvents tend to play only a minor role
when planning most laboratory syntheses. Faced
with a choice between two synthetic routes to a par-
ticular compound, one based on the cost of chemi-
cals and the other on the efficient use of a chemist’s
time, the decision is almost always made in favor of
the latter.

Not so for synthesis in the chemical industry,
where not only must a compound be prepared on a
large scale, but it must be prepared at low cost.
There is a pronounced bias toward reactants and
reagents that are both abundant and inexpensive.
The oxidizing agent of choice, for example, in the
chemical industry is O,, and extensive research has
been devoted to developing catalysts for preparing
various compounds by air oxidation of readily avail-
able starting materials. To illustrate, air and ethylene
are the reactants for the industrial preparation of
both acetaldehyde and ethylene oxide. Which of the
two products is obtained depends on the catalyst
employed.

PdCl,, CuCl "
Ot UL CH5CH

H,O0
Acetaldehyde
CH2=CH2 A 17()2 ]
Ethylene Oxygen
Ag Hzc_/CHZ
300°C

Ethylene oxide

Dating approximately from the creation of the
U.S. Environmental Protection Agency (EPA) in 1970,
dealing with the byproducts of synthetic procedures
has become an increasingly important consideration
in designing a chemical synthesis. In terms of chang-
ing the strategy of synthetic planning, the chemical
industry actually had a shorter road to travel than the
pharmaceutical industry, academic laboratories, and
research institutes. Simple business principles had
long dictated that waste chemicals represented
wasted opportunities. It made better sense for a
chemical company to recover the solvent from a reac-
tion and use it again than to throw it away and buy
more. Similarly, it was far better to find a “value-
added” use for a byproduct from a reaction than to
throw it away. By raising the cost of generating
chemical waste, environmental regulations increased
the economic incentive to design processes that pro-
duced less of it.

The term “environmentally benign” synthesis
has been coined to refer to procedures explicitly de-
signed to minimize the formation of byproducts that
present disposal problems. Both the National Science
Foundation and the Environmental Protection
Agency have allocated a portion of their grant bud-
gets to encourage efforts in this vein.

The application of environmentally benign prin-
ciples to laboratory-scale synthesis can be illustrated
by revisiting the oxidation of alcohols. As noted in
Section 15.10, the most widely used methods involve
Cr(VI)-based oxidizing agents. Cr(VI) compounds are
carcinogenic, however, and appear on the EPA list of
compounds requiring special disposal methods. The
best way to replace Cr(VI)-based oxidants would be to
develop catalytic methods analogous to those used in
industry. Another approach would be to use oxidizing
agents that are less hazardous, such as sodium
hypochlorite. Aqueous solutions of sodium hypochlo-
rite are available as “swimming-pool chlorine,” and
procedures for their use in oxidizing secondary alco-
hols to ketones have been developed. One is de-
scribed on page 71 of the January 1991 edition of the
Journal of Chemical Education.

—Cont.
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NaOCl
acetic acid-water

(CH3)2CHCH2(|:HCH2CH2CH3

OH
2-Methyl-4-heptanol

There is a curious irony in the nomination of
hypochlorite as an environmentally benign oxidizing
agent. It comes at a time of increasing pressure to
eliminate chlorine and chlorine-containing com-
pounds from the environment to as great a degree as
possible. Any all-inclusive assault on chlorine needs to

I
(CH3),CHCH,CCH,CH,CH;

2-Methyl-4-heptanone (77 %)

be carefully scrutinized, especially when one remem-
bers that chlorination of the water supply has proba-
bly done more to extend human life than any other
public health measure ever undertaken. (The role of
chlorine in the formation of chlorinated hydrocar-
bons in water is discussed in Section 18.7.)

PROBLEM 15.11 Predict the principal organic product of each of the following

reactions:

K5Cr,0-

(@) CICH,CH,CH,CH,OH H,S0,, H,0

Na,Cr,0;
(b) CH3C|HCH2CH2CH2CH2CH2CH3 H2:o4,ero
OH

() CH3CH,CH,CH,CH,CH,CH,0H ———>
212

SAMPLE SOLUTION (a) The reactant is a primary alcohol and so can be oxidized
either to an aldehyde or to a carboxylic acid. Aldehydes are the major products
only when the oxidation is carried out in anhydrous media. Carboxylic acids are
formed when water is present. The reaction shown produced 4-chlorobutanoic

acid in 56% yield.

K»Cr,0,

CICH,CH,CH,CH,0OH .50, H,0

4-Chloro-1-butanol

|
CICH,CH,CH,COH

4-Chlorobutanoic acid

The mechanisms by which transition-metal oxidizing agents convert alcohols to
aldehydes and ketones are rather complicated and will not be dealt with in detail here.
In broad outline, chromic acid oxidation involves initial formation of an alkyl chromate:

H H An alkyl chromate is an ex-
N/ N/ (@) ample of an ester of an inor-
/C\ + HO(”‘rOH —> /C\ + H,O ganic acid (Section 15.9).

OH OCrOH

(0]
0]
Alcohol Chromic acid Alkyl chromate
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This alkyl chromate then undergoes an elimination reaction to form the carbon—oxygen
double bond.

H
/
H“:0;
N 0 AN N _
/C\ H— /C=O + H;0" + HCrO;3
O:(”:rOH
o
Alkyl chromate Aldehyde

or ketone

In the elimination step, chromium is reduced from Cr(VI) to Cr(IV). Since the eventual
product is Cr(IIl), further electron-transfer steps are also involved.

15.11 BIOLOGICAL OXIDATION OF ALCOHOLS

Many biological processes involve oxidation of alcohols to carbonyl compounds or the
reverse process, reduction of carbonyl compounds to alcohols. Ethanol, for example, is
metabolized in the liver to acetaldehyde. Such processes are catalyzed by enzymes; the
enzyme that catalyzes the oxidation of ethanol is called alcohol dehydrogenase.

o
alcohol dehydrogenase ”
CH,CH,OH CH,CH
Ethanol Acetaldehyde

In addition to enzymes, biological oxidations require substances known as coen-
zymes. Coenzymes are organic molecules that, in concert with an enzyme, act on a sub-
strate to bring about chemical change. Most of the substances that we call vitamins are
coenzymes. The coenzyme contains a functional group that is complementary to a func-
tional group of the substrate; the enzyme catalyzes the interaction of these mutually com-
plementary functional groups. If ethanol is oxidized, some other substance must be
reduced. This other substance is the oxidized form of the coenzyme nicotinamide ade-
nine dinucleotide (NAD). Chemists and biochemists abbreviate the oxidized form of this

0O O O
\/, A/

P P =
PN PN
HOMO v . ﬂ\O\ _
X $—o

HO N7\ OH
N HO NH,
NT X
L
N~ “NH,

FIGURE 15.3 Structure of NAD™, the oxidized form of the coenzyme nicotinamide adenine
dinucleotide.
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coenzyme as NAD™ and its reduced form as NADH. More completely, the chemical
equation for the biological oxidation of ethanol may be written:

(0]
+ alcohol dehydrogenase ” +
CH5;CH,OH + NAD CH;CH + NADH + H
Ethanol Oxidized form Acetaldehyde Reduced
of NAD coenzyme form of NAD

coenzyme

The structure of the oxidized form of nicotinamide adenine dinucleotide is shown
in Figure 15.3. The only portion of the coenzyme that undergoes chemical change in the
reaction is the substituted pyridine ring of the nicotinamide unit (shown in red in Fig-
ure 15.3). If the remainder of the coenzyme molecule is represented by R, its role as an
oxidizing agent is shown in the equation

H o

gNH 0

2 alcohol
N dehydrogenase ”
CH;CH,OH + || ———— CH,CH + |
+ =
|
R
Ethanol NAD* Acetaldehyde NADH

According to one mechanistic interpretation, a hydrogen with a pair of electrons
is transferred from ethanol to NAD ", forming acetaldehyde and converting the positively
charged pyridinium ring to a dihydropyridine:

H H
| v / .
H (0]
H I —> H H
CNH
\ 2
| N
>
1
R

The pyridinium ring of NAD™ serves as an acceptor of hydride (a proton plus two elec-
trons) in this picture of its role in biological oxidation.

PROBLEM 15.12 The mechanism of enzymatic oxidation has been studied by
isotopic labeling with the aid of deuterated derivatives of ethanol. Specify the
number of deuterium atoms that you would expect to find attached to the dihy-
dropyridine ring of the reduced form of the nicotinamide adenine dinucleotide
coenzyme following enzymatic oxidation of each of the alcohols given:

(a) CD5CH,OH (b) CH;CD,OH () CHsCH,OD
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SAMPLE SOLUTION According to the proposed mechanism for biological oxi-
dation of ethanol, the hydrogen that is transferred to the coenzyme comes from
C-1 of ethanol. Therefore, the dihydropyridine ring will bear no deuterium atoms
when CD;CH,OH is oxidized, because all the deuterium atoms of the alcohol are
attached to C-2.

i
CNH alcohol o
A 2 dehydrogenase "
CDsCH,OH  + || s CD;CH
+
N
|
R
2,2,2- NAD* 2,2,2-
Trideuterioethanol Trideuterioethanal

L

The reverse reaction also occurs in living systems; NADH reduces acetaldehyde
to ethanol in the presence of alcohol dehydrogenase. In this process, NADH serves as a
hydride donor and is oxidized to NAD™ while acetaldehyde is reduced.

The NAD"-NADH coenzyme system is involved in a large number of biological
oxidation—reductions. Another reaction similar to the ethanol-acetaldehyde conversion is
the oxidation of lactic acid to pyruvic acid by NAD™ and the enzyme lactic acid dehy-

drogenase:
(0] 00
CH,CHCOH + NAD™" m e CH3(”2(”20H + NADH + H*
o
Lactic acid Pyruvic acid

We shall encounter other biological processes in which the NAD™ — NADH inter-
conversion plays a prominent role in biological oxidation—reduction.

15.12 OXIDATIVE CLEAVAGE OF VICINAL DIOLS

A reaction characteristic of vicinal diols is their oxidative cleavage on treatment with
periodic acid (HIO,). The carbon—carbon bond of the vicinal diol unit is broken and two
carbonyl groups result. Periodic acid is reduced to iodic acid (HIO3).

What is the oxidation state
of iodine in HIO,4? In HIO3?

R R’ R R’

AN AN

Can you remember what re-

action of an alkene would
give the same products as
the periodic acid cleavage
shown here?

HO OH R R’
Vicinal Periodic Aldehyde Aldehyde Todic Water
diol acid or ketone or ketone acid
i T T
HIO,
<;>—(|1H—(|:CH3 — QCH + CH;CCH,
HO OH
2-Methyl-1-phenyl-1,2- Benzaldehyde (83%) Acetone

propanediol
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This reaction occurs only when the hydroxyl groups are on adjacent carbons.

PROBLEM 15.13 Predict the products formed on oxidation of each of the fol-
lowing with periodic acid:
(a) HOCH,CH,OH

(b) (CH3)2CHCH2(|:H(|ZHCH2C6H5
HO OH

(© E><OH
CH,OH

SAMPLE SOLUTION (a) The carbon-carbon bond of 1,2-ethanediol is cleaved by
periodic acid to give two molecules of formaldehyde:

|
HOCH,CH,OH —2>  2HCH

1,2-Ethanediol Formaldehyde

Cyclic diols give dicarbonyl compounds. The reactions are faster when the
hydroxyl groups are cis than when they are trans, but both stereoisomers are oxidized
by periodic acid.

OH <”) C”>
C[ 10, HCCH,CH,CH,CH
OH
1,2-Cyclopentanediol Pentanedial

(either stereoisomer)

Periodic acid cleavage of vicinal diols is often used for analytical purposes as an
aid in structure determination. By identifying the carbonyl compounds produced, the con-
stitution of the starting diol may be deduced. This technique finds its widest application
with carbohydrates and will be discussed more fully in Chapter 25.

15.13 PREPARATION OF THIOLS

Sulfur lies just below oxygen in the periodic table, and many oxygen-containing organic
compounds have sulfur analogs. The sulfur analogs of alcohols (ROH) are thiols (RSH).
Thiols are given substitutive [IUPAC names by appending the suffix -thiol to the name
of the corresponding alkane, numbering the chain in the direction that gives the lower
locant to the carbon that bears the —SH group. As with diols (Section 15.5), the final
-e of the alkane name is retained. When the —SH group is named as a substituent, it is
called a mercapto group. It is also often referred to as a sulfhydryl group, but this is a
generic term, not used in systematic nomenclature.

(CH3),CHCH,CH,SH HSCH,CH,OH HSCH,CH,CH,SH
3-Methyl-1-butanethiol 2-Mercaptoethanol 1,3-Propanedithiol

At one time thiols were named mercaptans. Thus, CH;CH,SH was called “ethyl
mercaptan” according to this system. This nomenclature was abandoned beginning with

603

Thiols have a marked ten-
dency to bond to mercury,
and the word mercaptan
comes from the Latin mer-
curium captans, which means
“seizing mercury.” The drug
dimercaprol is used to treat
mercury and lead poisoning;
it is 2,3-dimercapto-1-pro-
panol.
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A historical account of the
analysis of skunk scent and a
modern determination of its
composition appear in the

March 1978 issue of the Jour-

nal of Chemical Education.

Compare the boiling points
of H,S (—60°C) and H,0
(100°C).
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the 1965 revision of the IUPAC rules but is still sometimes encountered, especially in
the older literature.

The preparation of thiols involves nucleophilic substitution of the SN2 type on alkyl
halides and uses the reagent thiourea as the source of sulfur. Reaction of the alkyl halide
with thiourea gives a compound known as an isothiouronium salt in the first step. Hydrol-
ysis of the isothiouronium salt in base gives the desired thiol (along with urea):

+ .
H N/D H,N H,oN
2 M. S N AN =
C S + R—X: — C—S—R :X: —— C=0:+ HS—R
/ ,,/ - . "/ - el
H,N H,N H,-N
Thiourea Alkyl halide Isothiouronium salt Urea Thiol

Both steps can be carried out sequentially without isolating the isothiouronium salt.

1. (H,N),

CH3(CH2)4CH,Br — CH;(CH,),CH,SH
1-Bromohexane 1-Hexanethiol (84%)
[PROBLEM 15.14 Outline a synthesis of 1-hexanethiol from 1-hexanol. ]

15.14 PROPERTIES OF THIOLS

When one encounters a thiol for the first time, especially a low-molecular-weight thiol,
its most obvious property is its foul odor. Ethanethiol is added to natural gas so that
leaks can be detected without special equipment—your nose is so sensitive that it can
detect less than one part of ethanethiol in 10,000,000,000 parts of air! The odor of thi-
ols weakens with the number of carbons, because both the volatility and the sulfur con-
tent decrease. 1-Dodecanethiol, for example, has only a faint odor.

PROBLEM 15.15 The main components of a skunk’s scent fluid are 3-methyl-1-
butanethiol and cis- and trans-2-butene-1-thiol. Write structural formulas for each
of these compounds.

The S—H bond is less polar than the O—H bond, and hydrogen bonding in thi-
ols is much weaker than that of alcohols. Thus, methanethiol (CH5SH) is a gas at room
temperature (bp 6°C), and methanol (CH30H) is a liquid (bp 65°C).

Thiols are weak acids, but are far more acidic than alcohols. We have seen that
most alcohols have K, values in the range 10~ '® to 10™'? (pK, = 16 to 19). The cor-
responding values for thiols are about K, = 10~ '° (pK, = 10). The significance of this
difference is that a thiol can be quantitatively converted to its conjugate base (RS ),
called an alkanethiolate anion, by hydroxide:

4 NG -

RS—H — RS: + H—OH
Alkanethiol Hydroxide ion Alkanethiolate ion Water
(stronger acid) (stronger base) (weaker base) (weaker acid)
(pK, = 10) (pK, = 15.7)

Thiols, therefore, dissolve in aqueous media when the pH is greater than 10.
Another difference between thiols and alcohols concerns their oxidation. We have
seen earlier in this chapter that oxidation of alcohols gives compounds having carbonyl
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groups. Analogous oxidation of thiols to compounds with C=S functions does not occur.
Only sulfur is oxidized, not carbon, and compounds containing sulfur in various oxida-
tion states are possible. These include a series of acids classified as sulfenic, sulfinic, and
sulfonic according to the number of oxygens attached to sulfur.

. . | |
RS—H —> RS—OH —> RS™—OH —> Rs|.2i0H
:Q:

Thiol Sulfenic acid Sulfinic acid Sulfonic acid

Of these the most important are the sulfonic acids. In general, however, sulfonic acids
are not prepared by oxidation of thiols. Arenesulfonic acids (ArSO3;H), for example, are
prepared by sulfonation of arenes (Section 12.4).

One of the most important oxidative processes, especially from a biochemical per-
spective, is the oxidation of thiols to disulfides.

Oxidize

2RSH ——— RSSR
Reduc
Thiol  Disulfide

Although a variety of oxidizing agents are available for this transformation, it occurs so
readily that thiols are slowly converted to disulfides by the oxygen in the air. Dithiols
give cyclic disulfides by intramolecular sulfur—sulfur bond formation. An example of a

cyclic disulfide is the coenzyme a-lipoic acid. The last step in the laboratory synthesis
of a-lipoic acid is an iron(IlI)-catalyzed oxidation of the dithiol shown:

SH S—S ”

| u - K%
HSCH,CH,CH(CH,),COH ———> (CH,),COH
6,8-Dimercaptooctanoic acid a-Lipoic acid (78%)

Rapid and reversible making and breaking of the sulfur—sulfur bond is essential to the
biological function of a-lipoic acid.

15.15 SPECTROSCOPIC ANALYSIS OF ALCOHOLS

Infrared: We discussed the most characteristic features of the infrared spectra of alco-
hols earlier (Section 13.19). The O—H stretching vibration is especially easy to iden-
tify, appearing in the 3200-3650 cm™ ' region. As the infrared spectrum of cyclohexa-
nol, presented in Figure 15.4, demonstrates, this peak is seen as a broad absorption of
moderate intensity. The C—O bond stretching of alcohols gives rise to a moderate to
strong absorbance between 1025 and 1200 cm™'. It appears at 1070 cm™ ' in cyclo-
hexanol, a typical secondary alcohol, but is shifted to slightly higher energy in tertiary
alcohols and slightly lower energy in primary alcohols.

'"H NMR: The most helpful signals in the NMR spectrum of alcohols result from the
hydroxyl proton and the proton in the H—C—O unit of primary and secondary
alcohols.
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FIGURE 15.4 The in- @
frared spectrum of cyclo- |
hexanol. H_(|:_O_H
8 3.3—4.0 ppm 8 0.5-5 ppm

The chemical shift of the hydroxyl proton signal is variable, depending on solvent,
temperature, and concentration. Its precise position is not particularly significant in struc-
ture determination. Because the signals due to hydroxyl protons are not usually split by
other protons in the molecule and are often rather broad, they are often fairly easy to
identify. To illustrate, Figure 15.5 shows the 'H NMR spectrum of 2-phenylethanol, in
which the hydroxyl proton signal appears as a singlet at & 4.5 ppm. Of the two triplets
in this spectrum, the one at lower field strength (8 4.0 ppm) corresponds to the protons
of the CH,O unit. The higher-field strength triplet at 8 3.1 ppm arises from the benzylic
CH, group. The assignment of a particular signal to the hydroxyl proton can be con-
firmed by adding D,0. The hydroxyl proton is replaced by deuterium, and its '"H NMR
signal disappears.

3C NMR: The electronegative oxygen of an alcohol decreases the shielding of the car-
bon to which it is attached. The chemical shift for the carbon of the C—OH unit is
60-75 ppm for most alcohols. Compared with an attached H, an attached OH causes a
downfield shift of 35-50 ppm in the carbon signal.

CH;CH,CH,CH; CH;CH,CH,CH,OH
0 13.0 ppm 6 61.4 ppm
Butane 1-Butanol
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{_)—cH,CH,0H

ArH

CHzo Ar CH2

32 3.1 3.0 29
(ppm)

==

100 90 80 70 60 50 40 30 20 10 00
Chemical shift (8, ppm)

FIGURE 15.5 The 200-MHz "H NMR spectrum of 2-phenylethanol (CgHsCH,CH,OH).

UV-VIS: Unless there are other chromophores in the molecule, alcohols are transpar-
ent above about 200 nm; A, for methanol, for example, is 177 nm.

Mass Spectrometry: The molecular ion peak is usually quite small in the mass spec-
trum of an alcohol. A peak corresponding to loss of water is often evident. Alcohols also
fragment readily by a pathway in which the molecular ion loses an alkyl group from the
hydroxyl-bearing carbon to form a stable cation. Thus, the mass spectra of most primary
alcohols exhibit a prominent peak at m/z 31.

. ~N/ N[+ -+
RCH,0OH ——> R—CH,—OH ——> R- + CH,=OH

Primary alcohol Molecular ion Alkyl Conjugate acid of
radical formaldehyde, m/z 31

PROBLEM 15.16 Three of the most intense peaks in the mass spectrum of
2-methyl-2-butanol appear at m/z 59, 70, and 73. Explain the origin of these peaks.

15.17 SUMMARY

Section 15.1 Functional group interconversions involving alcohols either as reactants
or as products are the focus of this chapter. Alcohols are commonplace
natural products. Table 15.1 summarizes reactions discussed in earlier
sections that can be used to prepare alcohols.

Section 15.2  Alcohols can be prepared from carbonyl compounds by reduction of
aldehydes and ketones. See Table 15.3.
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1A= ETEl Preparation of Alcohols by Reduction of Carbonyl Functional Groups

Carbonyl
compound

Product of reduction of carbonyl compound by specified reducing agent

Lithium aluminum
hydride (LiAIH,4)

Sodium borohydride
(NaBH,)

Hydrogen
(in the presence
of a catalyst)

(0}

I
Aldehyde RCH
(Section 15.2)

|
Ketone RCR’
(Section 15.2)

I
Carboxylic acid RCOH
(Section 15.3)

I
Carboxylic ester RCOR’
(Section 15.3)

Primary alcohol RCH,OH

Secondary alcohol RCHR’

\
OH

Primary alcohol RCH,OH

Primary alcohol RCH,OH
plus R"OH

Primary alcohol RCH,OH

Secondary alcohol RCHR’

|
OH

Not reduced

Reduced too slowly to be
of practical value

Primary alcohol RCH,OH

Secondary alcohol RCHR’

|
OH

Not reduced

Requires special catalyst,
high pressures and
temperatures

Section 15.3

boxylic acids and esters. See Table 15.3.

Section 15.4

primary alcohols.

RMgX

Grignard reagent

CH3CH2CH2CH2MgBr + H2C CHZ

Butylmagnesium
bromide

+ H,C CH,

1. diethyl ether

Alcohols can be prepared from carbonyl compounds by reduction of car-

Grignard and organolithium reagents react with ethylene oxide to give

N7
(0]
Ethylene oxide

1. diethyl ether

2. H;0*

2. H;0

\O/

Ethylene oxide

RCH,CH,O0H

Primary alcohol

CH,CH,CH,CH,CH,CH,0H

1-Hexanol (60—62%)

Section 15.5 Osmium tetraoxide is a key reactant in the conversion of alkenes to vic-

inal diols.

g

(CH;);COOH, OsOy(cat)

CH,

2-Phenylpropene

tert-butyl alcohol, HO

Cl)H
(O
CH,

2-Phenyl-1,2-propanediol
(71%)
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The reaction is called hydroxylation and proceeds by syn addition to the
double bond.

Section 15.6 Table 15.2 summarizes reactions of alcohols that were introduced in ear-
lier chapters.

Section 15.7 See Table 15.4
Section 15.8 See Table 15.4
Section 15.9 See Table 15.4
Section 15.10 See Table 15.5

Section 15.11 Oxidation of alcohols to aldehydes and ketones is a common biological
reaction. Most require a coenzyme such as the oxidized form of nicoti-
namide adenine dinucleotide (NAD ™).

cH, OH CH, ©

NAD

enzymes

HO HO

Estradiol Estrone

Section 15.12 Periodic acid cleaves vicinal diols; two aldehydes, two ketones, or an
aldehyde and a ketone are formed.

HIO,

RQC_CRz — R2C=O + O=CR2
HO OH

Diol Two carbonyl-containing
compounds

HIO,

I
HO OH
9,10-Dihydroxyoctadecanoic acid Nonanal (89%) 9-Oxononanoic acid (76%)

Section 15.13 Thiols, compounds of the type RSH, are prepared by the reaction of alkyl
halides with thiourea. An intermediate isothiouronium salt is formed,
which is then subjected to basic hydrolysis.

1. (HN),C=S

RX ——— > RSH
2. NaOH
Alkyl halide Alkanethiol
1. (HN),C=$
CH3(CH2)] 1Br > NaOH CH3(CH2)] ISH
1-Bromododecane 1-Dodecanethiol (79-83%)

Section 15.14 Thiols are more acidic than alcohols and are readily deprotonated by reac-
tion with aqueous base. Thiols can be oxidized to disulfides (RSSR),
sulfenic acids (RSOH), sulfinic acids (RSO,H), and sulfonic acids
(RSO3H).
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AN Y Summary of Reactions of Alcohols Presented in This Chapter

Reaction (section) and comments

General equation and specific example

Conversion to dialkyl ethers (Sec-
tion 15.7) On being heated in the
presence of an acid catalyst, two
molecules of a primary alcohol
combine to form an ether and
water. Diols can undergo an intra-
molecular condensation if a five-
membered or six-membered cyclic
ether results.

Fischer esterification (Section
15.8) Alcohols and carboxylic acids
yield an ester and water in the
presence of an acid catalyst. The
reaction is an equilibrium process
that can be driven to completion
by using either the alcohol or the
acid in excess or by removing the
water as it is formed.

Esterification with acyl chlorides
(Section 15.8) Acyl chlorides react
with alcohols to give esters. The
reaction is usually carried out in
the presence of pyridine.

Esterification with carboxylic acid
anhydrides (Section 15.8) Carbox-
ylic acid anhydrides react with
alcohols to form esters in the same
way that acyl chlorides do.

Formation of esters of inorganic
acids (Section 15.9) Alkyl nitrates,
dialkyl sulfates, trialkyl phos-
phites, and trialkyl phosphates are
examples of alkyl esters of inor-
ganic acids. In some cases, these
compounds are prepared by the
direct reaction of an alcohol and
the inorganic acid.

2RCH,0H ——> RCH,0CH;R + H,0
Alcohol Dialkyl ether Water

2(CH3),CHCH,CH,0H —22%5 (CH5),CHCH,CH,0CH,CH,CH(CH3),

150°C
3-Methyl-1-butanol Di-(3-methylbutyl) ether (27 %)

l I
ROH + R'COH —— R'COR + H,0

Alcohol Carboxylic Ester Water

acid

I I
CH5CH,CH,CH,CH,OH + CH;COH ——> CH;COCH,CH,CH,CH,CHs

1-Pentanol Acetic acid Pentyl acetate (71%)
i
ROH + R’Cd

Alcohol

|
—> R'COR +

Ester

HCl

Hydrogen
chloride

o)
I i l
+ CHsCCl 229 CH,COC(CHS);

tert-Butyl
acetate (62%)

Acyl
chloride

(CH3)3COH

tert-Butyl alcohol Acetyl

chloride
1 1
—> R'COR + R'COH

Ester

iR
R'COCR’
Carboxylic

acid anhydride

ROH +

Alcohol Carboxylic

acid

CH50 CHs0

(O] (ﬁ

[ idi
CH,OH + CH;COCCH; X5 CH,OCCH5

m-Methoxybenzyl
alcohol

Acetic anhydride m-Methoxybenzyl

acetate (99%)

ROH + HONO, ——> RONO,
Alcohol

(0]
O—OH o E>—0No2

Cyclopentanol

+ Hy0

Nitric acid Alkyl nitrate Water

Cyclopentyl
nitrate (69%)




Problems

1p:\:18=4 5 Oxidation of Alcohols

Class of alcohol

Desired product

Suitable oxidizing agent(s)

Primary, RCH,OH
Primary, RCH,OH

Secondary, RC|H R’
OH

Aldehyde

Carboxylic acid RCOH

Ketone

i
RCH

i
RCR’

o}
I

PCC*
PDC

Na,Cr,0, H,SO,4, H,O
H>CrO,4

PCC

PDC

Nazcr207, H2504, H20
H,CrO,4

*PCC is pyridinium chlorochromate; PDC is pyridinium dichromate. Both are used in dichloromethane.

Section 15.15 The hydroxyl group of an alcohol has its O—H and C—O stretching
vibrations at 3200-3650 and 1025-1200 cm ™', respectively.
The chemical shift of the proton of an O—H group is variable (3 1-5
ppm) and depends on concentration, temperature, and solvent. Oxygen
deshields both the proton and the carbon of an H—C—O unit. Typical
NMR chemical shifts are 3 3.3-4.0 ppm for 'H and 6075 ppm for '°C
of H—C—O.
The most intense peaks in the mass spectrum of an alcohol correspond
to the ion formed according to carbon-carbon cleavage of the type

shown:

R—C—O

|

AN +
H— R: + /C=QH

PROBLEMS

15.17 Write chemical equations, showing all necessary reagents, for the preparation of 1-butanol
by each of the following methods:

(a) Hydroboration—oxidation of an alkene

(b) Use of a Grignard reagent

(c) Use of a Grignard reagent in a way different from part (b)

(d) Reduction of a carboxylic acid

(e) Reduction of a methyl ester

(f) Reduction of a butyl ester

(g) Hydrogenation of an aldehyde

(h) Reduction with sodium borohydride
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15.18 Write chemical equations, showing all necessary reagents, for the preparation of 2-butanol
by each of the following methods:

(a) Hydroboration—oxidation of an alkene

(b) Use of a Grignard reagent

(c) Use of a Grignard reagent different from that used in part (b)
(d—f) Three different methods for reducing a ketone

15.19 Write chemical equations, showing all necessary reagents, for the preparation of ferz-butyl
alcohol by:

(a) Reaction of a Grignard reagent with a ketone o

I
(b) Reaction of a Grignard reagent with an ester of the type RCOCHj;

15.20 Which of the isomeric CsH;,O alcohols can be prepared by lithium aluminum hydride
reduction of:

(a) An aldehyde (c) A carboxylic acid

I
(b) A ketone (d) An ester of the type RCOCHj;
15.21 Evaluate the feasibility of the route

Br, KOH

RH RBr ROH

light or heat

as a method for preparing
(a) 1-Butanol from butane
(b) 2-Methyl-2-propanol from 2-methylpropane
(c) Benzyl alcohol from toluene

(d) (R)-1-Phenylethanol from ethylbenzene

15.22 Sorbitol is a sweetener often substituted for cane sugar, since it is better tolerated by dia-
betics. It is also an intermediate in the commercial synthesis of vitamin C. Sorbitol is prepared by
high-pressure hydrogenation of glucose over a nickel catalyst. What is the structure (including
stereochemistry) of sorbitol?

OH OH O

HO = H, (120 atm)
—_=
= H N 140°C

OH OH

sorbitol

Glucose

15.23 Write equations showing how 1-phenylethanol (CqH;CHCH;) could be prepared from each
|

OH
of the following starting materials:
(a) Bromobenzene (d) Acetophenone
(b) Benzaldehyde (e) Benzene

(c) Benzyl alcohol

15.24 Write equations showing how 2-phenylethanol (CsHsCH,CH,OH) could be prepared from
each of the following starting materials:

(a) Bromobenzene (b) Styrene
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(c) 2-Phenylethanal (C¢HsCH,CHO)
(d) Ethyl 2-phenylethanoate (CcHsCH,CO,CH,CH3)
(e) 2-Phenylethanoic acid (C¢HsCH,CO,H)
15.25 Outline practical syntheses of each of the following compounds from alcohols containing

no more than four carbon atoms and any necessary organic or inorganic reagents. In many cases
the desired compound can be made from one prepared in an earlier part of the problem.

(a) 1-Butanethiol
(b) 1-Hexanol
(c) 2-Hexanol
(d) Hexanal, CH;CH,CH,CH,CH,CH=0
i
(e) 2-Hexanone, CH;CCH,CH,CH,CH;
(f) Hexanoic acid, CH3(CH,)4,CO,H
i

(g) Ethyl hexanoate, CH;(CH,),COCH,CH;
(h) 2-Methyl-1,2-propanediol

i
(1) 2,2-Dimethylpropanal, (CH;);CCH

15.26 Outline practical syntheses of each of the following compounds from benzene, alcohols, and
any necessary organic or inorganic reagents:
(a) 1-Chloro-2-phenylethane o
I
(b) 2-Methyl-1-phenyl-1-propanone, CsHsCCH(CH3;),
(c) Isobutylbenzene, C¢HsCH,CH(CH3),
15.27 Show how each of the following compounds can be synthesized from cyclopentanol and

any necessary organic or inorganic reagents. In many cases the desired compound can be made
from one prepared in an earlier part of the problem.

(a) 1-Phenylcyclopentanol OH
£ ,CeHs
(b) 1-Phenylcyclopentene © g
e

(c) trans-2-Phenylcyclopentanol ,,

C¢Hs ‘OH
@ CE i u

(o) (f) C¢HsCCH,CH,CH,CH

(g) 1-Phenyl-1,5-pentanediol

15.28 Write the structure of the principal organic product formed in the reaction of 1-propanol
with each of the following reagents:

(a) Sulfuric acid (catalytic amount), heat at 140°C
(b) Sulfuric acid (catalytic amount), heat at 200°C
(c) Nitric acid (H,SOy catalyst)
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(d) Pyridinium chlorochromate (PCC) in dichloromethane
(e) Potassium dichromate (K,Cr,05) in aqueous sulfuric acid, heat
(f) Sodium amide (NaNH,)

(g) Acetic acid (CH3COH) in the presence of dissolved hydrogen chloride

(h) CH3O SO,CI in the presence of pyridine
]
(1) CH3OOCCI in the presence of pyridine

[y
(j) C¢HsCOCCeH; in the presence of pyridine

O
(k) O in the presence of pyridine

o

15.29 Each of the following reactions has been reported in the chemical literature. Predict the
product in each case, showing stereochemistry where appropriate.

OH 50,
@ CH3{>< et
CeHs

CH3);COOH, OsOy(cat)
(CH;);COH, HO

1. B,Hg, diglyme
© —_—
2. H,0,, HO
1. LiAlH,, diethyl ether
@ CO.H 2. H,0

H,C10,
(e) CH3C|HCEC(CH2)3CH3 .50, :

(b) (CH;),C=C(CHs), -

H,O0, acetone

OH

1. LiAlH,, diethyl ether
2. H,0

| |
(f) CH;CCH,CH=CHCH,CCH,4

i
@ CH3M " ccl pyridine

O,N
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(h) + CH;COCCH; —>
OH
H
. " CH;0OH
() c1 COH — 5>
O,N

CH,CO_ COCH,
H,C
. 1. LiAlH,
) 2. H,0

HIO,

(k) Product of part (j) CH,OH, H,0

15.30 On heating 1,2,4-butanetriol in the presence of an acid catalyst, a cyclic ether of molecular
formula C4HgO, was obtained in 81-88% yield. Suggest a reasonable structure for this product.

15.31 Give the Cahn-Ingold-Prelog R and S descriptors for the diol(s) formed from cis-2-
pentene and trans-2-pentene on treatment with the osmium tetraoxide/tert-butyl hydroperoxide
reagent.

15.32 Suggest reaction sequences and reagents suitable for carrying out each of the following con-
versions. Two synthetic operations are required in each case.

T U

H
0 OH
(b) C CH,OH to O/
OH OH
(© (;\céH5 to (:[\c@H5
"“OH

15.33 The fungus responsible for Dutch elm disease is spread by European bark beetles when they
burrow into the tree. Other beetles congregate at the site, attracted by the scent of a mixture of
chemicals, some emitted by other beetles and some coming from the tree. One of the compounds
given off by female bark beetles is 4-methyl-3-heptanol. Suggest an efficient synthesis of this
pheromone from alcohols of five carbon atoms or fewer.

15.34 Show by a series of equations how you could prepare 3-methylpentane from ethanol and
any necessary inorganic reagents.
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15.35 (a) The cis isomer of 3-hexen-1-ol (CH;CH,CH=CHCH,CH,0OH) has the characteristic
odor of green leaves and grass. Suggest a synthesis for this compound from acetylene
and any necessary organic or inorganic reagents.

(b) One of the compounds responsible for the characteristic odor of ripe tomatoes is the cis
isomer of CH;CH,CH=CHCH,CH=0. How could you prepare this compound?

15.36 R. B. Woodward was one of the leading organic chemists of the middle part of the twenti-
eth century. Known primarily for his achievements in the synthesis of complex natural products,
he was awarded the Nobel Prize in chemistry in 1965. He entered Massachusetts Institute of Tech-
nology as a 16-year-old freshman in 1933 and four years later was awarded the Ph.D. While a stu-
dent there he carried out a synthesis of estrone, a female sex hormone. The early stages of Wood-
ward’s estrone synthesis required the conversion of m-methoxybenzaldehyde to m-methoxybenzyl
cyanide, which was accomplished in three steps:

CH, P

three STC])S many .\ICP.\
—_— -

CH;0 CH CH;0 CH,CN

HO

Estrone

Suggest a reasonable three-step sequence, showing all necessary reagents, for the preparation of
m-methoxybenzyl cyanide from m-methoxybenzaldehyde.

15.37 Complete the following series of equations by writing structural formulas for compounds A
through I:

HCl NaHCO; Na,Cr,0,

@) CsHyCl H,0 CsHgO H,SO,. H,O CsHeO
Compound A Compound B Compound C
SOCl, 1. Os NaBH
OH Compound D~ Workup Compound E Compound F
NBS H,0, CaCO;3 CC
(©) —>hen7m] Compound G B Compound H —>( T (C,,H,BrO)
CH, peroxide, Compound I

heat

Br

15.38 When 2-phenyl-2-butanol is allowed to stand in ethanol containing a few drops of sulfuric
acid, the following ether is formed:

CH; CH;
| CH;CH,OH |
C6H5$CH2CH3 H.SO. C6H5CCH2CH3
OH OCH,CH3

Suggest a reasonable mechanism for this reaction based on the observation that the ether produced
from optically active alcohol is racemic, and that alkenes can be shown not to be intermediates in
the reaction.
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15.39 Suggest a chemical test that would permit you to distinguish between the two glycerol
monobenzyl ethers shown.

C(,HSCHZOCHzClHCHzOH HOCH,CHCH,OH
OH OCH,C¢Hs
1-O-Benzylglycerol 2-0-Benzylglycerol

15.40 Choose the correct enantiomer of 2-butanol that would permit you to prepare (R)-2-
butanethiol by way of a p-toluenesulfonate ester.

15.41 The amino acid cysteine has the structure shown:

I
HSCH2C|HCO_
*NH,
Cysteine
(a) A second sulfur-containing amino acid called cystine (C¢H;[,N>04S,) is formed when
cysteine undergoes biological oxidation. Suggest a reasonable structure for cystine.

(b) Another metabolic pathway converts cysteine to cysteine sulfinic acid (C3H;NO,4S), then
to cysteic acid (C3H;NOsS). What are the structures of these two compounds?

15.42 A diol (CgH;30,) does not react with periodic acid. Its '"H NMR spectrum contains three
singlets at 8 1.2 (12 protons), 1.6 (4 protons), and 2.0 ppm (2 protons). What is the structure of
this diol?

15.43 Identify compound A (CgH;oO) on the basis of its "H NMR spectrum (Figure 15.6). The
broad peak at 8 2.1 ppm disappears when D,0O is added.

Compound A
(CsH;00)

617

FIGURE 15.6 The 200-MHz
'"H NMR spectrum of com-
pound A (CgH;00) (Problem
15.43).
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15.44 Identify each of the following (C,H;o0) isomers on the basis of their '*C NMR spectra:

(a) 6 31.2 ppm: CH; (¢) 6 18.9 ppm: CHj, area 2
$ 68.9 ppm: C 6 30.8 ppm: CH, area 1
(b) 6 10.0 ppm: CH; 8 69.4 ppm: CH,, area 1

§ 22.7 ppm: CH;
6 32.0 ppm: CH,
$ 69.2 ppm: CH

15.45 A compound C;H,ClO, exhibited three peaks in its '*C NMR spectrum at & 46.8 (CH,),
4 63.5 (CH,), and & 72.0 ppm (CH). What is the structure of this compound?

15.46 A compound CgH,40 has the '*C NMR spectrum shown in Figure 15.7. Its mass spectrum
has a prominent peak at m/z 31. Suggest a reasonable structure for this compound.

15.47 Refer to Learning By Modeling and compare the properties calculated for CH;CH,OH and
CH;CH,SH. Which has the greater dipole moment? Compare the charges at carbon and hydrogen
in C—O—H versus C—S—H. Why does ethanol have a higher boiling point than ethanethiol?

@

15.48 Construct molecular models of the gauche and anti conformations of 1,2-ethanediol and
s/ explore the possibility of intramolecular hydrogen bond formation in each one.

»

15.49 Intramolecular hydrogen bonding is present in the chiral diastereomer of 2,2,5,5-tetra-
methylhexane-3,4-diol, but absent in the meso diastereomer. Construct molecular models of each,
and suggest a reason for the difference between the two.

Ny

CH,
CH,

CH, CH

CDCl,

200 180

160 140 120 100 80 60 40 20 0
Chemical shift (8, ppm)

FIGURE 15.7 The "*C NMR spectrum of the compound CgH40 (Problem 15.46).





