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CHAPTER 1

AROMATICITY

If you are using this book, then you have likely begun the second half of your organic chemistry course. By now, you have certainly
encountered aromatic rings, such as benzene. In this chapter, we will explore the criteria for aromaticity, and we will discover many
compounds (other than benzene) that are also classified as aromatic.

1.1 INTRODUCTION TO AROMATIC COMPOUNDS

@~ O

Benzene

Consider the structure of benzene:

Benzene is resonance-stabilized, as shown above, and is sometimes drawn in the following way:

This type of drawing (a hexagon with a circle in the center) is not suitable when drawing mechanisms of reactions, because mechanisms
require that we keep track of electrons meticulously. But, it is helpful to see this type of drawing, even though we won’t use it again in this
book, because it represents all six & electrons of the ring as a single entity, rather than as three separate © bonds. Indeed, a benzene ring
should be viewed as one functional group, rather than as three separate functional groups. This is perhaps most evident when we consider
the special stability associated with a benzene ring. To illustrate this stability, we can compare the reactivity of cyclohexene and benzene:

Br
Br, )
EEE—— + Enantiomer
“Br
Br, .
e no reaction

Cyclohexene is an alkene, and it will react with molecular bromine (Br,) via an addition process, as expected for alkenes. In contrast, no
reaction occurs when benzene is treated with Br,, because the stability associated with the ring (of six n electrons) would be destroyed by
an addition process. That is, the six n electrons of the ring represent a single functional group that does not react with Br,, as alkenes do.

Understanding the source of the stability of benzene requires MO (molecular orbital) theory. You may or may not be responsible for
MO theory in your course, so you should consult your textbook and/or lecture notes to see whether MO theory was covered.



2 CHAPTER1 AROMATICITY

Derivatives of benzene, called substituted benzenes, also exhibit the stability associated with a ring of six x electrons:

The ring can be monosubstituted, as shown above, or it can be disubstituted, or even polysubstituted (the ring can accommodate up to six
different groups). Many derivatives of benzene were originally isolated from the fragrant extracts of trees and plants, so these compounds
were described as being aromatic, in reference to their pleasant odors. Over time, it became apparent that many derivatives of benzene
are, in fact, odorless. Nevertheless, the term aromatic is still currently used to describe derivatives of benzene, whether those compounds
have odors or not.

1.2 NOMENCLATURE OF AROMATIC COMPOUNDS

As we have mentioned, an aromatic ring should be viewed as a single functional group. Compounds containing this functional group are
generally referred to as arenes. In order to name arenes, recall that there are five parts of a systematic name, shown here (these five parts
were discussed in Chapter 5 of the first volume of Organic Chemistry as a Second Language: First Semester Topics):

O] ® ® ©® ®

Stereoisomerism Substituents Parent  Unsaturation  Functional Group

Benzene

For benzene and its derivatives, the term benzene represents the parent, the unsaturation AND the suffix. Any other groups (connected to
the ring) must be listed as substituents. For example, if a hydroxy (OH) group is connected to the ring, we do not refer to the compound
as benzenol. We cannot add another suffix (-ol) to the term benzene, because that term is already a suffix itself. Therefore, the OH group
is listed as a substituent, and the compound is called hydroxybenzene:

OH

Hydroxybenzene
Similarly, other groups (connected to the ring) are also listed as substituents, as seen in the following examples:
: _CHj : Cl : NH,
Methylbenzene Chlorobenzene Aminobenzene

Many monosubstituted derivatives of benzene (and even some disubstituted and polysubstituted derivatives) have common names. Sev-
eral common names are shown here:
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©/CH3 ©/OH OCHs

Toluene Phenol Anisole
O (0]
NH,
©/ H OH
Aniline Benzaldehyde Benzoic acid

So, for example, the first compound above can either be called methylbenzene (systematic name) or toluene (common name). Similarly,
the second compound above can either be called hydroxybenzene (systematic name) or phenol (common name). When more than one
substituent is present, common names are often used as parents. For example, the following compound exhibits a benzene ring with two
substituents. But if we use the term phenol as the parent (rather than benzene), then we only have to list one substituent (bromo):

OH
Br

2-Bromophenol

The number (2) indicates the position of Br relative to the OH group. Notice that this compound can also be called 1-bromo-2-
hydroxybenzene. Both names are acceptable, although it is generally more efficient to use the common name (2-bromophenol, rather than
1-bromo-2-hydroxybenzene).

When more than one group is present, numbers must be assigned, as seen in the previous example. When assigning numbers, the #1
position is determined by the parent. For example, the following compound will be named as a substituted toluene, so the methyl group is
(by definition) at the #1 position:

3-Chlorotoluene

The numbers are assigned in a manner that gives the lower possible number to the next substituent (Cl). So, in this case, we assign the
numbers in a counterclockwise fashion, because that gives a lower number (3-chloro, rather than 5-chloro). The same method is applied
for polysubstituted rings: first we choose the parent, and then we assign numbers in the direction that gives the lower possible number to
the second substituent. Consider the following example:

HO 4 5 NO

2

Cl 5

2-Chloro-5-nitrophenol

This compound can be named as a disubstituted phenol, rather than a trisubstituted benzene. So, the OH group is assigned the #1 position.
Then, we continue assigning numbers in the direction that gives the lower possible number to the second substituent (2-chloro, rather than
3-nitro).
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For disubstituted benzenes, there is special terminology that describes the proximity of the two groups:

R R )
1 2 R s R 2 S
ortho-disubstituted meta-disubstituted para-disubstituted

The term ortho is used to describe 1,2-disubstitution, the term meta is used to describe 1,3-disubstitution, and the term para is used to
describe 1,4-disubstitution. These terms may be used instead of numbers, as seen in the following examples:

OH
1 2 2
Cl Me 4 3 _Br MeO 4 3
4

ortho-Chlorophenol meta-Bromotoluene para-Nitroanisole

These terms (ortho, meta and para) will be used frequently, so it is certainly worthwhile to commit them to memory right now. Sometimes,
you might see the prefixes abbreviated to just one letter (o, m, and p), as seen in the following examples:

CHjy CHj CHs3
Br
Br

o-Bromotoluene m-Bromotoluene p-Bromotoluene

WORKED PROBLEM 1.1 Provide a systematic name for the following compound:

NH,
Cl

Br

Answer This compound is a trisubstituted benzene, and it can be named as such, although it will be more efficient to name the
compound as a disubstituted derivative of aniline. Since we are using a common name (aniline) as our parent, the position bearing the
amino group is, by definition, position #1:

NH,
Cl

Br
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Then, we assign numbers in a clockwise fashion, rather than counterclockwise, so that the next substituent is at C2 rather than C3:

CORRECT INCORRECT
NH,
e
2
Br~ 5 3

Therefore, the name is 5-bromo-2-chloroaniline. Notice that the substituents appear in the name in alphabetical order, in accordance with
the general rules for [IUPAC nomenclature.

PROBLEMS Provide a systematic name for each of the following compounds:

1.2
OMe
NO, Name:
1.3
Me
OZN\©/NOZ
Name:
1.4
or
Br Name:
1.5
Cl (0]
d°“
Cl Cl Name:
1.6

OH
Cl< i
Name:




6 CHAPTER1 AROMATICITY

1.3 CRITERIA FOR AROMATICITY

In the previous section, we saw that benzene and its derivatives exhibit a special stability that is associated with the ring of six x electrons.
We will now see that aromatic stabilization is not limited to benzene and its derivatives. Indeed, there are a large number of compounds
and ions that exhibit aromatic stabilization. A few examples are shown here:

N O]

0 Q

These structures are also said to be aromatic, illustrating that aromaticity is not strictly limited to six-membered rings, but indeed, even
five-membered rings and seven-membered rings can be aromatic (if they meet certain criteria). In this section, we will explore the two
criteria for aromaticity. Let’s begin with the first criterion:

1) There must be a ring comprised of continuously overlapping p orbitals. The structures below do NOT satisfy this first criterion:

W

The first structure is not aromatic because it is not a ring, and the second structure is not aromatic because it lacks a continuous system of
overlapping p orbitals. Six of the seven carbon atoms are sp? hybridized (and each of these carbon atoms does have a p orbital), but the
seventh carbon atom (at the top of the ring) is sp? hybridized, thereby interrupting the overlap. The overlap of p orbitals must continue all
the way around the ring, and it doesn’t in this case because of the intervening sp> hybridized carbon atom.

Now let’s explore the second criterion for aromaticity:

2) The ring must contain an odd number of pairs of n electrons (one pair of electrons, three pairs of electrons, five pairs of electrons,
etc.). If we compare the following compounds, we find that only the middle compound (benzene) has an odd number of pairs of
electrons (three pairs of & electrons = 6 x electrons):

1]

The first compound (cyclobutadiene) has two pairs of  electrons, and the last compound (cyclooctatetraene) has four pairs of & electrons. In
order to understand the requirement for an odd number of pairs of & electrons, MO theory is required. Once again, consult your textbook
and/or lecture notes for any coverage of MO theory. Another way of saying “an odd number of pairs of x electrons” is to say that the
number of & electrons must be among the following series of numbers: 2, 6, 10, 14, 18, etc. These numbers are called Hiickel numbers,
and they can be summarized with the following formula: 4n + 2, where n represents a series of integers (1, 2, 3, etc.). If we look closely
at benzene (middle structure above), we find that there are six © electrons, which is a Hiickel number. Therefore, benzene is aromatic.
In contrast, each of the other two compounds above (cyclobutadiene and cyclooctatetraene) has an even number of pairs of & electrons.
Cyclobutadiene has 4 = electrons, and cyclooctatetraene has 8 w electrons. These numbers (4 and 8) are NOT Hiickel numbers. These
numbers can be represented by the formula 4n, where n represents a series of integers (1, 2, 3, etc.). These compounds are remarkably
unstable (an observation that can be justified by MO theory). They are said to be antiaromatic. In order for a compound to be antiaromatic,
it must satisfy the first criterion (it must possess a ring with a continuous system of overlapping p orbitals), but it must fail the second
criterion (it must have 4n, rather than 4n + 2, & electrons).
Cyclooctatetraene can relieve much of the instability by puckering out of planarity, as shown:

o
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In this way, the extent of continuous overlap (of p orbitals) is significantly reduced, so the first criterion (a ring of continuous overlapping
p orbitals) is not fully satisfied. The compound therefore behaves as if it were nonaromatic, rather than antiaromatic. That is, it can be
isolated, unlike antiaromatic compounds, which are generally too unstable to isolate. Moreover, it is observed to undergo addition reactions,
unlike aromatic compounds which do not undergo addition reactions:

Br
Br, )
——— + Enantiomer

By

Now let’s explore ions (structures that have a net charge). We will identify ions that are classified as aromatic, as well as examples of
antiaromatic ions. Consider the structure of the following anion, which is resonance-stabilized. Draw all of the resonance structures in the
space provided:

@

The remarkable stability of this anion cannot be explained with resonance alone. This anion is also aromatic, because it satisfies both
criteria for aromaticity. To see how this is the case, we must recognize that the lone pair occupies a p orbital (because any lone pair that
participates in resonance must occupy a p orbital), so this structure does indeed exhibit a ring with a continuous system of overlapping p
orbitals, with a Hiickel number of & electrons. The delocalized lone pair represents two = electrons, and the rest of the ring has another
four & electrons, for a total of six & electrons. Indeed, the aromatic nature of this anion explains why cyclopentadiene is so acidic:

H —H*
E>< _oH @QH
H

Cyclopentadiene Conjugate base
(nonaromatic) (aromatic)

Cyclopentadiene is nonaromatic, but when it is deprotonated, the resulting conjugate base IS aromatic. Since the conjugate base is so
stable, this renders cyclopentadiene fairly acidic (for a hydrocarbon). If we compare the pK, values of cyclopentadiene and water, we find

that they are similar in acidity:
H
o)
H H™ TH

pK, =16 pK,=15.7

This is truly remarkable, because it means that the following conjugate bases are similar in stability:

O..
@5@ *OH

You often think of hydroxide as a strong base, but remember that basicity and acidity are relative concepts. Sure, hydroxide is a strong
base when compared with certain weak bases, such as the acetate ion. But hydroxide is actually a relatively weak base when compared
with other very strong bases, such as the amide ion (H,N~) or carbanions (C~). Above, we see an example of a carbanion that is similar
in stability to a hydroxide ion. You will not find many other examples of carbanions with such remarkable stability. And as we have seen,
this stability is due to its aromatic nature.
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The previous example was an anion. Let’s now explore an example of a cation. The cation below, called a tropylium cation, is
resonance-stabilized. Draw all of the resonance structures in the space provided.

@
@4—» -~ -~ -~ -~ —~

The remarkable stability of this cation is not fully explained by resonance. If we consider both criteria for aromaticity, we will find that
this cation does indeed satisfy both criteria. Recall that a carbocation represents an empty p orbital, so we do have a ring with a continuous
system of overlapping p orbitals, AND we have six © electrons (a Hiickel number). Therefore, both criteria are satisfied, and this cation
is aromatic.

Let’s get some practice determining whether ions are aromatic, nonaromatic, or antiaromatic.

WORKED PROBLEM 1.7 Characterize the following ion as aromatic, nonaromatic, or antiaromatic:

Answer In order to be nonaromatic, it must fail the first criterion for aromaticity. In this case, it satisfies the first criterion, because the
carbocation represents an empty p orbital, so we do have a ring with a continuous system of overlapping p orbitals. Since the first criterion
is satisfied, we conclude that the structure will either be aromatic or antiaromatic, depending on whether the second criterion is met (a
compound can only be nonaromatic if it fails the first criterion).

When we count the number of x electrons, we do NOT have a Hiickel number in this case. With 4 & electrons, we expect this structure
to be antiaromatic. That is, we expect this ion to be very unstable.

PROBLEMS Characterize each of the following structures as aromatic, nonaromatic, or antiaromatic:

1.8 1.9
Q

[> ®
Answer: Answer:

1.10 1.11

74 \ \@ AN

X8 Answer: 7 Answer:
1.12 1.13

Answer: Answer:
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1.4 LONE PAIRS

Compare the following two structures:

We saw in the previous section that the first structure is aromatic. The second structure, called pyrrole, is also aromatic, for the same reason.
The nitrogen atom adopts an sp> hybridized state, which places the lone pair in a p orbital, thereby establishing a continuous system of
overlapping p orbitals,

H sp2 hybridized
| _— (the lone pair occupies
N

a p orbital)
@ P

Pyrrole

and there are six 7 electrons (two from the lone pair + another two from each of the n bonds = 6). Both criteria for aromaticity have been
satisfied, so the compound is aromatic. Notice that the lone pair is part of the aromatic system. As such, the lone pair is less available to
function as a base:

l|4 H H

N./'\ [\ \N/

AN (@

\ /) \ /)
Aromatic Nonaromatic

This doesn’t occur, because the ring would lose aromaticity. If the nitrogen atom were to be protonated, the resulting nitrogen atom (with
a positive charge) would be sp? hybridized. It would no longer have a p orbital, so the first criterion for aromaticity would not be satisfied
(thus, nonaromatic). Protonation of the nitrogen atom would be extremely uphill in energy and is not observed.
In contrast, consider the nitrogen atom of pyridine:
N
| X
=
Pyridine

In this case, the lone pair is NOT part of the aromatic system. This localized lone pair is not participating in resonance, and it does not
occupy a p orbital. The nitrogen atom is sp? hybridized, and it does have a p orbital, but the p orbital is occupied by a & electron (as
illustrated by the double bond that is drawn on the nitrogen atom). The lone pair actually occupies an sp> hybridized orbital, and it is
therefore not contributing to the aromatic system. As such, it is available to function as a base, because protonation does not destroy
aromaticity:

H
l®
| N\ H—/él | N\
= =

Aromatic Still aromatic
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Indeed, pyridine is often used as a mild base, especially in reactions where HCI is a byproduct. The presence of pyridine effectively
neutralizes the acid as it is produced, and for this reason, pyridine is often referred to as “an acid sponge.”
Let’s explore one last example of an aromatic compound. This compound, called furan, is similar in structure to pyrrole:

H
. |
Furan Pyrrole

The oxygen atom of furan is sp> hybridized (much like the nitrogen atom of pyrrole), which places one of the lone pairs in a p orbital,
thereby establishing a continuous system of overlapping p orbitals, with a Hiickel number of electrons (6 & electrons). Therefore, furan
is aromatic, for the same reason that pyrrole is aromatic. Notice that the oxygen atom in furan has two lone pairs, but only one of them
occupies a p orbital. The other lone pair occupies an sp* hybridized orbital. As such, we only count one of the lone pairs of the oxygen
atom (not both lone pairs) when we are counting to see if we have a Hiickel number.

PROBLEMS

1.14 In the following compound, identify whether each lone pair is available to function as a base, and explain your choice:
%
N—CH,
N~/

1.15 Only one of the following compounds is aromatic. Identify the aromatic compound, and justify your choice:



CHAPTER 2

IR SPECTROSCOPY

Did you ever wonder how chemists are able to determine whether or not a reaction has produced the desired products? In your textbook,
you will learn about many, many reactions. And an obvious question should be: “how do chemists know that those are the products of the
reactions?”

Until about 50 years ago, it was actually VERY difficult to determine the structures of the products of a reaction. In fact, chemists
would often spend many months, or even years to elucidate the structure of a single compound. But things got a lot simpler with the advent
of spectroscopy. These days, the structure of a compound can be determined in minutes. Spectroscopy is, without a doubt, one of the most
important tools available for determining the structure of a compound. Many Nobel prizes have been awarded to chemists who pioneered
applications of spectroscopy.

The basic idea behind all forms of spectroscopy is that electromagnetic radiation (light) can interact with matter in predictable ways.
Consider the following simple analogy: imagine that you have 10 friends, and you know what kind of bakery items they each like to eat
every morning. John always has a brownie, Peter always has a French roll, Mary always has a blueberry muffin, etc. Now imagine that
you walk into the bakery just after it opens, and you are told that some of your friends have already visited the bakery. By looking at what
is missing from the bakery, you could figure out which of your friends had just been there. If you see that there is a brownie missing, then
you deduce that John was in the bakery before you.

This simple analogy breaks down when you really get into the details of spectroscopy, but the basic idea is a good starting point. When
electromagnetic radiation interacts with matter, certain frequencies are absorbed while other frequencies are not. By analyzing which
frequencies were absorbed (which frequencies are missing once the light passes through a solution containing the unknown compound),
we can glean useful information about the structure of the compound.

You may recall from your high school science classes that the range of all possible frequencies (of electromagnetic radiation) is
known as the electromagnetic spectrum, which is divided into several regions (including X-rays, UV light, visible light, infrared radiation,
microwaves, and radio waves). Different regions of the electromagnetic spectrum are used to probe different aspects of molecular structure,
as seen in the table below:

Region of
Type of Spectroscopy | Electromagnetic Spectrum Information Obtained
NMR Spectroscopy Radio Waves The specific arrangement of all carbon and hydrogen atoms in the compound
IR Spectroscopy Infrared (IR) The functional groups present in the compound
UV-Vis Spectroscopy | Visible and Ultraviolet Any conjugated & system present in the compound

We will not cover UV-Vis spectroscopy in this book. Your textbook may have a short section on that form of spectroscopy. In this
chapter, we will focus on the information that can be obtained with IR spectroscopy. The next chapter will cover NMR spectroscopy.

2.1 VIBRATIONAL EXCITATION

Molecules can store energy in a variety of ways. They rotate in space, their bonds vibrate like springs, their electrons can occupy a number
of possible molecular orbitals, etc. According to the principles of quantum mechanics, each of these forms of energy is quantized. For
example, a bond in a molecule can only vibrate at specific energy levels:

1
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A ____  High-energy
vibrational state

Energy

_  Low-energy
vibrational state

The horizontal lines in this diagram represent allowed vibrational energy levels for a particular bond. The bond is restricted to these
energy levels, and cannot vibrate with an energy that is in between the allowed levels. The difference in energy (AE) between allowed
energy levels is determined by the nature of the bond. If a photon of light possesses exactly this amount of energy, the bond (which was
already vibrating) can absorb the photon to promote a vibrational excitation. That is, the bond will now vibrate more energetically. The
energy of the photon is temporarily stored as vibrational energy, until that energy is released back into the environment, usually in the
form of heat.

Bonds can store vibrational energy in a number of ways. They can stretch, very much the way a spring stretches, or they can bend in a
number of ways. Your textbook will likely have images that illustrate these different kinds of vibrational excitation. In this chapter, we will
devote most of our attention to stretching vibrations (as opposed to bending vibrations) because stretching vibrations generally provide
the most useful information.

For each and every bond in a molecule, the energy gap between vibrational states is very much dependent on the nature of the bond.
For example, the energy gap for a C—H bond is much larger than the energy gap for a C—O bond:

C-H bond C-0 bond
Energy — T S
Large
AE -
< gap > AE (Small
. _ A% (gap

Both bonds will absorb infrared (IR) radiation, but the C—H bond will absorb a higher-energy photon. A similar analysis can be performed
for other types of bonds as well, and we find that each type of bond will absorb a characteristic frequency, allowing us to determine which
types of bonds are present in a compound. For example, a compound containing an O—H bond will absorb a frequency of IR radiation
characteristic of O—H bonds. In this way, IR spectroscopy can be used to identify the presence of functional groups in a compound. It is
important to realize that IR spectroscopy does NOT reveal the entire structure of a compound. It can indicate that an unknown compound
is an alcohol, but to determine the entire structure of the compound, we will need NMR spectroscopy (covered in the next chapter). For
now, we are simply focusing on identifying which functional groups are present in an unknown compound. To get this information, we
irradiate the compound with all frequencies of IR radiation, and then detect which frequencies were absorbed. This can be achieved with
an IR spectrometer, which measures absorption as a function of frequency. The resulting plot is called an IR absorption spectrum (or IR
spectrum, for short).
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2.2 IR SPECTRA

An example of an IR spectrum is shown below:
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Notice that all signals point down in an IR spectrum. The location of each signal on the spectrum is reported in terms of a
frequency-related unit, called wavenumber (¥). The wavenumber is simply the frequency of light (v) divided by a constant (the speed of
light, c):

-V
V= -
c
The units of wavenumber are inverse centimeters (cm~'), and the values typically range from 400 cm™! to 4000cm™'. Don’t confuse
the terms wavenumber and wavelength. Wavenumber is proportional to frequency, and therefore, a larger wavenumber represents higher
energy. Signals that appear on the left side of the spectrum correspond with higher energy radiation, while signals on the right side of the
spectrum correspond with lower energy radiation.
Every signal in an IR spectrum has the following three characteristics:

1. the wavenumber at which the signal appears
2. the intensity of the signal (strong vs. weak)

3. the shape of the signal (broad vs. narrow)

We will now explore each of these three characteristics, starting with wavenumber.

2.3 WAVENUMBER

For any bond, the wavenumber of absorption associated with bond stretching is dependent on two factors:

1) Bond strength — Stronger bonds will undergo vibrational excitation at higher frequencies, thereby corresponding to a higher
wavenumber of absorption. For example, compare the bonds below. The C=N bond is the strongest of the three bonds and
therefore appears at the highest wavenumber:

C—N C—N C—N
~2200cm™  ~1600cm™"  ~ 1100 cm™
2) Atomic mass — Smaller atoms give bonds that undergo vibrational excitation at higher frequencies, thereby corresponding to a

higher wavenumber of absorption. For example, compare the bonds below. The C—H bond involves the smallest atom (H) and
therefore appears at the highest wavenumber.
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C—H C—D c—oO c—Cl
~3000cm~'  ~2200cm™" ~1100cm™! ~ 700 cm™!

Using the two trends shown above, we see that different types of bonds will appear in different regions of an IR spectrum:

Triple  Double

Bonds to H Single Bonds

Bonds Bonds g

C—H _ c=c c-c
C=C

N—H C=N C—N

0-H C=N c=0 c-0

—_———————————————— I,
4000 2700 2300 2100 1850 1600 400

Wavenumber (cm™)

Single bonds appear on the right side of the spectrum, because single bonds are generally the weakest bonds. Double bonds appear at
higher wavenumber (16001850 cm™") because they are stronger than single bonds, while triple bonds appear at even higher wavenumber
(2100-2300 cm™") because they are even stronger than double bonds. And finally, the left side of the spectrum contains signals produced
by C—H, N—H, or O—H bonds, all of which stretch at a high wavenumber because hydrogen has the smallest mass.

IR spectra can be divided into two main regions, called the diagnostic region and the fingerprint region:

DIAGNOSTIC REGION FINGERPRINT REGION

Bonds to H Triple  Double Single Bonds
Bonds Bonds

4000 3500 3000 2500 2000 1500 1000 400
Wavenumber (cm™")

The diagnostic region generally has fewer peaks and provides the most useful information. This region contains all signals that arise from
the stretching of double bonds, triple bonds, and bonds to H (C—H, N—H, or O—H). The fingerprint region contains mostly bending
vibrations, as well as stretching vibrations of most single bonds. This region generally contains many signals, and is more difficult to
analyze. What appears like a C—C stretch might in fact be another bond that is bending. This region is called the fingerprint region
because each compound has a unique pattern of signals in this region, much the way each person has a unique fingerprint. For example,
IR spectra of ethanol and propanol will look extremely similar in their diagnostic regions, but their fingerprint regions will look different.
For the remainder of this chapter, we will focus exclusively on the signals that appear in the diagnostic region, and we will ignore signals
in the fingerprint region. You should check your lecture notes and textbook to see if you are responsible for any characteristic signals that
appear in the fingerprint region.

PROBLEM 2.1 For the following compound, rank the highlighted bonds in order of decreasing wavenumber.

Cl

X
N O
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Now let’s continue exploring factors that affect the strength of a bond (which therefore affects the wavenumber of absorption). We
have seen that bonds to hydrogen (such as C—H bonds) appear on the left side of an IR spectrum (high wavenumber). We will now
compare various kinds of C—H bonds. The wavenumber of absorption for a C—H bond is very much dependent on the hybridization state
of the carbon atom. Compare the following three C—H bonds:

sp® sp? sp
N 4 }
/C H 40 H —C—H
~ 2900 cm™! ~ 3100 cm™! ~ 3300 cm™!

Of the three bonds shown, the C_,—H bond produces the highest energy signal (~3300 cm™!), while a C,,»—H bond produces the lowest
energy signal (~2900 cm™"). To understand this trend, we must revisit the shapes of the hybridized atomic orbitals:

hybridized atomic orbitals

N

8??290

3

p sp

0% 25% 33% 50% 100%
s character s character s character s character s character

sp sp s

As illustrated, sp orbitals have more s character than the other hybridized atomic orbitals, and therefore, sp orbitals more closely resemble
s orbitals. Compare the shapes of the hybridized atomic orbitals, and note that the electron density of an sp orbital is closest to the nucleus
(much like an s orbital). As a result, a Csp—H bond will be shorter than other C—H bonds. Since it has the shortest bond length, it will
therefore be the strongest bond. In contrast, the C_;—H bond has the longest bond length, and is therefore the weakest bond. Compare
the spectra of an alkane, an alkene, and an alkyne:

Alkane Alkene Alkyne

® 5 © © 5
Q H ) Q H
S : S £ :
S E IS S E
: 5 < 2 5
S s = B0
~ ; ~| 7 ~ :
0 : S 0 :
:¥—cC—H - C—H iV—C—H
I T T I
3200 3000 2800 3200 3000 2800 3200 3000 2800

Wavenumber (cm™) Wavenumber (cm™) Wavenumber (cm™)
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In each case, we draw a line at 3000 cm™'. All three spectra have signals to the right of the line, resulting from C,,»—H bonds. The key
is to look for any signals to the left of the line. An alkane does not produce a signal to the left of 3000 cm™'. An alkene may produce a
signal at 3100 cm™!, and an alkyne may produce a signal at 3300 cm™~'. But be careful—the absence of a signal to the left of 3000 cm™!
does not necessarily indicate the absence of a double bond or triple bond in the compound. Tetrasubstituted double bonds do not possess
any C_,,—H bonds, and internal triple bonds also do not possess any C,,—H bonds.

R R
\ —— n
R R
no signal at 3100 cm~' no signal at 3300 cm~’
<nOCspz_H> <nocsp_H>

PROBLEMS For each of the following compounds, determine whether or not you would expect its IR spectrum to exhibit a signal to
the left of 3000 cm™!

Now let’s explore the effects of resonance on bond strength. As an illustration, compare the carbonyl groups (C=0 bonds) in the following
two compounds:

A conjugated
A ketone unsaturated ketone

1720 cm™! 1680 cm™"

The second compound is called a conjugated, unsaturated ketone. It is unsaturated because of the presence of a C=C bond, and it
is conjugated because the m bonds are separated from each other by exactly one sigma bond. Your textbook will explore conjugated
n systems in more detail. For now, we will just analyze the effect of conjugation on the IR absorption of the carbonyl group. As shown,
the carbonyl group of an unsaturated, conjugated ketone produces a signal at lower wavenumber (1680 cm™') than the carbonyl group
of a saturated ketone (1720 cm™"). In order to understand why, we must draw resonance structures for each compound. Let’s begin with
the ketone.

.. .0
C’O' HON
/\)K - /\)@\

Ketones have two resonance structures. The carbonyl group is drawn as a double bond in the first resonance structure, and it is drawn as a
single bond in the second resonance structure. This means that the carbonyl group has some double-bond character and some single-bond
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character. In order to determine the nature of this bond, we must consider the contribution from each resonance structure. In other words,
does the carbonyl group have more double-bond character or more single-bond character? The second resonance structure exhibits charge
separation, as well as a carbon atom (C™) that has less than an octet of electrons. Both of these reasons explain why the second resonance
structure contributes only slightly to the overall character of the carbonyl group. Therefore, the carbonyl group of a ketone has mostly
double-bond character.

Now consider the resonance structures for a conjugated, unsaturated ketone.

one additional
resonance structure

Conjugated, unsaturated ketones have three resonance structures rather than two. In the third resonance structure, the carbonyl group is
drawn as a single bond. Once again, this resonance structure exhibits charge separation as well as a carbon atom (C*) with less than an octet
of electrons. As a result, this resonance structure also contributes only slightly to the overall character of the compound. Nevertheless, this
third resonance structure does contribute some character, giving this carbonyl group slightly more single-bond character than the carbonyl
group of a saturated ketone. With more single-bond character, it is a slightly weaker bond, and therefore produces a signal at a lower
wavenumber (1680 cm™' rather than 1720 cm™").

Esters exhibit a similar trend. An ester typically produces a signal at around 1740 cm™!, but conjugated, unsaturated esters produce
signals at a lower wavenumber, usually around 1710 cm™'. Once again, the carbonyl group of a conjugated, unsaturated ester is a weaker
bond, due to resonance.

An ester A conjugated, unsaturated ester

\)(TLOR \)}OR

1740 cm™! 1710 cm™!

PROBLEM 2.6 The following compound has three carbonyl groups. Rank them in order of decreasing wavenumber in an IR
spectrum:
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2.4 SIGNAL INTENSITY

In an IR spectrum, some signals will be very strong in comparison with other signals on the same spectrum:

100

80

N

Weak Signal

40

% Transmittance

20

Strong Signal

Wavenumber (cm™)

That is, some bonds absorb IR radiation very efficiently, while other bonds are less efficient at absorbing IR radiation. The efficiency of
a bond at absorbing IR radiation depends on the magnitude of the dipole moment for that bond. For example, compare the following two

highlighted bonds:
P L

Each of these bonds has a measurable dipole moment, but they differ significantly in size. Let’s first analyze the carbonyl group (C=0
bond). Due to resonance and induction, the carbon atom bears a large partial positive charge, and the oxygen atom bears a large partial
negative charge. The carbonyl group therefore has a large dipole moment. Now let’s analyze the C=C bond. One vinylic position is
connected to electron-donating alkyl groups, while the other vinylic position is connected to hydrogen atoms. As a result, the vinylic
position bearing two alkyl groups is slightly more electron-rich than the other vinylic position, producing a small dipole moment.

Since the carbonyl group has a larger dipole moment, the carbonyl group is more efficient at absorbing IR radiation, producing a
stronger signal:

100

-

80
60

/
40 cC=C
/ \

% Transmittance

20

0 I I I
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Carbonyl groups often produce the strongest signals in an IR spectrum, while C=C bonds often produce fairly weak signals. In fact, some
alkenes do not even produce any signal at all. For example, consider the IR spectrum of 2,3-dimethyl-2-butene:

100 No signal
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40

% Transmittance
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This alkene is symmetrical. That is, both vinylic positions are electronically identical, and the bond has no dipole moment at all. As
such, this C=C bond is completely inefficient at absorbing IR radiation, and no signal is observed. The same is true for symmetrical
C=C bonds.

There is one other factor that can contribute significantly to the intensity of signals in an IR spectrum. Consider the group of signals
appearing just below 3000 cm™ in the previous spectrum. These signals are associated with the stretching of the C—H bonds in the
compound. The intensity of these signals derives from the number of C—H bonds giving rise to the signals. In fact, the signals just below
3000 cm™! are typically among the strongest signals in an IR spectrum.

PROBLEMS
2.7 Predict which of the following C=C bonds will produce the strongest signal in an IR spectrum:

: Cl Cl / Cl Cl
Cl Cl Cl Cl
2.8 The C=C bond in the following compound produces an unusually strong signal. Explain using resonance structures:

(0]
AN

2.5 SIGNAL SHAPE

In this section, we will explore some of the factors that affect the shape of a signal. Some signals in an IR spectrum might be very broad
while other signals can be very narrow:
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% Transmittance
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Broad Signal

Narrow Signal

% Transmittance

Wavenumber (cm™)

Wavenumber (cm™)

Concentrated alcohols commonly exhibit broad O—H signals, as a result of hydrogen bonding, which weakens the O—H bonds.

O+ 5- H
\/OTH . )O’
This bond is weakened
as a result of H-bonding

At any given moment in time, the O—H bond in each molecule is weakened to a different extent. As a result, all of the O—H bonds do
not have a uniform bond strength, but rather, there is a distribution of bond strength. That is, some molecules are barely participating in
H-bonding, while others are participating in H-bonding to varying degrees. The result is a broad signal.

The shape of an O—H signal is different when the alcohol is diluted in a solvent that cannot form hydrogen bonds with the alcohol. In
such an environment, it is likely that the O—H bonds will not participate in an H-bonding interaction. The result is a narrow O—H signal.
When the solution is neither very concentrated nor very dilute, two signals may be observed. The molecules that are not participating in
H-bonding will give rise to a narrow signal, while the molecules participating in H-bonding will give rise to a broad signal. As an example,
consider the following spectrum of 2-butanol, in which both signals can be observed:
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When O—H bonds do not participate in H-bonding, they generally produce a narrow signal at approximately 3600 cm™'. That signal can
be seen in the spectrum above. When O—H bonds participate in H bonding, they generally produce a broad signal between 3200 cm™'
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and 3600 cm™'. That signal can also be seen in the spectrum. Depending on the conditions, an alcohol will either give a broad signal, or a

narrow signal, or both. In most cases that we will encounter, O—H bonds will appear as broad signals.
Carboxylic acids exhibit similar behavior; only more pronounced. For example, consider the following spectrum of a carboxylic acid:
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Notice the very broad signal on the left side of the spectrum, extending from 2200 cm™" to 3600 cm™'. This signal is so broad that it
extends over the usual C—H signals that appear around 2900 cm™". This very broad signal, characteristic of carboxylic acids, is a result
of H-bonding. The effect is more pronounced than alcohols, because molecules of the carboxylic acid can form two hydrogen-bonding

interactions, resulting in a dimer.

The IR spectrum of a carboxylic acid is easy to recognize, because of the characteristic broad signal that covers nearly one third of the

spectrum. This broad signal is also accompanied by a strong C=0 signal just above 1700 cm™!.

PROBLEMS For each IR spectrum below, identify whether it is consistent with the structure of an alcohol, a carboxylic acid,

or neither.

2.9 100 Courtesy of Richard A. Tomasi, Ph.D.
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2.10 100 Courtesy of Richard A. Tomasi, Ph.D.
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2. 1 3 Courtesy of Richard A. Tomasi, Ph.D.
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There is another important factor, in addition to H-bonding, that affects the shape of a signal. Consider the difference in shape of
the N—H signals for primary and secondary amines:

NN, ¢ N—H

hexanamine piperidine
(a primary amine) (a secondary amine)
© N
Q Q
= =
] S
2 2
g g ;
1%2) © i
s S :
< < ;
S s [
4000 3500 3000 2500 4000 3500 3000 2500
Wavenumber (cm™) Wavenumber (cm™)

The primary amine exhibits two signals: one at 3350 cm™ and the other at 3450 cm™". In contrast, the secondary amine exhibits only one
signal. It might be tempting to explain this by arguing that each N—H bond gives rise to a signal, and therefore a primary amine gives
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two signals because it has two N—H bonds. Unfortunately, that simple explanation is not accurate. In fact, both N—H bonds of a single
molecule will together produce only one signal. The reason for the appearance of two signals is more accurately explained by considering
the two possible ways in which the entire NH, group can vibrate. The N—H bonds can be stretching in phase with each other, called
symmetric stretching, or they can be stretching out of phase with each other, called asymmetric stretching:

N N

\ ¥

N N
Symmetric Asymmetric
stretching stretching

At any given moment in time, approximately half of the molecules will be vibrating symmetrically, while the other half will be vibrating
asymmetrically. The molecules vibrating symmetrically will absorb a particular frequency of IR radiation to promote a vibrational excita-
tion, while the molecules vibrating asymmetrically will absorb a different frequency. In other words, the NH, functional group is capable
of absorbing two different frequencies. One of the signals is produced by half of the molecules, and the other signal is produced by the

other half of the molecules.
For a similar reason, the C—H bonds of a CH, group (appearing just below 3000 cm™" in an IR spectrum) generally give rise to a series
of signals, rather than just one signal. These signals arise from the various ways in which a CH, group can be excited both symmetrically

and asymmetrically.

PROBLEMS For each IR spectrum below, determine whether it is consistent with the structure of a ketone, an alcohol, a carboxylic
acid, a primary amine, or a secondary amine.
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2.17 100 Courtesy of Richard A. Tomasi, Ph.D.
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2. 19 Courtesy of Richard A. Tomasi, Ph.D.
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2.20 100 Courtesy of Richard A. Tomasi, Ph.D.
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2.6 ANALYZING AN IR SPECTRUM

The following table is a summary of useful signals in the diagnostic region of an IR spectrum:

Useful Signals in the Diagnostic Region
Structural Unit Wavenumber (cm™') Structural Unit Wavenumber (cm™')
Single Bonds (X-H) Double Bonds
—O—H 3200 - 3600 C'\
/C:O 1750 - 1850
(0]
>~O—H 2200 - 3600
RO\
\ /C:O 1700 - 1750
/N—H 3350 - 3500 R
HO\
—c—n ~ 3300 /C:O 1700 - 1750
~ X R
N\ R
/C—H 3000 - 3100 /CZO 1680 - 1750
R
|
—C—H 2850 - 3000 HZN\
| c=0 1650 - 1700
1) R
S
/C —H 2750, 2850 y
(two signals) >o:c\ 1600 - 1700
Triple Bonds
—C=Cc— 2100 - 2200 ::: 1450 - 1600
1650 - 2000
—C=N 2200 - 2300
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When analyzing an IR spectrum, the first step is to draw a line at 1500 cm™". Focus on any signals to the left of this line (the diagnostic
region). In doing so, it will be extremely helpful if you can identify the following regions:

Double bonds: 1600-1850 cm™

Triple bonds: 2100-2300 cm™

C—H, N—H, or O—H bonds: 27004000 cm™"
Remember that each signal appearing in the diagnostic region will have three characteristics (wavenumber, intensity, and shape). Make
sure to analyze all three characteristics.

When looking for bonds to H (C—H bonds, N—H bonds, or O—H bonds), draw a line at 3000 cm™~" and look for signals that appear
to the left of the line:

B \
-N_ //C—H
H
—-0-H =C-H

% Transmittance

It mm T e s e mmmmmmmmmm === === =~ o

|
3600 3400 3200 3000 2800
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EXERCISE 2.21 A compound with the molecular formula C;H,,O gives the following IR spectrum:
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Identify the structure below that is most consistent with the spectrum:

o~ oA A O

OH
O O

A
J

\
ks

Solution Draw a line at 1500 cm™, and focus on the diagnostic region (to the left of the line). Start by looking at the double-bond
region and the triple-bond region:

Triple Double
Bonds Bonds
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REGION
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There are no signals in the triple-bond region, but there are two signals in the double-bond region. The signal at 1650 cm™! is narrow and
weak, consistent with a C=C bond. The signal at 1720 cm™! is strong, consistent with a C=0 bond.

Next, look for C—H bonds, N—H bonds, or O—H bonds that produce signals above 3000 cm~!. Draw a line at 3000 cm™!, and identify
if there are any signals to the left of this line.
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Bonds to H
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This spectrum exhibits one signal just above 3000 cm™', indicating a vinylic C—H bond.

\C—H
a

The identification of a vinylic C—H bond is consistent with the observed C=C signal present in the double-bond region (1650 cm™").
There are no other signals above 3000 cm™!, so the compound does not possess any OH or NH bonds.

The little bump between 3400 and 3500 cm™' is not strong enough to be considered a signal. These bumps are often observed in the
spectra of compounds containing a C=0 bond. The bump occurs at exactly twice the wavenumber of the C=O0 signal, and is called an

overtone of the C=0 signal.
The diagnostic region provides the information necessary to solve this problem. Specifically, the compound must have the following
bonds: C=C, C=0, and vinylic C—H. Among the possible choices, there are only two compounds that have these features:

0] 0]
)W \HJ\/
To distinguish between these two possibilities, notice that the second compound is conjugated, while the first compound is not conju-

gated (the © bonds are separated by more than one sigma bond). Recall that ketones produce signals at approximately 1720 cm™', while
conjugated ketones produce signals at approximately 1680 cm™".

(@] (0]
)TW W
1720 cm™! 1680 cm™!

In the spectrum provided, the C==0 signal appears at 1720 cm™!, indicating that it is not conjugated. The spectrum is therefore consistent
with the following compound:

O

)J\/\/
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PROBLEM 2.22 Match each compound with the appropriate spectrum, and identify the signals that justify your choice.

)

O >7OH OH
MeO

o}

Spectrum A

Courtesy of Richard A. Tomasi, Ph.D.
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Spectrum B

Courtesy of Richard A. Tomasi, Ph.D.
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Spectrum C

Courtesy of SDBS, National Institute of Advanced Industrial Science and Technology
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Spectrum D

Courtesy of Richard A. Tomasi, Ph.D.
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Spectrum E
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CHAPTER 3

NMR SPECTROSCOPY

Nuclear magnetic resonance (NMR) spectroscopy is the most useful technique for structure determination that you will encounter in your
textbook. Analysis of an NMR spectrum provides information about how the individual carbon and hydrogen atoms are connected to each
other in a molecule. This information enables us to determine the carbon-hydrogen framework of a compound, much the way puzzle
pieces can be assembled to form a picture.

Your textbook will provide an explanation of the theoretical underpinnings of NMR spectroscopy (how it works). Here is a brief
summary:

The nucleus of a hydrogen atom (which is just a proton) possesses a property called nuclear spin. A true understanding of this property
is beyond the scope of our course, so we will think of it as a rotating sphere of charge, which generates a magnetic field, called a magnetic
moment. When the nucleus of a hydrogen atom is subjected to an external magnetic field, the magnetic moment can align either with the
field (called the a spin state) or against the field (called the f spin state). There is a difference in energy (AE) between these two spin states.
If a proton occupying the « spin state is subjected to electromagnetic radiation, an absorption can take place IF the energy of the photon
is equivalent to the energy gap between the spin states. The absorption causes the nucleus to flip to the p spin state, and the nucleus is said
to be in resonance; thus the term nuclear magnetic resonance. NMR spectrometers employ strong magnetic fields, and the frequency of
radiation typically required for nuclear resonance falls in the radio wave region of the electromagnetic spectrum (called rf radiation).

At a particular magnetic field strength, we might expect all nuclei to absorb the same frequency of rf radiation. Luckily, this is not the
case, as nuclei are surrounded by electrons. In the presence of an external magnetic field, the electron density circulates, establishing a
small, local magnetic field that shields the proton. Not all protons occupy identical electronic environments. Some protons are surrounded
by more electron density and are more shielded, while other protons are surrounded by less electron density and are less shielded, or
deshielded. As a result, protons in different electronic environments will absorb different frequencies of rf radiation. This allows us to
probe the electronic environment of the hydrogen atoms in a compound.

3.1 CHEMICAL EQUIVALENCE

The spectrum produced by '"H NMR spectroscopy (pronounced “proton” NMR spectroscopy) is called a proton NMR spectrum. Here is
an example:

Courtesy of Richard A. Tomasi, Ph.D.

Proton NMR

Chemical Shift (ppm)
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The first valuable piece of information is the number of signals (the spectrum above has three different signals). In addition, each signal
has the following important characteristics:

1. The location of each signal indicates the electronic environment of the protons giving rise to the signal.
2. The area under each signal indicates the number of protons giving rise to the signal.

3. The shape of the signal indicates the number of neighboring protons.

We will discuss these characteristics in the upcoming sections. First let’s explore the information that is revealed by counting the number
of signals in a spectrum.

The number of signals in a proton NMR spectrum indicates the number of different kinds of protons (protons in different elec-
tronic environments). Protons that occupy identical electronic environments are called chemically equivalent, and they will produce only
one signal.

Two protons are chemically equivalent if they can be interchanged by a symmetry operation. Your textbook will likely provide a detailed
explanation, with examples. For our purposes, the following simple rules can guide you in most cases.

 The two protons of a CH, group will generally be chemically equivalent if the compound lacks chiral centers. But if the compound
has a chiral center, then the protons of a CH, group will generally not be chemically equivalent:

x
H H H H
these two protons these two protons
are are not
chemically equivalent chemically equivalent

* Two CH, groups will be equivalent to each other (giving four equivalent protons) if the CH, groups can be interchanged by either
rotation or reflection. Example:

H HH H

N\

these four protons
are
chemically equivalent

* The previous rule also applies for CH, groups or CH groups. Here are examples:

HaC.__~_~CHs M
N/ \ A

these six protons these two protons
are are
chemically equivalent chemically equivalent

e The three protons of a CH, group are always chemically equivalent, even if there are chiral centers in the compound:

these three protons

O/CHS are chemically equivalent
"OH
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» For aromatic compounds, it will be less confusing if you draw a circle in the ring, rather than drawing alternating © bonds. For
example, the following two methyl groups are equivalent, which can be easily seen when drawn in the following way:

Cl
H3C CHj

/

these six protons
are chemically equivalent

EXERCISE 3.1 Identify the number of signals expected in the "H NMR spectrum of the following compound:

/\/\></\/\

Answer Let’s begin with the two methyl groups at the center of this compound:

HsC CHgz

MN\

These two methyl groups are equivalent to each other, because they can be interchanged by either rotation or reflection (only one type of
symmetry is necessary, but in this case we have both, reflection and rotation, so these six protons are certainly chemically equivalent). We
therefore expect one signal for all six protons.

Now let’s consider the following methylene (CH,) groups:

S

H HH H

For each of these methylene groups, the two protons are chemically equivalent because there are no chiral centers. In addition, these two
methylene groups will be equivalent to each other, since they can be interchanged by rotation or reflection. We therefore expect one signal
for all four protons.

The same argument applies for the following two methylene groups:

H H H H

These four protons are chemically equivalent. But they are different from the other methylene groups in the compound, because they
cannot be interchanged with any of the other methylene groups via rotation or reflection.
In a similar way, the following four protons are chemically equivalent:
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And the following four protons are also chemically equivalent:

H H H H

And finally, the following six protons are also chemically equivalent:

HSC/\/\></\/\CH

Note that these six protons are different from the six protons in the center of the compound, because the first set of six protons cannot be
interchanged with the other set of six protons via either rotation or reflection.
In total, there are six different types of protons:

3

So we would expect the proton NMR spectrum of this compound to have six signals.

PROBLEMS Identify the number of signals expected in the proton NMR spectrum of each of the following compounds.

35 /\/ 3.6 /\/\OH 3.7 HO/\/\OH

OH
OCHs )\/\)\
3.8 /'\/ 39 Q 3.10

3.11 If you look at your answers to the previous problems, you should find that one of the structures was expected to produce an NMR
spectrum with only one signal. In that structure (Problem 3.4), all six methyl groups were chemically equivalent. Using that example as
guidance, propose two possible structures for a compound with the molecular formula CyH, that exhibits an NMR spectrum with only
one signal.

3.2 CHEMICAL SHIFT (BENCHMARK VALUES)

We will now begin exploring the three characteristics of every signal in an NMR spectrum. The first characteristic is the location of
the signal, called its chemical shift (8), which is defined relative to the frequency of absorption of a reference compound, tetramethylsi-
lane (TMS):

CHs
H3C—Si—CHs
CHs

Tetramethylsilane (TMS)
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Your textbook will go into greater depth in explaining chemical shift and why it is a unitless number that is reported in parts per million
(ppm). For now, we will simply point out that for most organic compounds, the signals produced will fall in a range between 0 and 10 ppm.
In rare cases, it is possible to observe a signal occurring at a chemical shift below 0 ppm, which results from a proton that absorbs a lower
frequency than the protons in TMS. Most protons in organic compounds absorb a higher frequency than TMS, so all chemical shifts that
you encounter in your textbook will be positive numbers.

The left side of an NMR spectrum is described as downfield, and the right side of the spectrum is described as upfield:

Courtesy of Richard A. Tomasi, Ph.D.

Proton NMR
i Upfield
Downfield (shielded protons)
(deshielded protons)

,M( T™MS
1 |
1 T 1 T 1 T 1 T 1 T 1 T 1 T 1 T 1
8 7 6 5 4 3 2 1 0

Chemical Shift (ppm)

But keep in mind that these terms are used in a relative way. For example, we would say that the signal at 2.5 ppm (in the spectrum above)
is downfield from the signal at 1.2 ppm. Similarly, the signal at 6.8 ppm is upfield from the signal at 7.1 ppm.

The protons of alkanes typically produce signals between 1 and 2 ppm. We will now explore some of the effects that can push a signal
downfield (relative to the protons of an alkane). Recall that electronegative atoms, such as halogens, withdraw electron density from
neighboring atoms:

+—>

HaC——X

(X=F, Cl, Br, or I)

This inductive effect causes the neighboring protons to be deshielded (surrounded by less electron density), and as a result, the signal
produced by these protons is shifted downfield—that is, the signal appears at a higher chemical shift than the protons of an alkane.
The strength of this effect depends on the electronegativity of the halogen. Compare the chemical shifts of the protons in the following
compounds:

I A A I A
H—(I)—H H—(IJ—I H—(|3—Br H—(I)—CI H—(|3—F
H H H H H
1.0 ppm 2.2 ppm 2.7 ppm 3.1 ppm 4.3 ppm

Fluorine is the most electronegative element, and therefore produces the strongest effect. When multiple halogens are present, the effect
is generally additive, as can be seen when comparing the following compounds:

! i ¢ o
|
H—(I:—H H—C—ClI H—(l)—CI H—(ID—CI
|
H H H Cl

1.0 ppm 3.1 ppm 5.5 ppm 7.3 ppm
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Each chlorine atom adds approximately 2 ppm to the chemical shift of the signal. An important aspect of inductive effects is the fact that
they taper off drastically with distance, as can be seen by comparing the chemical shifts of the protons in the following compound:

1.6 ppm
H H
Ho Y ? « Cl
H H H
0.9 ppm 3.3 ppm

The effect is most significant for the protons at the alpha (a) position. The protons at the beta (f) position are only slightly affected, and
the protons at the gamma (y) position are virtually unaffected by the presence of the chlorine atom.

By committing a few numbers to memory, you should be able to predict the chemical shifts for the protons in a wide variety of
compounds, including alcohols, ethers, ketones, esters, and carboxylic acids. The following numbers can be used as benchmark values:

methyl methylene methine
H
| M |
—C—H Jcl —(|3—H
H H
~ 0.9 ppm ~1.2 ppm ~ 1.7 ppm

In the absence of inductive effects, a methyl group (CH,) will generally produce a signal near 0.9 ppm, a methylene group (CH,) will
produce a signal near 1.2 ppm, and a methine group (CH) will produce a signal near 1.7 ppm. These benchmark values are then modified
by the presence of neighboring functional groups, in the following way:

Functional group Effect on o protons Example
Oxygen of an alcohol or ether +2.5 HO?( methylene group (CH,) = 1.2 ppm
/ next to oxygen = +2.5 ppm
H H 3.7 ppm
Oxygen of an ester +3 1) methylene group (CHp) = 1.2 ppm
Y X / next to oxygen = + 3.0 ppm
o H H 4.2 ppm
Carbonyl group (C=0) All +1 o}
carbonyl groups, including ketones, methylene group (CHp) = 1.2 ppm
aldehydes, esters, etc / next o carbonyl = + 1.0 ppm
’ T H H 2.2 ppm

The values above represent the effect of a few functional groups on the chemical shifts of alpha protons. The effect on beta protons is
generally about one-fifth of the effect on the alpha protons. For example, in an alcohol, the presence of an oxygen atom adds +2.5 ppm
to the chemical shift of the alpha protons, but adds only +0.5 ppm to the beta protons. Similarly, a carbonyl group adds +1 ppm to the
chemical shift of the alpha protons, but only +0.2 to the beta protons.

The values above (together with the benchmark values for methyl, methylene, and methine groups), enable us to predict the chemical
shifts for the protons in a wide variety of compounds. Let’s see an example.
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EXERCISE 3.12 Predict the chemical shifts for the signals in the proton NMR spectrum of the following compound:

P

Solution First determine the total number of expected signals. In this compound, there are four different kinds of protons, giving
rise to four distinct signals. For each type of signal, identify whether it represents methyl (0.9 ppm), methylene (1.2 ppm), or methine
(1.7 ppm) groups:

methine
(17) =— 4 o

methyl
—>» (0.
ety HSC+O)S<CH3 ©.9)
(0.9) HsC
H H —> methylene
(1.2)

Finally, modify each of these numbers based on proximity to the oxygen and the carbonyl group:

methyl protons (CHz) = 0.9 ppm
p beta to the carbonyl = + 0.2 ppm

methine proton (CH) = 1.7 ppm
alpha to the oxygen = + 3.0 ppm 1.1 ppm

4.7 ppm ~__ /

H (e}
H30+O)S<CH3
/ H3C H W
methyl protons (CHz) = 0.9 ppm

beta to the oxygen = + 0.6 ppm \
1.5 ppm

methylene protons (CHp) = 1.2 ppm
alpha to the carbonyl = + 1.0 ppm

2.2 ppm

These values are only estimates, and the actual chemical shifts might differ slightly from the predicted values. Note that for the methine
proton, we did not count the distant C=0 bond and add +0.2, because the ester group is considered as one group, which has the effect
of adding +3.0 to the chemical shift of the methine proton. Similarly, note that for the methylene protons, we did not add +0.5 for a

distant oxygen. Once again, the ester group is considered as one group, which has the effect of adding +1.0 to the chemical shift of the
methylene protons.

PROBLEMS  Predict the chemical shifts for the signals in the proton NMR spectrum of each of the following compounds:
2 0

0

W)J\OMe \O/\)J\
3.13 3.14

o/_\o ©
316 3.17 ><:>:O 3.18 \/OJ\

0 3.15
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The chemical shift of a proton is also sensitive to the presence of nearby n electrons. This effect is particularly strong for aromatic
protons (protons connected directly to an aromatic ring). In your textbook, you will find a diagram showing how (and why) the aromatic
protons are affected. Here is a brief summary. The external magnetic field causes the n electrons to circulate, and this flow of electrons
causes an induced, local magnetic field. The aromatic protons experience not only the external magnetic field, but they also experience
the induced, local magnetic field. As a result, aromatic protons feel a stronger net magnetic field, which causes their signals to be shifted
downfield, significantly. In fact, aromatic protons generally produce signals in the neighborhood of 7 ppm (sometimes as high as 8 ppm,
sometimes as low as 6.5 ppm) in an NMR spectrum. For example, consider the structure of ethylbenzene:

Ethylbenzene has three different kinds of aromatic protons (make sure you can identify them), producing three overlapping signals just
above 7 ppm. A complex set of overlapping signals around 7 ppm is characteristic of compounds with aromatic protons.

The methylene group (CH,) in ethylbenzene produces a signal at 2.6 ppm, rather than the expected benchmark value of 1.2 ppm. These
protons have been shifted downfield because of their proximity to the aromatic ring. They are not shifted as much as the aromatic protons
themselves, because the methylene protons are farther away from the ring, but there is still a noticeable effect.

All & electrons, whether they belong to an aromatic ring or not, have an effect on neighboring protons. For each type of & bond, the
precise location of the nearby protons determines their chemical shift. For example, aldehydic protons produce characteristic signals at
approximately 10 ppm. Below are some important chemical shifts. It would be wise to become familiar with these numbers, as they will
be required in order to interpret proton NMR spectra:

Type of proton Chemical Shift (6) Type of proton Chemical Shift (6)
methyl R—CH, ~0.9 alkyl halide Il-l 2-4
R— (|3 —X
R
methylene \ ~1.2 alcohol R—O—H 2-5
CH,
methine  \ ~1.7 vinylic H 4.5-6.5
—C—H =4
/
allylic H ~2 aryl 6.5-8
vlie N
alkynyl R— =——H ~2.5 aldehyde o} ~10
R H
benzylic methyl ~2.5 carboxylic acid (0] ~12
p
R™ ~o0”
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PROBLEM 3.19 Predict the expected chemical shift for each type of proton in the following compound:

H O

// OH
OH

3.3 INTEGRATION

In the previous section, we learned about the first characteristic of every signal, chemical shift. In this section, we will explore the second
characteristic, integration, which is the area under each signal. This value indicates the number of protons giving rise to the signal. After
acquiring a spectrum, a computer calculates the area under each signal, and then displays this area as a numerical value placed under
the signal:

Courtesy of Richard A. Tomasi, Ph.D.
Proton NMR

i A,

T T T T T T T T T T T T T T T T T T T T T T T T T T
3.0 2.8 2.6 2.4 2.2 2.0 1.8 1.6 1.4 1.2 1.0 0.8 0.6 ppm
Integration Values 27.0 40.2 284 42.2

These numbers only have meaning when compared to each other. In order to convert these numbers into useful information, choose the
smallest number (27.0 in this case), and then divide all integration values by this number:

270 _ 1 402 _ 1.49 284 _ 1.05 422 _ 1.56

27.0 27.0 27.0 27.0
These numbers provide the relative number, or ratio, of protons giving rise to each signal. This means that a signal with an integration of
1.5 involves one and a half times as many protons as a signal with an integration of 1. In order to arrive at whole numbers (there is no
such thing as half a proton), multiply all the numbers above by two, giving the same ratio now expressed in whole numbers, 2 : 3 : 2 : 3.
In other words, the signal at 2.4 ppm represents 2 equivalent protons, and the signal at 2.1 ppm represents 3 equivalent protons.

Integration values are often represented by step-curves, for example:

Courtesy of Richard A. Tomasi, Ph.D
Proton NMR

JJ
e

3.0 2.8 2.6 24 2.2 2.0 1.8 .
— [— [ —
Integration Values 27.0 40.2 284 422
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The height of each step curve represents the area under the signal. In this case, a comparison of the heights of the four step curves reveals
aratioof 2:3:2:3.
When interpreting integration values, don’t forget that the numbers are only relative. For example, consider the structure of butane:

SN

Butane has two kinds of protons, and will therefore produce two signals in its proton NMR spectrum. The methyl groups give rise to one
signal and the methylene groups give another signal. A computer analyzes the area under each signal and provides numbers that allow us to
calculate a ratio of 2 : 3. This ratio only indicates the relative number of protons giving rise to each signal, not the exact number of protons.
In this case, the exact numbers are 4 (for the methylene groups) and 6 (for the methyl groups). When analyzing the NMR spectrum of an
unknown compound, the molecular formula provides extremely useful information because it enables us to determine the exact number
of protons giving rise to each signal. If we were analyzing the spectrum of butane, the molecular formula (C,H,,) would indicate that the
compound has a total of 10 protons. This information then allows us to determine that the ratio of 2 : 3 must correspond with 4 protons
and 6 protons, in order to give a total of 10 protons.

The previous example illustrated the important role that symmetry can play when considering integration values. Here is another
example:

Ao N

This compound has only two kinds of protons, because the two methylene groups are equivalent to each other, and the two methyl groups
are equivalent to each other. The proton NMR spectrum is therefore expected to exhibit only two signals, with relative integration values
of 2 : 3. But once again, the values 2 and 3 are just relative numbers. They actually represent 4 protons and 6 protons. This can be determined
by inspecting the molecular formula (C,H,,0) which indicates a total of 10 protons in the compound. Since the ratio of protons is 2 : 3,
this ratio must represent 4 and 6 protons, in order for the total number of protons to be 10.

EXERCISE 3.20 A compound with the molecular formula C;H,,0, has the following proton NMR spectrum. Determine the number
of protons giving rise to each signal:

Courtesy of Richard A. Tomasi, Ph.D.
Proton NMR

. \

L UL UL A UL LALELELAN AL ELELELAL DAL LR
50 45 40 35 30 25 20 15 1.0 0.5ppm
e C Bl
6.33 Integration Values 19.4 379

Solution The spectrum has three signals. Begin by comparing the relative integration values: 6.33, 19.4, and 37.9. Divide each of
these three numbers by the smallest number (6.33):

oo
|
e )
.o\»—‘
|
SIS
oW
|
e )
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This gives aratio of 1 : 3 : 6, but these are just relative numbers. To determine the exact number of protons giving rise to each signal, look
at the molecular formula, which indicates a total of 10 protons in the compound. Therefore, the numbers 1 : 3 : 6 are not only relative

values, but they are also the exact values. Exact integration values are sometimes expressed in the following way:

Courtesy of Richard A. Tomasi, Ph.D.

Proton NMR 6H
3H
1H
il
L A N UL LN UL LA B N
30 25 20 15 1.0 0.5ppm

MR B I
50 45 40 35

PROBLEMS
3.21 A compound with the molecular formula C¢H,,0 has the following proton NMR spectrum. Determine the number of

protons giving rise to each signal.
Courtesy of Richard A. Tomasi, Ph.D.

Proton NMR
CgH;o0

3.22 A compound with the molecular formula C;H,,O has the following proton NMR spectrum. Determine the number of protons

giving rise to each signal.
Courtesy of Richard A. Tomasi, Ph.D.
Proton NMR
C,H44,0
YN
T
35 3.0 25 2.0 1.5 1.0 ppm
[
10.8 65.7

Integration Values
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3.23 A compound with the molecular formula C,H,O, has the following proton NMR spectrum. Determine the number of protons
giving rise to each signal.

Courtesy of Richard A. Tomasi, Ph.D.

Proton NMR
C4H602
50 45 40 35 3.0 25 2.0 1.5 ppm
— ——
18.02 Integration Values 19.77

19.46

3.4 MULTIPLICITY

The third, and final, characteristic of each signal is its multiplicity, which refers to the number of peaks in the signal. A singlet has one
peak, a doublet has two peaks, a triplet has three peaks, a quartet has four peaks, a quintet has five peaks, etc:

I Y

Singlet Doublet Triplet Quartet Quintet Sextet Septet

The multiplicity of a signal is the result of the magnetic effects of neighboring protons, and therefore indicates the number of neighboring
protons. Your textbook will explain the cause for this effect in detail. The net effect can be summarized with the n + 1 rule, which states
the following: if n is the number of neighboring protons, then the multiplicity will be n + 1. For example, a proton with three neighbors
(n = 3) will be split into a quarter (n + 1 =3 + 1 = 4 peaks).

It is important to realize that nearby protons do not always split each other. There are two major factors that determine whether or not
splitting occurs:

1. Equivalent protons do not split each other. Consider the two methylene groups in the following compound:

H H

Cl
Cl

H H

Four equivalent protons
no splitting

All four protons are chemically equivalent, and therefore, they do not split each other. Instead, they produce one signal that has
no neighboring protons (n = 0), so the signal is a singlet (n + 1). In order for splitting to occur, the neighboring protons must be
different than the protons producing the signal.

2. Splitting is most commonly observed when protons are separated by either two or three sigma bonds:

H, H, Hp
Yy i
I |
non-equivalent protons non-equivalent protons

separated by two sigma bonds separated by three sigma bonds
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However, when two protons are separated by more than three sigma bonds, splitting is generally not observed:

a b

H H

E Y
RERE
too far apart

Such long-range splitting is only observed in rigid molecules, such as bicyclic compounds, or in molecules that contain rigid structures,
such as allylic systems. For purposes of this introductory treatment of NMR spectroscopy, we will avoid examples that exhibit substantial
long-range splitting. Make sure to look through your lecture notes to see if any examples of long-range splitting are included.

EXERCISE 3.24 Determine the multiplicity of each signal in the expected proton NMR spectrum of the following compound:

0]

M A

Solution Begin by identifying the different kinds of protons. That is, determine the number of expected signals.

HsC 0 / methyl group
three equivalent

methyl groups % HaC o CH,

H3C
3 H H ——— > methylene group

This compound is expected to produce three signals in its proton NMR spectrum. Now let’s analyze each signal, using the n + 1 rule:

two neighbors
n+1=3

triplet
HsC (6]
0 neighbors 1 /
K )S(CHQ,
o}

n+1=1 ==—— HsC

smglet HaC H H ——» three neighbors

n+l=4
quartet

Notice that the ferz-butyl group (on the left side of the molecule) appears as a singlet, because the following carbon atom has no protons:

>T<Oj\/

no protons

This quaternary carbon atom is directly connected to each of the three neighboring methyl groups, and as a result, each of the three methyl
groups has no neighboring protons. This is characteristic of zert-butyl groups.
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PROBLEMS  Predict the multiplicity of each signal in the expected proton NMR spectrum of each of the following compounds:
O

O 0
OMe o >< /\)J\
0
3.25 % 3.26 3.27
/ \ o
0 ° o )\
328 > 3.29 ><D: 330 ~ 0

When signal splitting occurs, the distance between the individual peaks of a signal is called the coupling constant, or J value, and is
measured in Hz. Neighboring protons always split each other with equal J values. For example, consider the two kinds of protons in an
ethyl group:

o T
Ko
Ha Hb
Jab Jab Jab Jab Jab
Signal for H, Signal for Hy,

The H, signal is split into a quartet under the influence of its three neighbors, while the H, signal is split into a triplet under the influence
of its two neighbors. H, and H, are said to be coupled to each other. The coupling constant, J,,, is the same for each proton, so the spacing
between the peaks is the same in both signals.

3.5 PATTERN RECOGNITION

There are a few splitting patterns that are commonly seen in proton NMR spectra, and you will save yourself time on an exam if you can
recognize these patterns:

Ethyl Isopropyl tert-butyl

1H 6H 9H

—

An ethyl group is characterized by a triplet with an integration of 3 and a quartet with an integration of 2. An isopropyl group is characterized
by a doublet with an integration of 6 and a septet with an integration of 1. A fert-butyl group is characterized by a singlet with an
integration of 9.

Let’s get some practice recognizing these patterns.
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. Identify whether these compounds are likely to contain ethyl,

Below are proton NMR spectra of several compounds

PROBLEMS
isopropyl, and/or tert-butyl groups:
3.31 Courtesy of Richard A. Tomasi, Ph.D.
Proton NMR 6
CsH1002 3
1
R
5.0 45 4.0 35 3.0 25 2.0 15 10 ppm
3.32 Courtesy of Richard A. Tomasi, Ph.D.
Proton NMR
CgH40
T T
9 7 6 5 4 3 2 1 ppm
— T — —
13.9 14.2 20.9
215
3.33 Courtesy of Richard A. Tomasi, Ph.D.
Proton NMR
C,H44,0
MU
T
3.5 3.0 25 2.0 1.5 1.0 ppm
—_— —
10.8 65.7
3.34 Courtesy of Richard A. Tomasi, Ph.D.
Proton NMR
CgHo0
T T T
8 7 6 5 3 2 1 ppm
— — o
18.6 19.1 9.1
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3.6 COMPLEX SPLITTING

Complex splitting occurs when a proton has two different kinds of neighboring protons. For example, consider the splitting pattern that
you might expect for the highlighted proton (Hy) in the following compound

O Hp
He
HaC H,

Ha OCHs;

In this case, H, has two different kinds of neighbors: there is one H, proton to the left, and there are two H_ protons to the right. As a result,
the signal for H, is being split into a doublet because of the nearby H, proton, and it is also being split into a triplet because of the nearby H_
protons. The signal is therefore expected to have six peaks (2 X 3). The shape (multiplicity) of this signal depends greatly on the J values.
In this case, J,;, is much greater than J,, so the signal will appear as a doublet of triplets, as shown in the following splitting tree:

Hp

f——

[&chﬂ‘e‘/bc%\‘ {(—Jbﬁ‘d—‘]bc%\‘

A doublet of triplets

This splitting tree shows the signal for Hy being split into a doublet by one neighboring proton (H, ), and then each peak of this doublet is
further split into a triplet by the neighboring H_ protons. The result is two triplets (spaced very closely next to each other in the spectrum),
and this pattern is called a doublet of triplets, as shown above. This splitting pattern is a result of the fact that the spatial arrangement
between H, and H, is very different than the spatial arrangement between H, and H_, so J,, is much greater than J, .. Let’s now consider
a case in which the J values are more similar. As an example, consider the two H, protons (highlighted) in the following compound:

Ha Hb ,'IC
|
Br—G—G—C—H,
Br Hb Hc

This structure lacks the rigid double bond that was in the previous example, and in such a case (where the compound has only single
bonds that are all experiencing free rotation), all of the J values will generally be very similar (~7 Hz). The H, protons have two different
types of neighbors: there is one neighbor to the left (H,), which should split the signal into a doublet; and there are three neighbors (H,)
to the right, which should split the signal into a quartet. Therefore, we might have expected either a doublet of quartets, or a quartet of
doublets, if there had been a large difference between the J values, J,, and J, .. However, in this case, as we have pointed out, the J values
are extremely similar (J, = J,. & 7 Hz), and in such a case, we do not observe complex splitting. Rather, the H, protons are considered
to have four neighbors, and according to the n + 1 rule, the signal for the H, protons will be a quintet (n + 1 =4 + 1 =5 = quintet). This
outcome can be justified with the following splitting tree:
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Hp
[‘ ch ‘lﬁ ch J‘ ch ’1* :>
Jab X Jab ‘ Jab [ Jap 1 A quintet
.

This splitting tree shows the signal for the H, protons first being split into a quartet by the neighboring H_ protons, and then each peak of
this quartet is further split into a doublet by the neighboring H, proton. Since J,, = J,_, the peaks of the signal end up overlapping perfectly
to produce a signal with exactly five peaks (a quintet). Note that we get the same result (a quintet) if we draw a splitting tree where we first
split the signal into a doublet, and then split each of the two peaks of the doublet into a quartet. The signal is a quintet because J,, =~ J,.

In each of the previous examples, we have seen how the multiplicity of a signal (its shape) depends greatly on the J values. We saw a
case where the J values were very different from each other, giving rise to complex splitting; and we also saw a case where the J values
were extremely similar, in which case complex splitting was not observed. Finally, let’s consider what would be the case if the J values
are similar but not identical. In such a case, the peaks do not overlap nicely, and the result can be a signal that is difficult to analyze. This
type of signal is called a multiplet. An example of a multiplet is shown below.

A multiplet

3.7 NO SPLITTING

In the previous section, we saw examples of complex splitting. Now, in this section, we will explore cases where there is no splitting at
all, despite the presence of neighboring protons. Consider the proton NMR spectrum of ethanol:

Courtesy of Richard A. Tomasi, Ph.D.
Proton NMR

CH3CH,0H 3H

2H

5.0 45 4.0 35 3.0 25 2.0 15 1.0 05
Chemical Shift (ppm)
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As expected, the spectrum exhibits the characteristic signals of an ethyl group (a quartet with an integration of 2 and a triplet with an
integration of 3). In addition, there is another signal at 2.2 ppm, representing the hydroxyl proton (OH). Hydroxyl protons typically produce
a signal between 2 and 5 ppm, and it is often difficult to predict exactly where that signal will appear. In the proton NMR spectrum above,
notice that the hydroxyl proton is not split into a triplet from the neighboring methylene group. Generally, no splitting is observed across
the oxygen of an alcohol, because proton exchange is a very rapid process that is catalyzed by trace amounts of acid or base:

H
|
C:O? H
, H™* H N R H <
/\.O./ /\.Og) + H;O’\H ‘—_‘ /\"O.'/ + H/..\H
L) ’I
H

Hydroxyl protons are said to be labile, because of the rapid rate at which they are exchanged. This proton transfer process occurs at a faster
rate than the timescale of an NMR spectrometer, producing a blurring effect that averages out any possible splitting effect. It is possible
to slow down the rate of proton transfer by scrupulously removing the trace amounts of acid and base dissolved in ethanol. Such purified
ethanol does in fact exhibit splitting across the oxygen atom, so the signal at 2.2 ppm is observed to be a triplet, and the signal at 3.7 ppm
is observed to be a quintet (n = 4).

There is one other common example of neighboring protons that often do not produce observable splitting. Aldehydic protons, which
generally produce signals near 10 ppm, will often couple only weakly with their neighbors (i.e., a very small J value):

0o R
\Y /
C—C~y

/
~10 ppm H H

L

This J value is very small

Because the J value is so small, the aldehyde signal near 10ppm typically appears to be a singlet, despite the presence of
neighboring protons.

3.8 HYDROGEN DEFICIENCY INDEX (DEGREES OF UNSATURATION)

In the previous sections of this chapter, we have learned all of the individual tools that you need for analyzing a proton NMR spectrum
(considering the number of signals, analyzing chemical shifts, assessing integration values, interpreting the multiplicity of each signal,
pattern recognition, etc.). Now, we are just about ready to put all of these tools together. But there is one more important tool that you will
need, and we will cover that tool in this section.

Imagine that you have an unknown compound with a molecular formula of C;H,,0O. The molecular formula by itself does not provide
enough information to draw the structure of the compound. There are many constitutional isomers with the molecular formula C,H,,0.
Nevertheless, a careful analysis of the molecular formula can often provide helpful clues about the structure of the compound. To see how
this works, let’s begin by analyzing the molecular formula of several alkanes.

Compare the structures of the following alkanes, paying special attention to the number of hydrogen atoms attached to each carbon
atom.

Methane Ethane Propane Butane

In each case, there are two hydrogen atoms on the ends of the structures (circled), and there are two hydrogen atoms on every carbon atom.
This can be summarized like this:
H—(CH,),—H 3.1)
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where n is the number of carbon atoms in the compound. Accordingly, the number of hydrogen atoms will be 2n 4 2. In other words, all
of the compounds above have a molecular formula of C H,, ,. This is true even for compounds that are branched rather than having a

straight chain.

CsHi2 CsHi2 CsHi2

The compounds above are said to be saturated—that is, they possess the maximum number of hydrogen atoms possible relative to the
number of carbon atoms present.

A compound with a & bond (a double or triple bond) will have fewer than the maximum number of hydrogen atoms. Such compounds
are said to be unsaturated.

N

SN N
CsHio CsHg

A compound containing a ring will also have fewer than the maximum number of hydrogen atoms, just like a compound with a double
bond. For example, compare the structures of 1-hexene and cyclohexane:

NN O
CeHi2 CeHi2

Both compounds have the molecular formula C(H,, because both are “missing” two hydrogen atoms [6 carbon atoms should be able to
accommodate (2 X 6) + 2 = 14 hydrogen atoms]. Each of these compounds is said to have one degree of unsaturation. The hydrogen
deficiency index (HDI) is a measure of the number of degrees of unsaturation. A compound is said to have one degree of unsaturation for
every two hydrogen atoms that are missing. For example, a compound with the molecular formula C,H, is missing four hydrogen atoms
(if saturated, it would be C,H ), so it has two degrees of unsaturation (HDI = 2). There are several ways for a compound to possess two
degrees of unsaturation: two double bonds, or two rings, or one double bond and one ring, or one triple bond. Let’s explore all of these
possibilities for C,H,:

Two double bonds One triple bond Two rings One ring and one double bond
N ~
= <>

P ] >—
N S >— D

These are all of the possible constitutional isomers for C,H,. With this in mind, let’s expand our skills set. Let’s explore how to calculate
the HDI when other elements are present in the molecular formula.

Halogens: Compare the following two compounds:

H H H H

| | | |
H—C—-C—H H—C—-C—Cl

| | | |

H H H H

ethane chloroethane
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Notice that chlorine takes the place of a hydrogen atom. Therefore, for purposes of calculating the HDI, treat a halogen as if it were
a hydrogen atom. For example, C,H,Cl should have the same HDI as C,H,,.

Oxygen: Compare the following two compounds:

H H H H
H—(|3—C|)—H H—(ID—é—O—H
HOH HOH
ethane ethanol

Notice that the presence of the oxygen atom does not affect the expected number of hydrogen atoms. Therefore, whenever an oxygen
atom appears in the molecular formula, it should be ignored for purposes of calculating the HDI. For example, C,H;O should have
the same HDI as C,Hg.

Nitrogen: Compare the following two compounds:

T b
.

H—C—C—H H—CI:—CI:—N—H
I
H H H H
ethane ethyl amine

Notice that the presence of a nitrogen atom changes the number of expected hydrogen atoms. It gives one more hydrogen atom than
would be expected (highlighted above). Therefore, whenever a nitrogen atom appears in the molecular formula, one hydrogen atom
must be subtracted from the molecular formula. For example, C,H,N should have the same HDI as C,Hj.

In summary:

» Halogens: Add one H for each halogen
e Oxygen: Ignore
* Nitrogen: Subtract one H for each N

These rules will enable you to determine the HDI for most simple compounds. Alternatively, the following formula can be used:

HDI = 2xC +2+N—H-X)/2

C is the number of carbon atoms, N is the number of nitrogen atoms, H is the number of hydrogen atoms, and X is the number of halogens.
This formula will work for all compounds containing C, H, N, O, and/or halogens.

Calculating the HDI is particularly helpful, because it provides clues about the structural features of the compound. For example, an
HDI of zero indicates that the compound cannot have any rings or & bonds. That is extremely useful information when trying to determine
the structure of a compound, and it is information that is easily obtained by simply analyzing the molecular formula. Similarly, an HDI
of one indicates that the compound must have either one double bond or one ring (but not both). If the HDI is two, then there are several
possibilities: two rings, or two double bonds, or one ring and one double bond, or one triple bond. Analysis of the HDI for an unknown
compound can often be a useful tool, but only when the molecular formula is known with certainty.

We will use this technique in the next section. The following exercises are designed to develop the skill of calculating and interpreting
the HDI of an unknown compound whose molecular formula is known.
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EXERCISE 3.35 Calculate the HDI for a compound with the molecular formula C;HgBr,0,, and identify the structural information
provided by the HDI.

Answer Use the following calculation:

# of H’s: 8
Add 1 for each Br: +2
Ignore each O: 0
Subtract 1 for each N: 0
Total = 10

This compound will have the same HDI as a compound with the molecular formula C;H,,,. To be fully saturated, 5 carbon atoms would
require (5 X 2) + 2 = 12 H atoms. According to our calculation, two hydrogen atoms are missing, and, therefore, this compound has one
degree of unsaturation. HDI = 1.

Alternatively, the following formula can be used:

HDI=(2xC+2+N-H-X)/2=(10+2+0-8-2)/2=2/2= 1

With one degree of unsaturation, the compound must contain either one ring or one double bond, but not both. The compound cannot have
a triple bond, as that would require two degrees of unsaturation.

PROBLEMS Calculate the degree of unsaturation for each of the following molecular formulas:
3.36 C.H,,0, 3.37 C,H|N 3.38 (CH,,0,

3.39 C.H,0, 3.40 CH, N 3.41 C.H,0

3.9 ANALYZING A PROTON NMR SPECTRUM

In this section, we will practice analyzing and interpreting NMR spectra, a process that involves four discrete steps:

1. Always begin by inspecting the molecular formula (if it is given), as it provides useful information. Specifically, calculating the
hydrogen deficiency index (HDI) can provide important clues about the structure of the compound. An HDI of zero indicates that
the compound does not possess any rings or © bonds. An HDI of 1 indicates that the compound has either one ring or one & bond.
An HDI of four (or more) indicates the likely presence of an aromatic ring:

)

four degrees of unsaturation
(HDI = 4)

2. Consider the number of signals and integration of each signal (this gives clues about the symmetry of the compound).

3. Analyze each signal (chemical shift, integration, and multiplicity), and then draw fragments consistent with each signal. These
fragments become our puzzle pieces that must be assembled to produce a molecular structure.

4. Assemble the fragments into a molecular structure.

The following exercise illustrates how this is done.



54 CHAPTER3 NMR SPECTROSCOPY

EXERCISE 3.42 Identify the structure of a compound with the molecular formula C4H, O that exhibits the following proton NMR
spectrum:

Courtesy of Richard A. Tomasi, Ph.D.

Proton NMR

L L L L LA L L L LN LA L N BN LA L AL UL L LA L |

10 9 8 7 6 5 4 3 2 ppm
- —

10.2 54.1 211

22.3

Answer The first step is to calculate the HDI. The molecular formula indicates 9 carbon atoms, which would require 20 hydrogen
atoms in order to be fully saturated. There are only 10 hydrogen atoms, which means that 10 hydrogen atoms are missing, and therefore,
the HDI is 5. This is a large number, and it would not be efficient to think about all the possible ways of having five degrees of unsaturation.
However, anytime we encounter an HDI of 4 or more, we should be on the lookout for an aromatic ring. We must keep this in mind when
analyzing the spectrum. We should expect an aromatic ring (HDI = 4) plus one other degree of unsaturation (either a ring or a double bond).

The second step is to consider the number of signals and the integration value for each signal. In this spectrum, we see four signals. In
order to analyze the integration of each signal, we must first divide by the lowest number (10.2):

N

2.

W

102 _, 541 _ a9 211 _ 5 o

L = == = =2.19
10.2 10.2 10.2 1

o
[\

The ratiois 1 : 5: 2 : 2. Now look at the molecular formula. There are 10 protons in the compound, so the relative integration values
represent the actual number of protons giving rise to each signal:

Courtesy of Richard A. Tomasi, Ph.D.

Proton NMR

5H
i I
T T T T T T T T T T T
10 9 8 7 6 5 4 3 2

Chemical Shift (ppm)

The next step is to analyze each signal. Starting upfield, there are two triplets, each with an integration of 2. This suggests that there are
two adjacent methylene groups:

H H
¢
H oW

These signals do not appear at 1.2 where methylene groups are expected, so one or more factors is shifting these signals downfield. Our
proposed structure must take that into account.
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Moving downfield through the spectrum, the next signal appears just above 7 ppm, characteristic of aromatic protons (just as we
suspected after analyzing the HDI). The multiplicity of aromatic protons only rarely gives useful information. More often, a messy multiplet
of overlapping signals is observed. But the integration value gives important information. Specifically, there are five aromatic protons,
which means that the aromatic ring is monosubstituted.

H H

Five aromatic protons

Moving on to the last signal, we see a singlet at 10 ppm with an integration of 1. This is suggestive of an aldehydic proton.
In summary, our analysis has produced the following fragments:

- I
H H
The final step is to assemble these fragments. Fortunately, there is only one way to assemble these three puzzle pieces.

0]

We mentioned before that each methylene group is being shifted downfield by one or more factors. Our proposed structure explains the
observed chemical shifts. In particular, one methylene group is shifted significantly by the carbonyl group and slightly by the aromatic
ring. The other methylene group is being shifted significantly by the aromatic ring and slightly by the carbonyl group.

PROBLEMS

3.43 Propose a structure for a compound with the molecular formula C;H,,O that is consistent with the following proton
NMR spectrum.

Courtesy of Richard A. Tomasi, Ph.D.
Proton NMR

i i

3.0 2.8 2.6 2.4 2.2 2.0 1.8 1.6 1.4 1.2 1.0 0.8 0.6 ppm
270 40.2 28.4 42.2
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3.44 Propose a structure for a compound with the molecular formula C;H,,O, that is consistent with the following proton NMR

56

Courtesy of Richard A. Tomasi, Ph.D.

spectrum.
Proton NMR
T T T T T T
3.5 3.0 2.5 2.0 1.5 1.0 0.5 ppm
— —_ —
48.4 33.3 48.7

4.5 .
—
33.2

3.45 Propose a structure for a compound with the molecular formula C,H O, that is consistent with the following proton NMR
Courtesy of Richard A. Tomasi, Ph.D.

spectrum.
Proton NMR
T T T T
3.5 3.0 2.5 2.0 1.5 ppm
19.77 19.46

5.0 4.5
—
18.92

3.46 Propose a structure for a compound with the molecular formula CyH, , that is consistent with the following proton NMR spectrum.
Courtesy of Richard A. Tomasi, Ph.D.
6H

Proton NMR
CgHya

=
o

6
Chemical Shift (ppm)

5H
T T T T T T T T T
7 5 4 3 2

3.47 Propose a structure for a compound with the molecular formula C(H,,0, that is consistent with the following proton NMR
Courtesy of Richard A. Tomasi, Ph.D.

spectrum.
Proton NMR 6H
CeH1202
1H
3H
2H
N
50 45 40 35 30 25 20 15 10 05
Chemical Shift (ppm)
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3.48 Propose a structure for a compound with the molecular formula CgH,,O that is consistent with the following proton NMR
spectrum.

Courtesy of Richard A. Tomasi, Ph.D.

Proton NMR
CgH100 an
jN'z ZJ\AH T
8 7 & 5 4 3 2

Chemical Shift (ppm)

Your textbook has many more spectroscopy problems, including problems in which you are given both IR and NMR spectra. I recommend
that you do ALL of those problems. The skills practiced in this chapter are meant to prepare you for those problems.

3.10 '3C NMR SPECTROSCOPY

Many of the principles that apply to 'H NMR spectroscopy also apply to '*C NMR spectroscopy, but there are a few major differences, and
we will focus on those. For example, 'H is the most abundant isotope of hydrogen, but '*C is only a minor isotope of carbon, representing
about 1.1% of all carbon atoms found in nature. As a result, only one in every hundred carbon atoms will resonate, which demands the
use of a sensitive receiver coil for *C NMR.

In "H NMR spectroscopy, we saw that each signal has three characteristics (chemical shift, integration, and multiplicity). In *C NMR
spectroscopy, only the chemical shift is important. The integration and multiplicity of "*C signals are typically not observed, which greatly
simplifies the interpretation of '*C NMR spectra. Integration values are not routinely calculated in '*C NMR spectroscopy because the
pulse technique employed by NMR spectrometers has the undesired effect of distorting the integration values, rendering them useless in
most cases. Multiplicity is also not a common characteristic of typical *C NMR experiments.

Courtesy of Richard A. Tomasi, Ph.D.
Carbon NMR

359 18.1 o
180.4— _A _A A7
60 40 20

200 180 160 140 120 100 80
Chemical Shift (ppm)

0

Notice that all of the signals are observed as singlets. This is a result of a special technique, called broadband decoupling, that suppresses
all *C—'H splitting. If we did not use this technique, then the signal of each '*C atom nucleus would be split not only by the protons
directly connected to it (separated by only one sigma bond), but it would also be split by the protons that are two or three sigma bonds
removed. This would lead to very complex splitting patterns, and the signals would overlap to produce an unreadable spectrum. The use
of broadband decoupling causes all of the '*C signals to collapse to singlets, which renders the spectrum more easily interpreted.

In 3C NMR spectroscopy, chemical shift values typically range from 0 to 220 ppm. The number of signals in a '*C NMR spectrum
represents the number of carbon atoms in different electronic environments (not interchangeable by symmetry). Carbon atoms that are
interchangeable by symmetry (either rotation or reflection) will only produce one signal. To illustrate this point, consider the compounds
below. Each compound has eight carbon atoms, but does not produce eight signals. The equivalent carbon atoms in each compound are
labeled with the same letter.

a a
a
a a
b b \b b_~¢
b b
c c A c
d d
d d a a

4 signals 5 signals 3 signals
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The location of each signal is dependent on shielding and deshielding effects, just as we saw in proton NMR spectroscopy. Below are
chemical shifts of several important types of carbon atoms.

N/ _czc—
c=¢ C=C
2 n e i
AC /A |
I a c-0
220 150 100 50 0

* (0-50 ppm: This region contains signals from sp>-hybridized carbon atoms (methyl, methylene, and methine groups).

50-100 ppm: This region contains sp*-hybridized carbon atoms that are deshielded by electronegative atoms, as well as
sp—hybridized carbon atoms.

* 100-150 ppm: This region contains sp>-hybridized carbon atoms.

150-220 ppm: This region contains the carbon atoms of carbonyl groups. These carbon atoms are highly deshielded.

Now let’s use this information to solve the following exercise.

EXERCISE 3.49 Predict the number of signals and the location of each signal in the expected '*C NMR spectrum of the following
compound:

(0]
HO/\)J\/\OH

Answer Begin by determining the number of expected signals. The compound has five carbon atoms, but we must look to see if any
of these carbon atoms are interchangeable by symmetry. In this case, there is symmetry, and we expect only three signals in the '>*C NMR
spectrum.

(0]
HOWOH

The expected chemical shifts are shown below, categorized according to the region of the spectrum in which each signal is expected to
appear:

(o} o (0]
HO/\/U\AOH HO/\)J\AOH HOWOH
1 signal 1 signal 1 signal

220 150 100 50 0



3.10 3C NMR SPECTROSCOPY 59

PROBLEMS  For each compound below, predict the number of signals and the location of each signal in the expected '*C NMR
spectrum.

/\©/\ ~ " )\/\
3.52 X

3.50 3.51

)\O/\/

353 ~_O~ 354 O~ 3.55



CHAPTER 1

ELECTROPHILIC AROMATIC SUBSTITUTION

We must begin this chapter with a review of a reaction from the first semester of organic chemistry. Recall the addition of bromine (Br,)

across a double bond:
Br2 Br
—— + Enantiomer
"Br

When we learned this reaction in the first semester, we saw that this reaction involves a nucleophile attacking an electrophile. The nucle-
ophile is the double bond, and the electrophile is Br,. To understand how a double bond can function as a nucleophile, recall that a double
bond results from the overlap of two neighboring p orbitals, each with one electron:

Therefore, a double bond represents a region in space of high-electron density. Even though there is no full negative charge anywhere, the
double bond can function as a nucleophile and can attack an electrophile. But the obvious question is: why is Br, an electrophile? After all,
the bond between the two bromine atoms is covalent, and therefore, we cannot say that one of the bromine atoms has any more electron
density than the other. (There is no induction here because both atoms, Br and Br, have the same electronegativity.)

There is a simple reason why bromine can act as an electrophile here. We need to consider what happens when a molecule of Br,
approaches an alkene. To help us see this, think of Br, in terms of the electron cloud surrounding it:

Br

Br

As a molecule of Br, gets close to the pi bond of an alkene, the electron density of the pi bond begins to repel the electron cloud around
Br,. This effect gives the Br, molecule an induced dipole moment (this is a temporary interaction—it only happens while the bromine
molecule is near the alkene):

o+ o—

@ Br Br

So, we have an electron-rich alkene, which can attack the nearby, electron-poor bromine atom. This gives the reaction that we saw in the
first semester of organic chemistry:

Br

B Dy Bro —_— + Enantiomer
.o .o \j. i I:@ 4[/B
. r

60
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Now let’s consider what happens if we try to do this exact same reaction with benzene as our nucleophile. So we are trying to perform

this reaction:
Br
Bro
- + Enantiomer
"'Br

But when benzene is heated in the presence of Br,, no reaction is observed.

Brg .
——— no reaction

We can understand this because benzene is an aromatic compound. It has a special stability due to its aromaticity. If we add Br, across
benzene, aromaticity will be lost. And that is why the reaction does not take place—it would be going “uphill” in energy. But is it possible
to try to “force” the reaction to happen?

This brings us to a simple and important concept in organic chemistry. One of the driving forces for any reaction between a nucleophile
and an electrophile is the difference in the electron density between the two compounds. The nucleophile is electron-rich, and the elec-
trophile is electron-poor. Therefore, they are attracted to each other in space (opposite charges attract). So, if the reaction is not proceeding,
we can try to force it along by making the attraction even stronger between the nucleophile and the electrophile. We can accomplish this in
one of two ways. We can either make the nucleophile even more electron-rich (more nucleophilic), or we can make the electrophile even
more electron-poor (more electrophilic).

In this chapter, we will explore both of these scenarios. For now, let us start by trying to make the electrophile a better electrophile.
How do we make Br, a better electrophile? Let’s remember why Br, is an electrophile in the first place. Just a few moments ago, we saw
that an induced dipole moment is formed when Br, gets close to an alkene. This creates a partial positive charge on one of the bromine
atoms. Clearly, if we had Br* instead of Br,, then that would be an even better electrophile. We would not have to wait around for Br, to
become slightly polarized.

But how do we form Br*? That is where Lewis acids come into the picture.

4.1 HALOGENATION AND THE ROLE OF LEWIS ACIDS

Consider the compound AlBr;. The central atom in this structure is aluminum. Aluminum is in Column 3A of the periodic table, and
therefore, it has three valence electrons. It uses each of these electrons to form a bond, which is why we see three bonds to the aluminum
atom in AlBr;:

But you should notice that the aluminum atom does not have an octet. If you count the electrons around the aluminum atom, there are
only six electrons. That means that aluminum has one empty orbital. That empty orbital is able to accept electrons. In fact, it will exhibit
a tendency to accept electrons because that would give aluminum an octet of electrons:

Br Br
| »~  :ilLewis Base ol ®
_AL —— > Br—Al—LB
Br Br |
Br
Lewis Acid

Therefore, we call AlBr; a Lewis acid. To put it simply, Lewis acids are just compounds that can accept electrons. Another common Lewis
acid is FeBr;:
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Br Br
| »~ ilLewis Base ol @
_Fe_ —— > Br—Fe—-LB
Br Br |
Br
Lewis Acid

Now let’s consider what happens when Br, is treated with a Lewis acid, such as AIBr,. The Lewis acid can accept electrons from Br,:

Br Br
L e ol @ ..
B /AI\B _— Br—AI‘I—Br—Br:
r r ce ee
Br

The resulting complex can then serve as a source of Br*, like this:

I?r I?r

BroA-Br— B — > BrSA-Br: ©Br:
I ..\J e I e e
Br Br

It is probably not accurate to think of this as a free Br* that can exist in solution by itself. Rather, the complex can fransfer Br* to an
attacking nucleophile:

Br Br

<Nuc ol .. e @
Br—All—Br! + :Br—Nuc

Br Br

This complex serves as
a delivery agent of Br*

The important point is that this complex can function as a delivery agent of Br*, and that is what we needed in order to force a reaction
between benzene and bromine. So, now let’s try our reaction again. When we treat benzene with bromine in the presence of a Lewis acid,
such as AlBr;, a reaction is indeed observed. BUT it is not the reaction that we expected. Look closely at the product:

Br

Br2
D —

AlBry

This is NOT an addition reaction. Rather, it is a substitution reaction. One of the aromatic protons was replaced with bromine. Since the
ring is being treated with an electrophile (Br*), we call this reaction an electrophilic aromatic substitution.

To see how this reaction occurs, let’s take a close look at the accepted mechanism. It is absolutely critical that you fully understand this
mechanism, because we will soon see that ALL electrophilic aromatic substitution reactions follow a similar mechanism. The first step
shows the ring acting as a nucleophile to attack the complex, thereby transferring Br* to the aromatic ring:

Elir
hé?—\fé}—/flsr H Br
Br ——Br o
Br @

|
+ Br—@Al‘I—Br
Br
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This step generates an intermediate that is not aromatic. It is true that aromaticity has been temporarily destroyed, but it will soon be
reestablished in the second step (final step) of the mechanism. In this first step of the mechanism (shown above), the ring attacks Br* to
form an intermediate that has three resonance structures:

H Br H Br H Br
® ®
- -
®

It is important to remember what resonance structures represent. Recall from the first semester that resonance is NOT a molecule flipping
back and forth between different states. Rather, resonance is the way we deal with the inadequacy of our drawings. There is no one single
drawing that adequately captures the essence of the intermediate, so we draw three drawings, and we meld them all together in our minds
to gain a better understanding of the intermediate.

Attempts have been made to draw a single drawing for this intermediate:

You might even see this in your textbook. I usually try to avoid using this drawing because it could easily lead you to think, erroneously,
that the positive charge is spread over five atoms in the ring. This is not the case. The majority of the positive charge is actually only spread
over three atoms of the ring (which we can clearly see when we look at all three resonance structures above).

This intermediate has some special names. We often call it a sigma complex, or an Arrhenium ion. These are just two different names
for the same intermediate. From now on, in this book, we will call it a sigma complex:

H Br H Br H Br
® ®
e S e S
®

SIGMA COMPLEX

The second step (last step) of the mechanism involves deprotonation to re-form aromaticity:

Notice that the proton is removed by a base. Technically, it is not correct to just let a proton fall off into space by itself, like this:

H Br Br

o> - H*
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Whenever you are drawing a deprotonation step, you should show the base that is removing the proton. In this particular case, it might be
tempting to use Br~ to remove the proton. But Br~ is not a good base. (In the first semester, we learned the difference between basicity
and nucleophilicity, and we saw that Br~ is a very good nucleophile but a very poor base.) Instead, aluminum tetrabromide functions as
the base that removes the proton. Notice that aluminum tetrabromide functions as a “delivery agent” of Br™.

Br
HBr )\ o Br

Br—AI—Br
< |
® Br I|3r
- + HBr + Al

In the end, the Lewis acid (AlIBr;) is regenerated. So the Lewis acid is actually not being consumed by the reaction. It is only there to help
the reaction along, which is why we call it a catalyst in this case. That is why the presence of even a small quantity of the Lewis acid will
suffice.

Now that we have seen both steps of the mechanism, let’s take a close look at the mechanism all at once:

Br

Br(Al B/
ERT R

SIGMA COMPLEX

On the surface, it might seem like many steps. However, remember that resonance structures are not actually steps. Those three resonance
structures (in the center of the mechanism) are necessary so that we can understand the nature of the one and only intermediate (the sigma
complex). Indeed, the mechanism has only two steps. In the first step, benzene acts as a nucleophile attacking Br* to form the sigma
complex, and in the second step, a proton is removed from the ring to reestablish aromaticity. In summary, the two steps are: attack, then
deprotonate. To put it in other terms: Br* comes on, and then H* comes off. That’s all there is to it.

PROBLEM 4.1 Without looking at the mechanism above, try to redraw the entire mechanism on a separate sheet of paper. Don’t look
above—you can figure it out. Just remember that there are two steps: E* on and then H* off. Don’t forget to draw all three resonance
structures of the intermediate sigma complex.

PROBLEM 4.2 Consider the following reaction, in which an aromatic ring undergoes chlorination, rather than bromination:

cl
Cly
AICl,
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The mechanism is very similar to the mechanism for bromination. First, Cl, reacts with AICl, to generate a complex that can serve as a
source of CI*. Draw a mechanism for formation of this complex.

PROBLEM 4.3 Draw a mechanism for the electrophilic aromatic substitution reaction that occurs when benzene is treated with the
complex from Problem 4.2. The mechanism is exactly the same as the mechanism for installing a Br on the ring. But PLEASE, do not look
back at that mechanism to copy it. Try to do it without looking back. Then, when you are finished, compare your answer to the answer in
the back of the book (and compare every arrow to make sure that all of your arrows were drawn correctly).

PROBLEM 4.4 Aromatic rings will also undergo iodination when treated with a suitable source of I*. There are many ways to form I*;
you should look in your textbook and in your lecture notes to see if you are responsible for knowing how to iodinate benzene. If so, be
aware that the mechanism is exactly the same as what we have seen. The only difference will be in the mechanism of how I* is formed.
Draw a mechanism for the reaction between benzene and I to form iodobenzene. In the first step of your mechanism, simply draw I* as
the electrophile (rather than a complex which delivers I*), and make sure to draw all resonance structures of the resulting sigma complex.
Then, in the last step of your mechanism, use H,O as the base that removes the proton to restore aromaticity (H,O will be present for
many of the methods that are used to prepare a source of I).

4.2 NITRATION

In the previous section, we saw the mechanism of an electrophilic aromatic substitution reaction. We saw that the mechanism is the same,
whether you are installing Br*, CI*, or I* on the ring. We also said that this same mechanism explains how any electrophile (E*) can be
installed on an aromatic ring. For example, let’s say we wanted to convert benzene into nitrobenzene:

o —

In order to form nitrobenzene, we will need NO;r as our electrophile. But how do we make NO;’? If we look at how we made Br* or CI*
in the previous section, we might be tempted to use NO,Br and AlBr;, to get the following complex:

r Br Br
BN, ol @ °

B

| | [

Al Br—AI—Br—-NO Br—AI—Br: ®NO
- Br | "\J 2 | .o 2
Br Br

~

Br

This complex could then serve as a source of NO; The problem is that NO,Br is nasty stuff, and you probably would not want to work
with it in a lab, especially since there is a much simpler way to make NOJ. We can form NOJ by mixing sulfuric acid with nitric acid:

HNO3
—_—_—
H>SO4
We need to take a close look at how NOJ is formed under these conditions. Let’s begin by drawing the structures of sulfuric acid and
nitric acid:

NO,

? i
@“\ o H—0—S—0—H
HO™ ~O (|)|

Nitric acid Sulfuric acid
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Notice that nitric acid exhibits charge separation. It might be tempting to remove the charges and draw it like this:

DON'T DRAW THIS

But you cannot do that because it would give five bonds to the central nitrogen atom. Nitrogen cannot EVER have five bonds because it
only has four orbitals that it can use to form bonds. So nitric acid must be drawn with charge separation.

Now that we have seen the structures of both nitric acid and sulfuric acid, we must remember that the term acidic is a relative term. It
is true that nitric acid is acidic, and it is also true that sulfuric acid is acidic. But between the two of them, sulfuric acid is a stronger acid.
In fact, it is so much stronger as an acid that it is able to give a proton to nitric acid:

0 O
m [\ i
ON H—0—S—0—H

HO™ ~o®

That’s right—it might seem weird because nitric acid is essentially functioning as a base to remove a proton from sulfuric acid. And it
might make us uncomfortable to use nitric acid as a base, but that is exactly what is happening. Why? Because relative to sulfuric acid,
nitric acid is a base. It’s all relative.

OK, so nitric acid removes a proton from sulfuric acid. But the obvious question is: why does the uncharged oxygen remove the proton?
Wouldn’t it make more sense for the negatively charged oxygen to remove the proton? Like this:

0 N 9
onN (o nlo-§—o0-n
HO™ ~O: 8

The answer is: yes, this probably would make more sense. And it probably happens like this a lot more often. The oxygen with the negative
charge probably removes the proton much more readily than the uncharged oxygen atom does. However, proton transfers are reversible.
Protons are being transferred back and forth all of the time. And all of this is happening very quickly. So, it is true that the negatively
charged oxygen atom removes the proton more often—but when that happens, the only thing that can happen next is for the proton to be
given right back to re-form nitric acid.

Every once in a while, however, the uncharged oxygen atom can remove the proton. And when that happens, something new can happen
next: water can leave:

HO~ ~0® I o @ ]
0 H
-H,0
®
0=N=0

And when this happens, NOJ is generated. So when we mix sulfuric acid and nitric acid, we get a little bit of NOJ in the equilibrium
mixture, and that NO;’ functions as the electrophile we need in order to install a nitro group on a benzene ring.
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Once again, the following mechanism is essentially the same mechanism that we saw in the previous section: NOj; on and then H off.

®
~

©

(o) 0.®_0O
\N/

o

\\® @ \\@ @

)

SIGMA COMPLEX

In this case, we are using water to remove the proton (instead of AIBr}), which should make sense because we don’t have any AlBr,
in this reaction. There is plenty of water, because nitric and sulfuric acids are both aqueous solutions. Notice that the mechanism is very
similar to what we have already seen in the previous reactions.

So far, we have seen how to install a halogen (Cl, Br, or I) on an aromatic ring, and we have seen how to install a nitro group. Before
we move on, let’s just make sure that you are familiar with the reagents necessary to perform these reactions. In each of the following
cases, identify reagents that you would use in order to achieve the desired transformation.

Br
4.5 ©

NO,
4.6 ©

Cl

4.7 ©

4.8 Without looking back at the previous section, try to draw the mechanism for the nitration of benzene. You will need a separate
piece of paper to record your answer. Make sure to start by drawing the mechanism for formation of NOZ, and then show the reaction of
benzene with NO;. When you are finished, look back to see if you drew it correctly.

4.3 FRIEDEL-CRAFTS ALKYLATION AND ACYLATION

In the previous sections, we saw how to install several different groups (Br, CL, I, or NO, ) on a benzene ring, using an electrophilic aromatic
substitution. In each case, the mechanism was the same: E* on the ring, and then H* off. In this section, we will learn how to install an
alkyl group.

Let’s start with the simplest of all alkyl groups: a methyl group. So, the question is: what reagents would we need to achieve the
following transformation:
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0 —

Using the logic that we have developed in this chapter, we would want to use CHY as our electrophile. But you should probably cringe
when you see CHJ . After all, you probably remember the trend in the stability of carbocations—that tertiary carbocations are more stable
than secondary carbocations, and so on. Certainly, a methyl carbocation would not be very stable at all. In fact, we deliberately avoid using
methyl or primary carbocations when drawing mechanisms. But here we are, trying to make a methyl carbocation. Is it even possible? The

answer is: yes. In fact, we will make it using the same method we have used in the previous sections.
If we take methyl chloride and we mix it with a pinch of AICl,, we will have a source of CHJ:

CHs

cl c cl
A|/\-9.'_CH3 ol @

ol .o
———= CI=A—CiTCH; —= CI—AI—Ci:  ©CH
c” >cl ~J 70 L :

CI Cl
Does not really exist as free CH3*

The truth is that we are NOT really forming a free methyl carbocation that can float off into solution. A free CH] would be too unstable
to form. So, instead, we must view this as a complex that can serve as a “source” of CH;’.

CI
CI—AI CI—CH3
&

Source of CHz*

This provides us with a method for methylating a benzene ring:

CH4CI
_—
AICl3

And the mechanism is, once again, the same mechanism that we have seen over and over again. It is an electrophilic aromatic substitution:
CH7 on the ring and then H* off:

®

CHs

CHg

o
ol @
CI—Al—Ci=CH

RV CI—AI Cl

H CHg H CHs H CHs

®
e S -
®

SIGMA COMPLEX
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We can use the exact same process to install an ethyl group on an aromatic ring:

~
AICls

This process (installing an alkyl group onto an aromatic ring) is called a Friedel—Crafts alkylation. It works very well for installing a methyl
group or an ethyl group on the ring. BUT we run into problems when we try to install a propyl group on the ring, because a mixture of
products is obtained:

\/\CI

AICI3

The reason for this is simple. Since we are forming a complex with carbocationic character, it is possible for a carbocation rearrangement
to occur. It is not possible for a methyl carbocation to rearrange. Similarly, an ethyl carbocation cannot rearrange to become any more
stable. But a propyl carbocation CAN rearrange (via a hydride shift):

A — A

O]
And since we are forming a propyl carbocation, we can expect that sometimes it will rearrange before reacting with benzene (while other
times, it will not get a chance to rearrange before it reacts with benzene). And that is why we observe a mixture of products. So you need

to be careful when using a Friedel-Crafts alkylation to look out for unwanted carbocation rearrangements.
Now, if we wanted to make isopropyl benzene, we could avoid this whole issue by just using isopropyl chloride as our reagent:

)CI\
AICl,

But what if we want to make n-propyl benzene?

?

How would we do that? If we use n-propyl chloride, we have already seen that we will get some rearrangement, and we will not get a
good yield of the desired product. In fact, we can generalize the question like this: how do we install any alkyl group and avoid a potential
carbocation rearrangement. For example, how could we do the following transformation, without a carbocation rearrangement?

?
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If we just use 1-chlorohexane (and AICl;), we will likely get a mixture of products.

Clearly, we need a trick. And there is a trick. To see how it works, we need to take a close look at a similar reaction that also bears the
name Friedel-Crafts. But this reaction is not an alkylation. Rather, it is called an acylation. To see the difference, let’s quickly compare an
alkyl group with an acyl group.

©/\/ Alkyl group Acyl group

We can install an acyl group on a benzene ring in exactly the same way that we installed an alkyl group on the ring. We simply use the
following reagents:

\)J\CI
) =

AICl,

The first reagent is called an acyl chloride (or acid chloride), and we are already familiar with the role of AICI, (the Lewis acid). The
Lewis acid interacts with the Cl atom of the acyl chloride, generating a resonance-stabilized acylium ion (highlighted below):

?I
0 Al o) o) Cl
cl” ~cl cl e o

\)J\nlo - \)k' ¥C) \)l(a .E:'I Pl\I c

[E—A=al &
C

The term acylium ion should make sense—"“acyl” because we can see that this electrophile has an acyl group; and “ium” because there is
a positive charge. This electrophile actually has an important resonance structure:

\):OIC:; \//& .

ACYLIUM ION

These resonance structures are important because they indicate that an acylium ion is stabilized by resonance, and therefore, it will NOT
undergo a carbocation rearrangement. (If it did, it would lose this resonance stabilization.) Compare the following two cases:

i
@ \) ®
CAN REARRANGE CANNOT REARRANGE

Using a Friedel-Crafts acylation, we can cleanly install an acyl group on a benzene ring (without any rearrangements):
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We don’t observe any side products that would result from a carbocation rearrangement. Once again, compare a Friedel-Crafts alkylation
with a Friedel-Crafts acylation:

ALKYLATION — > +
AlCl

Mixture of Products

o}
ACYLATION ©

AICl3
One Product

Now take a close look at the acylation above, and let’s point out a very important feature. Notice that we have installed a three-carbon
chain on the ring, with the chain being attached by the first carbon of the chain, as opposed to the middle carbon of the chain:

0]
[ 2 |
;E\s N2

We get this We don’t get this

Once again, it is attached by the first carbon because a rearrangement does not occur (the acylium ion is resonance stabilized, and does
not rearrange). Now, all we need is a way to reduce the ketone, and then we will have a two-step synthesis for installing an n-propyl group
on a benzene ring:

o o)

\)km ?

u
—_—

AICl;

And luckily, there is a simple way to reduce a ketone; in fact, we will see three common ways to reduce a ketone. We will just focus on one
method right now (which uses acidic conditions), but keep in mind that we will see two other methods of doing this in the upcoming chapters
(one method uses basic conditions and the other method uses neutral conditions). When we reduce a ketone under acidic conditions, we
call the reaction a Clemmensen reduction:

O
Zn(Hg)

heat
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In the presence of HCl and amalgamated zinc (zinc that has been treated so that its surface is an alloy, or mixture, of zinc and mercury),
the C=0 bond is completely reduced and replaced with two C—H bonds. In this way, a Clemmensen reduction can be used as the second
step of a two-step synthesis that installs an alkyl group on an aromatic ring without any rearrangement taking place:

0
AICl5, \)k

1) cl
2) Zn(Hg), HCI, heat

To summarize, we have seen that a Friedel-Crafts acylation can be followed up by a Clemmensen reduction, as a clever way of installing
an alkyl group on an aromatic ring (without rearrangements). But there are actually times when you will want to install an acyl group on
the ring, and you won’t want to do a Clemmensen reduction afterward. For example:

()

To achieve this transformation, you would just use a Friedel-Crafts acylation, and that’s it. There is no need for a Clemmensen reduction,
because in this case, we don’t want to reduce the C=0 bond.

EXERCISE 4.9 Show the reagents you would use to achieve the following synthesis:

Answer In this problem, we need to install an alkyl group on a benzene ring. So, we first look to see if we could do this in just one step,

using a Friedel-Crafts alkylation. In this case, we cannot do it in one step because we have to worry about a carbocation rearrangement.
If we think about the electrophile that we would need to make, we will see that it could rearrange:

)\/ Hydrlde Shift
®

And this would give us a mixture of products:

AICI3
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So, instead we will have to use a Friedel-Crafts acylation followed by a Clemmensen reduction:

Cl

1) AICl3, o
© 2) Zn(Hg), HCI, heat

For each of the following problems, show what reagents you would use to accomplish the transformation. In some situations, you will
want to use a Friedel-Crafts alkylation, while in other situations, you will want to use a Friedel-Crafts acylation.

B
S S
—_—
B
—_—

39,9401,

4.15 Predict the products of the following reaction.

N

AICl3

W

(Hint: There should be a mixture of multiple products in this case. Be sure to consider all of the possible rearrangements that can take
place. If you are rusty on carbocation rearrangements, then you should go back and review them now.)
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4.16 On a separate piece of paper, draw a mechanism of formation for each one of the three products from the previous problem.

4.17 On aseparate piece of paper, draw a mechanism for the following transformation. Make sure to show the mechanism of formation
of the acylium ion that reacts with the ring:

Cl

© AICl3, 0

Friedel-Crafts reactions have a few limitations. You should take a moment to read about them in your textbook. The two most important
limitations are as follows:

1. When performing a Friedel-Crafts alkylation, it is often difficult to install just one alkyl group. Each alkyl group makes the ring
more reactive toward a subsequent attack on the same ring.

2. When performing a Friedel-Crafts acylation, it is generally not possible to install more than one acyl group. The presence of one
acyl group makes the ring /ess reactive toward a second acylation.

We need to understand WHY an alkyl group makes the ring more reactive, and WHY an acyl group makes the ring less reactive. We
will explain this in greater detail during the upcoming sections. But first, we have one more electrophile to discuss.

4.4 SULFONATION

The reaction we will now explore will be used extensively in synthesis problems later in this chapter. If you do not keep this reaction in
mind while you are solving synthesis problems, then you will be at a severe loss. We will explain why this reaction is so important in the
upcoming sections. For now, just take my word for it, and let’s just master the reaction.

The electrophile is SO;. Let’s take a close look at the structure:

Notice that there are three S=O double bonds here. But these double bonds are not such great double bonds. Recall that a double bond is
formed from the overlap of two p orbitals:

When we are talking about a carbon—carbon double bond, the overlap of the p orbitals is efficient because the p orbitals are the same
size. But what happens when you try to overlap the p orbital of an oxygen atom with the p orbital of a sulfur atom? The p orbitals are
different sizes (oxygen is in the second row of the periodic table, which means that it is using a p orbital from the second energy level; but
sulfur is in the third row of the periodic table, so it is using a p orbital from the third energy level):
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Therefore, the overlap is not so efficient, and it is misleading to think of S=O0 as being a double bond. It is probably much closer in nature
to being like this:

® 0O
S—0 rather than S=0

When we do this analysis for each of the three double bonds in SO5, we begin to see that the sulfur atom is VERY electron-poor:

o C)
.ﬁ. :Cl):
o oS ¢ > Q... 5.0
° * 0 +3 .

In fact, the sulfur atom is so electron-poor that it is an excellent electrophile, even though the compound is overall neutral (no net charge).
Now we are going to see a reaction that uses SO, as an electrophile.
Sulfuric acid is constantly in equilibrium with SO, and water:

HQSO4 SOS + HZO

That means that any bottle of sulfuric acid will have some SO; in it. Fuming sulfuric acid is a mixture of sulfuric acid that has a lot of
SO;, and is called “fuming” because of the acrid fumes that it presents when exposed to moisture in the air (SO; reacts with moisture
to produce the fumes, which are essentially an aerosol of concentrated sulfuric acid). So, from now on, whenever you see concentrated,
fuming sulfuric acid, you should realize that we are talking about SO, as the reagent.

And here is the reaction:

SO3H
conc. fuming

© HpSO,

Notice that this process, called sulfonation, installs an SO;H group on the ring. The obvious question is: why is an H attached to the
SO, in the end? To see why, let’s take a closer look at the mechanism. Remember our two steps for any electrophilic aromatic substitution:
E* goes on the ring, and then H* comes off. But wait a second . ... In this case, we are not using an electrophile with a net positive charge.
The electrophile in this case has no net charge. In all of the reactions we have seen so far, we put something positively charged onto the
ring, and then we took something positively charged off of the ring. So in the end, our ring never gained or lost any charges. But in this
case, we are putting something neutral (SO,) onto the ring, and then we are removing something positively charged (H*). That should
leave our product with an overall negative charge, which is exactly what happens:

e ©
H N o H S \\O
®
—~ B
®

- SIGMA COMPLEX -
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So our mechanism will have one additional step. In the presence of sulfuric acid, the negatively charged oxygen atom is protonated. The
likely source of the proton is H;O", rather than H,SO,, because aqueous sulfuric acid (even if its concentrated) is a mixture comprised

mostly of H;O* and HSOj .
SN o
0=S=0 H 0=8=0
[\

Although this reaction has this one extra step at the end of the mechanism, keep in mind that this extra step is just a proton transfer. The
core reaction is still the same as we have seen in all of the previous reactions: the electrophile comes on the ring, and then H* comes off
of the ring.

An important feature of this reaction (and this is the feature that will make this reaction so important for synthesis problems) is how
easily the reaction can be reversed. The amount of product is equilibrium controlled, and it is very sensitive to the conditions. So, if you
use dilute sulfuric acid instead, the equilibrium leans the other way:

conc. fuming

/" H2SO, SOgH
N\ dilute /

H2S04

We can use this to our advantage because this provides a way to remove the SO,H group whenever we want. We would just use dilute
sulfuric acid to remove it:

SO4H

dilute
H.S04

So we now have the ability to install the SO;H group on the ring whenever we want, AND we can remove it whenever we want as well.
You might wonder why you would want to install a group in order just to remove it later. On the surface, that would seem like a waste of
time. But in the upcoming sections, we will see that this will become very important in synthesis problems.

For now, let’s make sure that we are comfortable with the reagents.

EXERCISE 4.18 Identify the reagents that you would use to achieve the following transformation:

Br Br

SO3H
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Answer We know that concentrated fuming sulfuric acid will install an SO;H group on an aromatic ring, and dilute sulfuric acid will
remove the group. In this case, we are removing the group, so we need to use dilute sulfuric acid:

Br Br

dilute HZSO4

SO4H

Identify the reagents you would use to achieve each of the following transformations:

L=

SOgH
SOgH
o)
NP NP
SO4H
SOgH

And to make sure that you are not getting rusty on the other reactions we have learned in this chapter so far, fill in the reagents you would
use for the following transformations:

4.23 ©

Br
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WO — O
o —
L0 — O
O — &

4.28 Now, let’s just make sure that you can draw a mechanism for the sulfonation of benzene (on a separate piece of paper). Remember
that there will be three steps: (1) electrophile comes on the ring, (2) H* comes off, and then (3) proton transfer. Don’t forget to draw the
resonance structures of the intermediate sigma complex. Try to draw the mechanism without looking back to where it is shown earlier in
this section.

4.29 And now, for a challenging problem, try to draw the mechanism of a desulfonation reaction (a reaction where we take the SO H
group off of the ring). The process will be exactly the reverse of what you just drew in the previous problem. There will be three steps: (1)
remove the proton from the SO;H group, (2) H* comes on the ring, and then (3) SO, comes off of the ring. The truth is that there are only
two core steps here: H" comes on the ring, and then SO, comes off of the ring. You can actually pull the proton off of the SO;H group
at the same time that SO, comes off of the ring. Try to do it yourself, and if you get stuck, you can look at the answer in the back of the
book. Make sure that your mechanism involves an intermediate sigma complex (with a resonance-stabilized positive charge).

4.5 ACTIVATION AND DEACTIVATION

On the first page of this chapter, we saw that benzene is unreactive toward bromine:

BI'Q
_— no reaction

In order to force a reaction to occur, we introduced a Lewis acid into the reaction mixture, which generated a better electrophile (Br* is a
better electrophile than Br,). In fact, all of the reactions we have explored thus far have been examples of benzene reacting with powerful
electrophiles (CI*, NOJ, alkyl*, acyl*, and SO,). Now, we will turn our attention to the nucleophile—how can we modify the reactivity
of the aromatic ring?

To answer this question, we will explore substituted benzene rings, and we will consider the effect that a substituent will have on the
reactivity of the ring. Benzene itself (C,Hy) has no substituents. But consider the structure of phenol:

OH
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In this compound, the aromatic ring has one substituent: an OH group. What effect does this substituent have on the nucleophilicity of
the aromatic ring? Is this compound a stronger nucleophile or a weaker nucleophile than benzene?

To answer this question, we must explore the effect of an OH group on the electron density of the aromatic ring. There are two factors
to consider: induction and resonance. Let’s begin with induction. Recall from the first semester that inductive effects can be evaluated by
comparing the relative electronegativity of the atoms. In our example, we are looking specifically at the C—O bond connecting the OH
group to the ring. Oxygen is more electronegative than carbon, so there is an inductive effect, shown by the following arrow:

IOH

The oxygen atom is withdrawing electron density from the ring. Remember that the aromatic ring is only a nucleophile in the first place
because it is electron-rich (from all of those & electrons), so withdrawing electron density from the ring (via induction) should render the
ring less nucleophilic. But we’re not done yet. We need to consider one other factor: resonance.

Below are resonance structures of phenol:

.. ® ® ®
<4 :OH :OH :OH
e . < > °'

N

Notice that there is a negative charge spread throughout the ring. When we meld all of these resonance structures together in our minds,
we obtain the following information:

OH

The &— symbols indicate that there is a partial negative charge spread throughout the ring. Therefore, the effect of resonance is to donate
electron density to the ring. So, now we have a competition. By induction, the OH group is electron-withdrawing, which makes the ring
less nucleophilic. But by resonance, the OH group is electron-donating, which makes the ring more nucleophilic. Which effect is stronger?
Resonance or induction? This is a common scenario in organic chemistry (where induction and resonance are in competition), and the
general rule is: resonance is usually a stronger factor than induction. There are some important exceptions. In fact, we will soon see one
of these exceptions, but, in general, resonance wins.

Now let’s apply this general rule to our case of phenol. If we say that resonance is stronger than induction, then the net effect of the
OH group is to donate electron-density to the ring. And therefore, the net effect of the OH group is to make the ring more nucleophilic (as
compared with benzene).

Indeed, experiments reveal that phenol is significantly more nucleophilic than benzene. The effect of the OH group on the nucleophilic-
ity of the aromatic ring is called “activation.” The OH group is said to be activating the ring (making it more nucleophilic). So, the OH
group is called an activator. Alkyl groups (such as methyl or ethyl) are also activators (recall from the first semester that alkyl groups are
electron donating because of an effect called hyperconjugation). There are some groups, though, that actually withdraw electron density
from the ring, and we call those groups deactivators, because they deactivate the ring (make the ring less nucleophilic). An excellent
example is the nitro group. Consider the structure of nitrobenzene:
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Once again, the effect of the nitro group can be evaluated by exploring two factors: induction and resonance. Induction is simple. The
nitrogen atom is more electronegative than the carbon atom to which it is connected (especially since the nitrogen atom bears a positive
charge). So the nitro group withdraws electron density from the ring via induction, which should render the ring less nucleophilic. But
we’re not done yet. We still have to consider resonance. Below are resonance structures of nitrobenzene:

.o . O O.. e Q.. NG O.. e ©
.02 _o: '5.0.0: 5.0 0.0.0:
N@ .o N .o N N
C o o
B S B S B S

®

Notice that there is now a positive charge spread throughout the ring (rather than a negative charge, as we saw in the case of phenol). When
we meld all of these resonance structures together in our minds, we obtain the following information:

NO,

o+ o+

o+

The 6+ symbols indicate that there is a partial positive charge spread throughout the ring. Therefore, the effect of resonance is to withdraw
electron density from the ring.

In summary, the nitro group is electron-withdrawing via resonance and via induction. In other words, there is no competition between
resonance and induction. Both factors dictate that a nitro group should deactivate the ring. And that is indeed what we observe in the
laboratory.

4.6 DIRECTING EFFECTS

Now let’s consider electrophilic aromatic substitution reactions with substituted benzene rings. In order to explore this topic, we must first
review important terminology that we will use frequently throughout the remainder of this chapter. The various positions on a monosub-
stituted benzene ring are referred to in the following way:

ortho ortho

meta meta
para

The two positions that are closest to the substituent (R) are called ortho positions. Then we have the meta positions. And finally, the
farthest position from the substituent is called the para position. With this terminology in mind, let’s consider the products obtained when
toluene or nitrobenzene undergo bromination. Both reactions are shown below:
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Br
Bro
AlBr3 +
Br
NO» NO»
Bro
_—_—
AlBr3
Br

The first reaction (with toluene) is certainly faster, because the methyl group activates the ring toward electrophilic aromatic substitution,
while the nitro group deactivates the aromatic ring. But consider the difference in regiochemical outcome. Specifically, notice that the
methyl group directs the reaction to occur at the ortho and para positions, while the nitro group directs the reaction to occur at the meta
position. Your textbook will give an explanation for this observation, and you should read that explanation, but here is the bottom line:

* Activators are ortho-para directors

e Deactivators are meta directors

We will not encounter any exceptions to the first rule (all activators that we encounter will be ortho-para directors). But there is one
important exception to the second rule above. Halogens (F, Br, CL, or I) are deactivators, so we might expect them to be meta directors.
But instead, they are actually ortho-para directors. Let’s try to understand why halogens are the exception.

In the previous section, we analyzed the effect of an OH group on an aromatic ring, and we saw that there were two competing effects:
induction and resonance. We saw that induction withdraws electron density from the ring, but resonance donates electron density to the
ring. In order to know which factor dominates, we gave a general rule: resonance is usually a stronger factor than induction. We also
said that there was an important exception to this general rule that we would see later. Well, it is now later. Halogens are the exception.
Let’s take a closer look. As an example, consider the structure of chlorobenzene:

Cl

The substituent in this case (Cl) is an ortho-para director for the same reason that an OH group is an ortho-para director. But, unlike OH
(which is an activator), Cl is a deactivator. To explain why, we must explore the effect of a halogen (such as Cl) on the electron density
of the aromatic ring. As we have seen in the previous section, our analysis must focus on two factors: induction and resonance. Let’s start
with induction. Just like an OH group, a halogen is also electron-withdrawing by induction:

ICI

However, we also need to consider resonance effects. So, we draw the resonance structures:

. 1) o) .
<k cf- cI- cf-
> . < > "

- -

3
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And once again, we see that a halogen is very similar to an OH group. It is donating electron density by resonance:

Cl

Now let’s consider the net effect of a halogen. Just as we saw with the OH group, there is a competition between resonance and induction.
And just as we saw with the OH group, a halogen will withdraw electron density by induction, and it will donate electron density by
resonance. But, in the case of the OH group, we used the argument that resonance beats induction (we said that was a general rule
that holds true most of the time). Therefore, the net effect of the OH group was to donate electron density to the ring (thus, the OH
group is an activator). But with a halogen, resonance does NOT beat induction. This is one of the rare cases where induction actually
beats resonance. Why is resonance not the predominant factor in this case? To answer this question, notice that the resonance structures
of chlorobenzene exhibit a positive charge on CIl. Halogens do not easily bear positive charges. So, these resonance structures do not
contribute very much character to the overall structure of the compound. Resonance is a weak effect in this case, so induction actually
beats resonance. Therefore, the net effect of a halogen substituent is to withdraw electron density from the aromatic ring, rendering the
ring less nucleophilic (deactivation).

Now we are ready to modify the rules we gave earlier when we said that all activators are ortho-para directors and all deactivators are
meta directors. Here is our new-and-improved formula:

¢ All activators are ortho-para directors.

 All deactivators are meta directors, except for halogens (which are deactivators, but nevertheless, they are ortho-para directors).
With that in mind, let’s try to predict some directing effects.
EXERCISE 4.30 Look closely at the following monosubstituted benzene ring.

Br

If this compound were to undergo an electrophilic aromatic substitution reaction, predict where the incoming substituent would be installed.
Answer Br is a halogen (remember that the halogens are F, CI, Br, and I). We have seen that halogens are the one exception to

the general rules. That is, they are deactivators but they are not meta directors, like most other deactivators. Rather, they are ortho-para
directors. Therefore, if we use this compound in an electrophilic aromatic substitution, we expect substitution to take place at the ortho

and para positions:
\ Br /

Identify the expected directing effects that would be observed if each of the following compounds were to undergo an electrophilic
aromatic substitution reaction.
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4.32 4.33

This group is a deactivator.

This group is an activator.

This group is a deactivator.

This group is an activator.

NO,
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Clearly, you can only predict where the substitution will take place if you know whether the group is an activator or a deactivator. In the
next section, we will learn how to predict whether a group is an activator or a deactivator. But for now, let’s get some practice predict-
ing products.

EXERCISE 4.38 Predict the major product(s) of the following reaction:

Answer

HNO3

HpSO,

We begin by looking at the reagents, so that we can determine what kind of reaction is taking place. The reagents are nitric

acid and sulfuric acid. We have seen that these reagents generate NOj as an electrophile, which can react with an aromatic ring in an
electrophilic aromatic substitution reaction. The end result is to install a nitro group on an aromatic ring. So, now the question is: where
is the nitro group installed?
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To answer this question, we must predict the directing effects of the group already present on the ring (before the reaction takes place).
There is a methyl group on the ring, and we have seen that methyl groups are activators. Therefore, we predict that the reaction will take
place at the ortho and para positions, relative to the methyl group:

HNO3 NO,
+
H>SO,
NO,
Notice that substitution at either ortho position gives the same product:
O,N NO,

is the same as

Predict the major product(s) for each of the following reactions:

Br
@ oy
4.39 H2S04
4.40 AICl3
Br 0
A
4.41 @ AlCla
0) ONG
5 HNO3
4.42 H2S0s
Hint: The group on the ring is a deactivator.
0) O NG
5 5
4.43 AlBr3

Hint: The group on the ring is a deactivator.
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Cly

—_—

4.44 AlCl3

Hint: The group on the ring is an activator.

So far, we have focused on the directing effects when you have only one group on a ring. And we have seen that activators direct toward
the ortho and para positions, whereas deactivators direct toward the meta positions:

and we saw only one exception (the halogens).

But how do you predict the directing effects when you have more than one group on a ring? For example, consider the following
compound:

NO,

What if we used this compound in an electrophilic aromatic substitution reaction? For example, let’s say we try to brominate this compound.
Where will the bromine atom be installed?
Let’s first consider the effect of the methyl group. We mentioned before that a methyl group is an activator, so we predict that it will

direct toward the ortho and para positions:
S i)/ NO,

Notice that we do rot point to the ortho position that already bears the nitro group (we only look at positions that are unoccupied—remember
that in an electrophilic aromatic substitution, E* comes on the ring and H* comes off). So, the methyl group is directing toward two spots,
as shown above.

Now let’s consider the effect of the nitro group. We mentioned before that the nitro group is a powerful deactivator. Therefore, we
predict that it should direct to the positions that are meta to the nitro group:

meta to the
nitro group \ NO,

i

meta to the
nitro group
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We see that the nitro group and the methyl group are directing toward the same two spots. So, in this case there is no conflict between the
directing effects of the nitro group and the methyl group.
But consider this case:

NO,

The methyl group and the nitro group are now directing toward different positions:

" @/
* NO»

/ NO,

Directing effects Directing effects
of the methyl group of the nitro group
(ortho-para director) (meta director)

So, the big question is: which group wins? It turns out that the directing effects of the methyl group trump the directing effects of the nitro
group. So, if we brominate this ring, we will get the following products (where the Br is installed ortho or para to the methyl group):

Br Br
Br2 N N
—_—
No,  AlBrs NO, NO, NO,
Br

This product is not
obtained in significant yield,
for reasons that we will
soon see

It is common to see a situation where the directing effects of two groups are competing with each other (like the methyl group and
nitro group in the above example). So we clearly need rules for determining which group wins. It turns out that you need to know just two
simple rules in order to determine which group will dominate the directing effects:

1. Ortho-para directors always beat meta directors. The example we just saw is a perfect illustration of this rule. The methyl group
is an activator (an ortho-para director), and the nitro group is a deactivator (a meta director), so the methyl group wins.

2. Strong activators always beat weak activators. For example, consider the following case:

OH

The OH group is a strong activator, and the methyl group is a weak activator. (We will learn in the next section how to predict which
groups are strong and which are weak—for now, just take my word for it.) So, the OH group will win, and the directing effects are as
follows:
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OH

N A

So, we have seen two rules:

* ortho-para directors always beat meta directors.

* Strong activators always beat weak activators.

Keep in mind that the first rule always trumps the second rule. So if you have a weak activator against a strong deactivator, the weak
activator wins. Even though the activator is weak, it still beats a strong deactivator because activators (ortho-para directors) always beat
deactivators (meta directors). This rule was already seen in one of our previous examples:

NO,

The methyl group is a weak activator, and the nitro group is a strong deactivator. So, in this case, the methyl group wins (and the directing
effects are ortho and para to the methyl group; and not meta to the nitro group):

N AT

NO,

EXERCISE 4.45 Predict the directing effects for an electrophilic aromatic substitution reaction involving the following type of
disubstituted aromatic ring.

Strong
activator

Strong
deactivator

For this problem, you should assume that the deactivator is not a halogen.

Answer We have two groups. The activator will direct toward the positions that are ortho or para to itself, and the deactivator will
direct toward the positions that are meta to itself:
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Strong Strong
activator activator

\ /
Strqng / Strqng

deactivator deactivator
Directing effects Directing effects
of the activator of the deactivator

So, there is a competition in the directing effects. Between the two groups, the strong activator beats the strong deactivator because the
strong activator is an ortho-para director. So the directing effects are:

Strong
activator

N A

Strong
deactivator

If we performed an electrophilic aromatic substitution on a compound of this type, we might expect three products (because the directing
effects are toward three positions, shown above). Here is a specific example of a reaction like this.

H SO
NO, 2504

This product is not
obtained in significant yield,
for reasons that we will
soon see

The starting aromatic ring has two substituents. The OH group is a strong activator, and the nitro group is a strong deactivator.

Predict the directing effects for an electrophilic aromatic substitution reaction involving each of the following types of disubstituted
aromatic rings. Unless otherwise indicated, assume that anything labeled as a deactivator is not a halogen (unless it is specifically indicated
as a halogen).

Strong
deactivator

Strong
4.46 activator



4.7 IDENTIFYING ACTIVATORS AND DEACTIVATORS 89

Strong
activator
Weak
4.47 activator
Strong
activator
Strong
4.48 deactivator
Strong
activator Strong
deactivator
4.49
Strong
activator
Weak
activator
4.50
Weak
activator
Strong
deactivator
4.51

4.7 IDENTIFYING ACTIVATORS AND DEACTIVATORS

In the previous section, we learned how to predict the directing effects in a situation where you have more than one group on the ring. But
in all of the cases in the previous section, I had to tell you whether each group was an activator or a deactivator and whether it was strong
or weak. In this section, we will learn how to predict this, so that you won’t have to memorize the characteristics of every possible group.
In fact, very little memorization is actually involved here. We will see a few concepts that should make sense. And with those concepts,
you should be able to identify the nature of any group, even if you have never seen it before.

We will go through this methodically, starting with strong activators.

Strong activators are groups that have a lone pair next to the aromatic ring. We have already seen an example of this. When an OH
group is connected to the ring, there is a lone pair next to the ring, which gives rise to the following resonance structures:

folc)

H O H O H

o H
C; .
D —a)— p— &

> &)
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We concluded in the previous section that this resonance effect is very strong and that the OH group is therefore donating a lot of electron
density to the ring:

OH

5

Since the ring is electron-rich, it is a stronger nucleophile than benzene and is more reactive (activated) toward reaction with an electrophile.
This effect is observed not only for the OH group, but also for other groups that have a lone pair next to the ring. The same kind of resonance
structures can be drawn for an amino group connected to a ring:

H.®_H H.®_ H

@/
N

No

Ho -
<
0

U

H. ®_H
N
©-.@

\@/
N
4

Here are several examples of strong activators. Make sure that you can easily see the common feature (the lone pair next to the ring):

"ED

:0

H .. H

R....R
[Nj

Next, we move on to the moderate activators. Moderate activators are groups that have a lone pair next to the ring, BUT that lone pair
is already partially tied up in resonance. For example, consider the following group:

0]

N

This compound has all of the resonance structures that place electron density into the ring (just like an OH group does):

O
o L
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BUT there is an additional resonance structure, which has the electron density outside of the ring:

_ v ; _
:.’.\J\ %}\

Therefore, the electron density is more spread out (with some in the ring and some out of the ring). This group is therefore not a strong
activator. Rather, we call it a moderate activator. (Some textbooks do not point out this subtle distinction between strong activators and
moderate activators.) Here are several examples of moderate activators:

O O O

.. .. He.. ..
o) R X :OR

Look closely at the examples above. They all have a lone pair that is tied up in resonance outside of the ring. BUT WAIT A SECOND.
What about the last group on this list (the OR group)? This group has a lone pair that is NOT tied up in resonance outside of the ring.
We should predict that this group should belong in the first category (strong activators), but for some reason, it isn’t in that category. It is
actually just a moderate activator. This is one of the rare examples that departs from the logical explanations that we have given so far. I
have spent quite a bit of time trying to figure out why the OR group is a moderate activator (rather than a strong activator). I have come
up with several answers over the years, but I am not going to spend several pages dedicated to an esoteric topic that you will certainly
not need for your exams (perhaps you might think of it as a brain teaser—something to think about ... ). For now, you will just have to
remember that the OR group doesn’t follow the trends we have seen. It is a moderate activator.

Now let’s turn our attention to weak activators. Alkyl groups (such as methyl, ethyl, propyl, etc.) are weak activators because they
donate electron density to the ring via hyperconjugation (a weak effect). We previously encountered hyperconjugation to explain why
tertiary carbocations are more stable than secondary carbocations. Similarly here, alkyl groups also exhibit an electron-donating effect
(albeit weak), and they are therefore weak activators.

Now we have seen all of the different categories of activators (strong, moderate, and weak). To review, this is what we saw:

Strong Activators Lone pair next to ring
Moderate Activators Lone pair next to ring, but tied up in resonance outside of ring as well
Weak Activators Alkyl groups

Now, we will turn our attention to the different categories of deactivators. This time, we will begin with the weak deactivators and work
our way toward strong deactivators (rather than starting with strong). There is a reason for using this order, and that reason will soon
become clear.

Weak deactivators are the halogens. We have already seen that halogens are the one case where induction beats resonance (and therefore,
we argued that the net effect of a halogen is to withdraw electron density from the ring). So, we saw that halogens are deactivators. But
you should know that the competition between induction and resonance (in the case of the halogens) is a close competition, so halogens
are only weakly deactivating.

We will summarize all of this information in one complete chart, but for now let’s move on to moderate deactivators.

Groups that withdraw electron density from the ring via resonance are moderate deactivators. For example, consider the following
group:
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This group does not have a lone pair next to the ring (so it is not an activator). But it does have a pi bond next to the ring, giving rise to the
following resonance structures:

\\o_. ® Q p_. ,O,: Q
( ® ®
- . S - -
®

o+

Therefore, this group is a moderate deactivator. Numerous other similar groups can also withdraw electron density from the ring. Here is
a list of many examples:

N

R ;O H ;O HO; ;O RO; ;O HoN ;O I(I)I
All of these substituents are withdrawing electron density from the ring via resonance. They all have one feature in common: a pi bond
to an electronegative atom. Take a close look at the last example. A cyano group is a pi bond (a triple bond) to an electronegative atom

(nitrogen). So we see that a triple bond can also be included in this category.
And now for the last category: strong deactivators. There are a few common functional groups that fall into this category:

%60 o el N
N7 R—NZR



4.7 IDENTIFYING ACTIVATORS AND DEACTIVATORS 93

We have already explained why the nitro group is so powerfully electron-withdrawing. The nitro group is electron-withdrawing by reso-
nance and induction.

To understand why the second group shown (the trichloromethyl group) is a strong deactivator, we need to focus on the collective
inductive effects of all of the chlorine atoms:

Cl
Cl Cl

The inductive effects of each chlorine atom add together to give one very powerful deactivating group. Be careful not to confuse this group
with a halogen on a ring:

Cl
Cl Cl

Cl

When a halogen is connected directly to the ring (above right), then there are resonance effects to consider. (We spent a lot of time
talking about the competition between resonance and induction in the case of halogens.) The group we are talking about now (above
left) does not have any resonance effects to consider because the lone pairs are not directly next to the ring. So, there is only an
inductive effect to consider, and this inductive effect is very significant in this case (because there are three inductive effects adding
together).

When we consider our final example of a strong deactivator, we see a nitrogen atom with a positive charge next to the ring:

The nitrogen atom is so poor in electron density that it is practically sucking electron density out of the ring like a vacuum cleaner:
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Now we are ready to summarize everything we have seen into one chart:

Common Feature

Some Examples

ACTIVATORS
Stron Lone pair next to rin, .o O H_.. H
& P £ :OH :0: N
Moderate  Lone pair next to ring But tied up in resonance outside of ring as well o O
:0 \N')K :OR
Does not fit
the pattern
Weak Alkyl groups Me Et n-Pr
DEACTIVATORS
Weak Halogens Cl Br I
Moderate  Pibond to an electronegative atom (next to ring) |'T|
(o) ] o)
Strong Very powerfully electron-withdrawing e Cl
0.®_0 Cl Cl l®
N R & R
Take a close look at this chart and make sure that every category makes
sense to you. As you look over the chart, you should be able to remember Strong
the arguments that we gave for each category. If you have trouble with this, ortho-para {\//IVodekrate Activators
you might want to review the last few pages of explanation. directors &
And now we can understand why we looked at weak deactivators first
(before strong deactivators). When we organize it like this, we can clearly Weak
organize the directing effects in our minds: meta Moderate Deactivators
directors Strong
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This chart shows that all activators are ortho-para directors and all deactivators are meta directors, with the exception of the weak deacti-
vators (halogens).

EXERCISE 4.52 Look closely at the following substituent:

OH
0=S=0

Try to predict what kind of group it is (a strong activator, a moderate activator, a weak activator, a weak deactivator, a moderate deactivator,
or a strong deactivator).
Use this information to predict the directing effects if this compound were to undergo an electrophilic aromatic substitution reaction.

Answer This group does not have a lone pair next to the ring, and it is not an alkyl group. Therefore, it is not an activator. This group
has a pi bond to an oxygen atom (next to the ring), and therefore, it is a moderate deactivator.

Because all deactivators are meta directors (except for weak deactivators—halogens), we predict the following directing effects (Note:
substitution at either position leads to the same product):

(I)H
0=S8=0

AN

For each of the following substituents, determine what kind of group it is (a strong activator, a moderate activator, a weak activator, a weak
deactivator, a moderate deactivator, or a strong deactivator). Place your answer on the space provided. Try to do this without looking at
the chart that we constructed. You won’t have access to this chart on an exam. Try to remember and apply the explanations that we used.

Then, use that information to predict the directing effects. Indicate the directing effects using arrows for pointing to the positions where
you would expect an electrophilic aromatic substitution to occur:

@)

Br

4.53 Answer: 4.54 Answer:

Me\N/Me

4.55 Answer: 4.56 Answer:
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0
NO,
NP
© 4.58 Answer:
4.57 Answer:
N |
[ N
C
4.59 © Answer: 4.60 Answer:
(0] OH
CBr3
4.61 © Answer: 4.62 Answer:

4.63 Can you explain why the following group is a strong activator:

NHz

(Hint: Think about what strong activators have in common.)

Now we can use the skills that we developed in this section to predict the products of a reaction. Let’s see an example:

EXERCISE 4.64 Predict the major product(s) of the following reaction:

(0]

HNO3

]

HpSO,

Answer We look at the reagents to see what kind of reaction we expect. The reagents are nitric acid and sulfuric acid. These reagents
generate NOZ, which is an excellent electrophile. So, we know that the reaction will install a nitro group on the ring. But the question is:
where?
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To answer this question, we must predict the directing effects of the group that is currently on the ring. We recognize that this group is
a moderate deactivator, which means that it must be a meta director. So, we predict the following product:

O O

HNO3

Y

H»SO4 NO
2

Predict the major product(s) of the following reactions:

Bro
4.65 AlBr3 ~
Br
CH;Cl .
4.66 © AlCls -
(0]
A
Bro
4.67

Notice that in this reaction, we do not need a Lewis acid catalyst. Can you explain why not?

(0]

AICl3, \)km

h
?

4.68

HNO,
HoS04

4.69

Now let’s combine what we did in the previous section with the material in this section. Recall from the previous section that we learned
how to predict the directing effects when you have more than one group on the ring. When the two groups are competing with each other,
we saw that you can determine the directing effects by using the following two rules:

* ortho-para directors always beat meta directors.

e Strong activators always beat weak activators.
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Now that we have learned how to categorize the various kinds of groups, let’s get practice using our skills to predict products:

EXERCISE 4.70 Predict the major product(s) of the following reaction:

O
\[(O O/ Bro -
5 AlBr,

Answer We look at the reagents to see what kind of reaction we expect. The reagents are bromine and aluminum tribromide. These
reagents generate Br*, which is an excellent electrophile. So, we know that we will be installing a Br atom on the ring. But the question
is: where?

To answer this question, we must predict the directing effects of the two groups that are currently on the ring. The group on the left is
a moderate activator (make sure that you know why), and therefore, it directs ortho and para to itself:

Moderate
activator

The group on the right is a moderate deactivator (make sure you know why), so it directs meta to itself:

TC
:

There is a competition between these two groups. Remember our first rule for determining which group wins: ortho-para directors beat
meta directors. So, we expect the following products:

O O
O (6]
YT YL
o +
(e} (e}
Br Br

Moderate
deactivator

\WO o Br
—_—
o AlBrg B o
o)
+ Y o~

Notice that I placed the last product in parentheses. This product is actually a very minor product. We will see why in the next section. For
now, we will just write that we expect three products. Then, we will fine-tune this prediction in the next section.
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PROBLEMS  Predict the products of the following reactions:

O%‘/O\é HNO;3
4.71 HoSO,

Y

Cly
AICl;
4.72 NO2
OMe
cl CH4CI
473 AlCl l

O

0 AlCl5, )J\Cl

4.74 0

(Hint: Consider this aromatic ring as having two separate substituents, and analyze each separately.)

4.8 PREDICTING AND EXPLOITING STERIC EFFECTS

In the previous sections, we learned the skills that we need in order to predict the products of an electrophilic aromatic substitution. We
saw many cases where there is more than one product. For example, if the ring is activated, then we expect ortho and para products. In
this section, we will see that it is possible to predict which product will be the major product and which will be the minor product (ortho
vs. para). It is even possible fo control the ratio of products (ortho vs. para). This is VERY important for synthesis problems, which will
be the next (and final) section of this chapter.

Consider an electrophilic aromatic substitution with n-propyl benzene. The n-propyl group is a weak activator, and therefore, we expect
the directing effects to be ortho-para:

n-Pr n-Pr n-Pr

AlBrs

Br

There are two products here. But let’s try to figure out which one of these products is the major product? ortho or para? At first, we might
be tempted to say that the ortho product should be major. Let’s see why. The n-propyl group is an ortho-para director, so there should be
a total of three positions that can get attacked (two ortho positions and one para position):
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\é:j/

Therefore, the chances of attacking an ortho position should be twice as likely as the chances of attacking the para position. From a
purely statistical point of view, we should therefore expect our product distribution to be 67% ortho and 33% para. But the product ratio
is different from what we might expect, because of steric considerations. Specifically, the n-propyl group is fairly large, and it partially
“blocks” the ortho positions. We do still observe ortho products, but much less than 67%. In fact, the para product is the major product in

this case:
” n-Pr n-Pr
Bro Br
_— +
AlBrg
Br

Minor

Major

This is usually the case (that para is the major product). A notable exception is toluene (methylbenzene), for which the ratio of ortho and
para products is sensitive to the conditions employed, such as the choice of solvent. In some cases, the para product is favored; in other
cases, the ortho product is favored. Therefore, it is generally not wise to use the directing effects of a methyl group to favor a reaction at
the para position over the ortho position.

Me Me
= "0
O AlBr3
Br

But this is only the case with a methyl group. With just about any other group, we should expect that the para product will be the major
product. Keep that in mind because it is very important—para is usually the major product.
With that in mind, imagine that I asked you to propose an efficient synthesis for the following transformation:

> —¢

This is simple to do. The fert-butyl group is so large that we expect the para product to be the major product. So we just use Br, and AlBr;,
and we should obtain the desired product.
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But suppose we wanted substitution to occur at the ortho position:

Br

How would we do this? When confronted with this problem, students often suggest using the same reaction as before, with the under-
standing that the ortho product will be a minor product (so some ortho product will be formed). But you can’t do that. Whenever you have
a synthesis problem, you must choose reagents that give you the desired compound as the MAJOR product. If you propose a synthesis
that would produce the desired product as a MINOR product, then your synthesis is not efficient. So we have a problem here. How do we
run the reaction so that the ortho product will be the major product?

The answer is: we cannot do it in one step. There is no way to “turn off” steric effects. However, there is a way to exploit them. At
the start of this chapter, we learned about sulfonation (using fuming sulfuric acid to install an SO;H group on the ring). We saw that this
group can be installed on the ring, and it can be removed from the ring very easily. We said that this feature (reversibility) would be VERY
important in synthesis problems. Now we are ready to see why.

If we perform a sulfonation reaction first, we will expect the SO;H group to go predominantly in the para position (the major product

will be from para substitution):
conc. fuming
HoSO4

SO4H

Now think about what we have done. We have “blocked” the para position. Now if we brominate, the incoming Br will be installed in the
ortho position (because the para position is already taken). So, the reaction installs Br in the desired location:

—>
ig AlBrs

SOSH SO3H

Finally, we can perform a desulfonation to remove the SO;H group. To do so, remember that we need to use dilute sulfuric acid:

Br . Br
dilute
_—
H>SOy4

SO4H
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And this is the desired product. In summary, here is our entire synthesis:

1) conc. fuming HoSO4
2) Bro, AIBr3

3) dilute HoSO,

Br

Notice that it took three steps (where the first step was used to block the para position and the third step was used to unblock the para
position). Three steps might seem inefficient, BUT we did not need to rely on isolating minor products. At each step of the way, we were
using the major product to move on to the next step.

If you think about what we have done, you should realize that this trick is really very clever. We recognized that we cannot just “turn off”
the steric effects. So, instead, we developed a strategy that uses the steric effects. Notice that the SO;H group is not in our final product
at all. It was just used temporarily, as a “blocking group.” This type of concept is very important in organic chemistry. As you move
through the course, you will see a few other examples of blocking groups (in reactions that have nothing to do with electrophilic aromatic
substitution). The basic strategy is applicable elsewhere. By temporarily blocking the position where the reaction would primarily occur
(and then unblocking after you perform the desired reaction), it is possible to form a product that would otherwise be the minor product.

Now let’s get practice using this technique:

EXERCISE 4.75 Propose an efficient synthesis for the following transformation:

T

Answer We see that we need to install an acyl group in the ortho position. If we just perform a Friedel-Crafts acylation, we would
expect the para product to be the major product (because of steric effects). So, we must perform a sulfonation reaction to block the para
position. Our answer is:

1) conc. fuming HoSO4 0

0
2)AICl, A

3) dilute H,SO,

Propose an efficient synthesis for each of the following transformations. Use sulfonation only when necessary (I am purposefully giving
you at least one problem that does not require sulfonation—to make sure that you understand when to use this blocking technique):

NO,
OY @/C)Y
4.76 ©/ 0 0
NO, NO,
4.77 Br




4.8 PREDICTING AND EXPLOITING STERIC EFFECTS 103

(0]
O (@)
4.78 )\ )\
n-Pr n-Pr
4.79 Me
n-Pr n-Pr

wQO — O

Before we move on to the final section of this chapter, you should be familiar with a few other steric effects. So far, we have seen the
steric effects of ONE group on a ring. But what happens when we have two groups on a ring. For example, consider the directing effects

of meta-xylene:

This compound has fwo methyl groups on the ring. Both methyl groups are directing to the same three positions:

O

RN

Two of these positions are equivalent because of symmetry:

O

Attacking either of these two positions
would yield the same product

So, if we brominate this compound, we will expect to get only two products (rather than three):

Br

BI’2
—_— +
AlBrg .

Minor Major
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Notice that we have indicated that one of the products is major. To understand why, we must consider steric effects. The position in between
the two methyl groups is more sterically hindered than the other positions. Therefore, we primarily get just one product.

Can't get in here - too crowded

<_/ This position is easier to reach
without bumping into a methyl group

This type of argument can be used in a variety of similar situations. For example, you might remember that we saw the following
reaction earlier in this chapter:

O ¢}
¢} (0]
XY YL
(0] +
0 (0]
WO Br Br

o~ Br
—
o} AlBr3 Br (0]
(o)
+ \[( o~
O

At the time, we said that one of the three products would only be a minor product (the one shown above in parentheses). Now we can
understand that it is a minor product, because of steric considerations. The starting compound has two groups that are meta to each other,
so the spot in between the two groups is sterically hindered.

But suppose you have a disubstituted benzene ring where the two groups are para to each other. For example, consider the directing
effects for the following compound:

In this case, we have two groups that are para to each other. Here is a summary of the directing effects of each group:

* ~

Directing effects Directing effects
of the t-butyl group of the methyl group
So, these two groups are directing to all four potential spots. Both groups are weak activators (alkyl groups). So, when we consider

electronic factors, we don’t really see any preference among the possible spots. However, when we consider steric factors, we notice that
the rert-butyl group is very large compared to the methyl group. As a result, we observe the following products:
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Br
Bro Br
S —— N
AlBr3
Very Minor Major

In fact, the tert-butyl group is so large that you will find some textbooks that do not even show the minor product above at all. It is so
minor that it is almost not worth mentioning.

In this section, we have seen many examples where steric effects play a significant role in determining the product distribution. Now
let’s get some practice using these principles.

EXERCISE 4.81 Predict the major product of the following reaction:

Brg

—_—

AlBrs

Answer This example has two groups on the ring: a tert-butyl group and a methyl group. Both are weak activators (ortho-para
directors), and both groups are directing to the same positions:

PN

Of these three positions, the one in between the two groups is the most sterically hindered (reaction at that position would be extremely
slow). Also, the position next to the ferz-butyl group is fairly hindered, so we won’t expect the reaction to take place there either. Thus, we
expect the reaction to take place most often at the least hindered position, next to the methyl group:

Bro

AlBr.
8 Br

Major

Predict the MAJOR product of each of the following reactions (you do NOT need to show any minor products in these problems):

Cl

HNO3

H2SO4
4.82



106 CHAPTER4 ELECTROPHILIC AROMATIC SUBSTITUTION

o)
O)J\
@ _ HNOg
4.83 L
ée AICI3
4.84
conc. fummg
T HSso.
4.85
4.86 CoAch

4.87 é@é A'Br3

4.9 SYNTHESIS STRATEGIES

In this section, we will discuss some strategies for synthesis problems. Let’s begin with a quick review of the reactions we have seen earlier
in this chapter. We have seen how to install many different groups on a benzene ring:

SO3H

@—@—@
5 7N

o0& & C
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Carefully look at the chart above and make sure that you know the reagents that you would use to achieve each of these transformations.
If you are not able to recall the reagents, then you will be totally unable to do synthesis problems.
It would be nice if all synthesis problems were just one-step problems, like this one:

NO,

?

Usually, however, synthesis problems require a few steps, where you must install two or more groups on a ring, like this:

n-Pr

? NO,

When dealing with such problems, there are many considerations to keep in mind:

* Take a close look at the groups on the ring and make sure you know how to install each group individually.

 Consider the order of events. In other words, which group do you install first? After you install the first group, the directing effects
of that group will determine where the next group will be installed. This is an important consideration because it will affect the
relative position of the two groups in the product. In the example above, the two groups are ortho to each other. So we must choose
a strategy that installs the two groups ortho to each other.

* Take steric effects into account (and determine when you need to use sulfonation as a blocking technique).

There are certainly other considerations, but these will help you begin to master synthesis problems. The first consideration above is
just a simple knowledge of the reagents necessary to install any group on a ring. The last two considerations can be summarized like
this: electronics and sterics (hopefully, this will make it easy for you to remember these considerations). Whenever you are solving any
problem, you must always consider electronic effects and steric effects. As you move through this course, you will find the same theme in
every chapter. You will find that you must always consider electronic effects and steric effects.

Let’s try to use these considerations to solve the problem we just saw:

n-Pr

? NO,

Let’s begin by making sure we know how to install both of these groups individually. There are two groups that we need to install on
the ring: an n-propyl group and a nitro group. The nitro group is easy—we just perform a nitration (using sulfuric acid and nitric acid).
The n-propyl group is a bit trickier because we cannot use a Friedel-Crafts alkylation (remember carbocation rearrangements). Instead,
we must use a Friedel-Crafts acylation, followed by a reduction to reduce the C=0O double bond. So far, we need at least three steps: one
step to install the nitro group and two steps to install the n-propyl group.

Now let’s focus on electronic considerations. In this case, we can begin to appreciate the importance of “order of events.” Imagine that
we install the nitro group first. The nitro group is a meta director, so the next group will end up being installed meta to the nitro group. That
doesn’t work for us because we want the groups to be ortho to each other in the final product. So, we have decided that we cannot install
the nitro group first. Instead, let’s try to install the n-propyl group first. That should work because the n-propyl group is an ortho-para
director. So the n-propyl group will direct the incoming nitro group into the correct position (ortho). BUT the n-propyl group will also
direct to the para position. And this is where we must consider steric effects.
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When we look at the steric effects, we encounter a difficulty. The steric effects are not in our favor here. We should expect the following

results:
» n-Pr n-Pr
NO,
HNO3
7 +
H.S04
NO,

Minor

Major

Notice that the compound we want to make is the minor product. But we need a way to obtain the ortho product as our major product.
And we have seen exactly how to do that. We just use sulfonation to block the para position. So, our overall synthesis goes like this:

(e} n-Pr n-Pr
© 1) AIClg, \)J\CI conc. fuming
2) Zn(Hg), HCI, heat H2SO,4
SO3H
HNO4
H,SO4
n-Pr n-Pr
NO NO
2 dilute 2
H,SO4
SOzH
The answer that we just developed can be summarized like this:
)

1) AlCls, \)kCI n-pr

© 2) Zn(Hg), HCI, heat NO:
3) conc. fuming HoSO4
4) HNOgz, HoSO,4
5) dilute H,SO4

Now let’s consider another example in which the order of events is especially relevant. Consider how you might achieve the following

transformation:
? NO;
© :

In this case, we must install an acyl group and a nitro group, and the two groups must be meta to each other. Both groups are meta
directing, so it might seem like we can install them in either order (first acylation and then nitration, or vice versa). However, there is a
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serious limitation to Friedel-Crafts reactions that we have not mentioned until now. And that limitation will dictate the order of events that
we must follow in this case. It turns out that a Friedel-Crafts reaction cannot be performed on a ring that is either moderately deactivated
or strongly deactivated. You can perform a Friedel-Crafts on a weakly deactivated ring (and certainly on an activated ring). But not on a
significantly deactivated ring—the reaction just doesn’t work (you can perform other reactions with deactivated rings, such as bromination,
but not Friedel-Crafts reactions). With that in mind, the nitro group cannot be installed first.

0 o)
AIClg, \)ka HNO;
HoS0s Y\ 0]
: NO,
NO,
HNO, ;E Wl
HpSO,

This synthesis teaches us the importance of “order of events.” Whenever you are trying to solve a synthesis problem, you must always
consider the order of events.

EXERCISE 4.88 Propose an efficient synthesis for the following transformation:

: Et\©/8r

Answer We must install two groups on the ring: an ethyl group and bromine. Let’s first make sure that we know what reagents we
would use to install each group individually. To install bromine, we would use Br, and a Lewis acid. To install the ethyl group, we would
use a Friedel-Crafts alkylation (or acylation, followed by a reduction). Whenever we install an ethyl group on a ring, we don’t need to
worry about carbocation rearrangements, so we can use a simple alkylation (rather than an acylation followed by reduction).

But we immediately see a serious issue when we consider the directing effects of each substituent. The bromine is ortho-para directing,
so we can’t install the bromine on the ring first (if we did, we would not get the groups to be meta to each other). And the ethyl group
is also ortho-para directing. So, whichever group we put on first, there would seem to be no way to get these two groups to be meta to
each other.

UNLESS we use an acylation (rather than an alkylation). If we do that, we will install an acyl group on the ring first. And acyl groups
are meta directing. That would allow us to install the bromine in the correct spot. So our strategy would go like this:

O O
first install then perform then reduce
© an acyl group a bromination the acyl group

Br Br

The reagents for our proposed synthesis are as follows:

)

1) A|C|3, )J\CI Et Br
2) Bro, AIBr3

3) Zn(Hg), HCI, heat
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Propose an efficient synthesis for each of the following. You might want to use a separate piece of paper to help you work through each
of these problems.

e 8
e oy
e &
O—¢
. QL
e o
s <8
> G

4.96
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n-Pr

Cl
4.97 ©

Before we end this chapter, it is important that you realize what we have covered here and, more importantly, what we have not covered.
We did not cover everything in your textbook chapter on electrophilic aromatic substitution. As you go through your lecture notes and
your textbook chapter, you will find a few reactions that we did not cover here. You will need to go through your textbook and your
notes carefully to make sure that you learn those reactions. You should find that we covered 80%, or even 90%, of what you read in your
textbook.

The purpose of this chapter was not to cover everything but rather to serve as a foundation for your mastery of electrophilic aromatic
substitution. If you went through this chapter, then you should feel comfortable with the steps involved in proposing mechanisms, predicting
products, and proposing a synthesis. You should know how directing effects work and how to use them when proposing syntheses. You
should also know about steric effects and how to use them when proposing syntheses.

With all of that as a foundation, you should now be ready to go through your textbook and lecture notes, and polish off the rest of the
material that you must know for your exam. Through the foundation that we have developed in this chapter, you should find (hopefully)
that the content in your textbook will seem easy.

Do the problems in your textbook. Do all of them. Good luck.




CHAPTER 5

NUCLEOPHILIC AROMATIC SUBSTITUTION

5.1 CRITERIA FOR NUCLEOPHILIC AROMATIC SUBSTITUTION

In the previous chapter, we learned all about electrophilic aromatic substitution reactions.
In this short chapter, we will look at the flipside: is it possible for an aromatic ring to function as an electrophile and react with a
nucleophile? In other words, is it possible for the aromatic ring to be so electron-poor that it is subject to attack by a nucleophile? The

answer is: yes.
But in order to observe this kind of reaction, called nucleophilic aromatic substitution, we will need to meet three very specific criteria.

Let’s look closely at each one of these criteria:

1. The ring must have a very powerful electron-withdrawing group. The most common example is the nitro group:

NO,

We saw in the previous chapter that the nitro group is a strong deactivator toward electrophilic aromatic substitution because the nitro group
very powerfully withdraws electron density from the ring (by resonance). This causes the electron density in the ring to be very poor:

o+ o+

o+

At the time, we wanted the aromatic ring to function as a nucleophile. And we saw that the effect of a nitro group is to deactivate the
ring. But now, in this chapter, we want the ring to act as an electrophile. So, the effect of the nitro group is a very good thing. In fact,
it is necessary to have a powerful electron-withdrawing group if you want the ring to function as an electrophile. The presence of the
electron-withdrawing group is the first criterion that must be met in order for the ring to function as an electrophile. Now, let’s look at the
second criterion:

2. There must be a leaving group that can leave.

reactive toward NOT reactive toward
nucleophilic aromatic substitution nucleophilic aromatic substitution

To understand this, let’s think back to what happened in the previous chapter, when the ring always functioned as a nucleophile. We saw
that all the reactions from the previous chapter could be summarized like this: E* comes on the ring, and then H* comes off (or, in other

112
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words: attack, then deprotonate). But now, in this chapter, we want the ring to function as an electrophile. So we are trying to see if we
can get a nucleophile (Nuc™) to attack the ring. If we can make it happen, and a nucleophile (with a negative charge) actually does attack
the ring, then something with a negative charge is going to have to come off of the ring. We can summarize it like this: Nuc™ comes on the
ring, and X~ comes off.

There is one main difference between the mechanism here and the one we saw in Chapter 4. The difference is in the kind of charges we
are dealing with. In the previous chapter, we dealt with something positively charged coming onto the ring to form a positively charged
sigma complex, and then H* came off the ring to restore aromaticity. In those mechanisms, everything was positively charged. But now,
we are dealing with negative charges. A nucleophile with a negative charge will attack the ring to form some kind of negatively charged
intermediate. That intermediate must then expel something negatively charged. And that explains the second criterion for this reaction to
occur: we need the ring to have some leaving group that can leave with a negative charge.

If there is no leaving group that can leave with a negative charge, then the ring will have no way of reforming aromaticity. And we
cannot just kick off H™ because H™ is a terrible leaving group. NEVER kick off H™. Good leaving groups include halides (C1~, Br~, I7)
and sulfonates (such as TsO™). If you are a bit rusty on leaving groups, you might want to go back to first-semester material and quickly
review which groups are good leaving groups.

3. The final criterion is: the leaving group must be ortho or para to the electron-withdrawing group:

LG
LG ONOZ NO,
reactive toward NOT reactive toward
nucleophilic aromatic substitution nucleophilic aromatic substitution

To understand why, we will need to take a closer look at the accepted mechanism. In the upcoming section, we will explore this mechanism
so that we can understand this last criterion. For now, let’s just make sure that we can identify when all three criteria have been met. Once
again, the three criteria are:

1. There must be an electron-withdrawing group on the ring.

2. There must be a leaving group on the ring.

3. The leaving group must be ortho or para to the electron-withdrawing group.

Now let’s get some practice looking for all three criteria:

EXERCISE 5.1 Predict whether the following compound can function as a suitable electrophile in a nucleophilic aromatic substitution
reaction.

Answer In order to have a nucleophilic aromatic substitution, all three criteria must be met.

We look at the ring, and we see that it does have a nitro group. Therefore, the first criterion has been met.

We then look for a leaving group. There is NO leaving group here. A methyl group is NOT a leaving group. Why not? Because a carbon
atom with a negative charge is a terrible leaving group. So criterion 2 has not been met.

Therefore, we conclude that this compound will not function as an electrophile in a nucleophilic aromatic substitution reaction.

Determine whether each of the following compounds can function as a suitable electrophile in a nucleophilic aromatic substitution reaction.
If you determine that the three criteria have not been met, then simply write “no reaction.”
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©/Br
5.2
5.3 i Cl
@ 0
O—S—CH,
54 o
Qo
HC™
s o
5.6 ><©
5.7 Oij

5.2 SyAr MECHANISM

In the previous section, we saw the three criteria that are necessary in order for an aromatic ring to undergo a nucleophilic aromatic
substitution reaction. The following transformation is an example:

Cl HO
\©\ 1) NaOH \©\
—_—
+
no,  2HO NO
Let’s explore some possible mechanisms for this process. It cannot be an Sy 2 process because Sy 2 processes do not readily occur at an
sp*-hybridized center:

2

Sp\2 reactions do not occur at
sp2 hybridized centers
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Sy 2 processes are only effective with sp*-hybridized centers. So our reaction cannot be an Sy2 mechanism. What about Sy 1? That would
require the loss of the leaving group first to form a carbocation:

o/

L, —>— Q.

2

2
Too unstable

This kind of carbocation is not stabilized by resonance. It is a very high-energy intermediate, and we don’t expect the leaving group to
leave if it means creating an unstable intermediate. Therefore, we don’t expect the mechanism to be an Sy 1 mechanism either.

So, if it’s not S 2 and its not S 1, then what is it? And the answer is: it’s a new mechanism, called S Ar. In many textbooks, it is called an
addition—elimination mechanism. In the first step of the mechanism, the ring is attacked by a nucleophile, generating a resonance-stabilized
intermediate, called a Meisenheimer complex:

e) Q 2.0 T Q.. . Q.. ..
-StD/\\ﬁ/Q- NG On 0200 :0.®_0, ‘0~ 0-0;
v, v, £ o
e,. > o < 0 o-
.QH ’@ D
CT\J ¢’ OH ¢’ OH ¢’ OH ¢’ OH
L Meisenheimer Complex _

This intermediate should remind us of the intermediate in an electrophilic aromatic substitution reaction (the sigma complex), but the
main difference is that a Meisenheimer complex is negatively charged (a sigma complex is positively charged). Let’s take a close look at
the Meisenheimer complex, and let’s focus our attention on one particular resonance structure:

Meisenheimer Complex

The highlighted resonance structure is special because it places the negative charge on an oxygen atom. Since the negative charge is spread
out over three carbon atoms and an oxygen atom, the negative charge is fairly stabilized by resonance. You should think of the reaction
like this: A nucleophile attacks the ring, kicking the negative charge up into a reservoir:
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Reservoir
.o .0 [SH8 O
0.®_0: 0. ®_0:
V N~ SSNTT

CT\\\\ cl” OH

*OH Resonance-stabilized
o Meisenheimer complex

This negative charge goes up onto
the oxygen atom of the nitro group

Then, in the second step of the mechanism, the reservoir releases its load by pushing the electron density back down onto a leaving group,
thereby restoring aromaticity to the ring:

Negative charge leaves reservoir
to be expelled with the leaving group

05) ..o ©
ee 0 058.0
.0

SO ot
cl oH OH

And now we are ready to understand the reason for the third criterion (that the leaving group must be ortho or para to the electron-
withdrawing group). Now we can understand that the reservoir is available only if the nucleophile attacks at the ortho or para positions.
If the nucleophile attacks at the meta position, there is no way to place the negative charge up onto the reservoir:

© ] ) ©

0,00
N
o3,
<y 1§ $!
—_ - -
OH OH OH

meta-attack The negative charge is spread out over three carbon atoms,
— but not on an oxygen atom in the nitro group —

@)
/
Z®
\
o
@)
/
@
\
o
@)

Therefore, the intermediate is not stabilized. So the reaction doesn’t happen. And that is why the leaving group must be ortho or para to
the electron-withdrawing group.

Before you get practice drawing the complete mechanism of an S Ar process, there is one subtle point that deserves attention. Let’s
first summarize what we have seen so far:
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Meisenheimer Complex

There are two steps: 1) a nucleophile attacks the ring to generate a Meisenheimer complex, followed by 2) loss of a leaving group to restore
aromaticity. But inspect the product very carefully. It contains a phenolic proton, highlighted below:

Oue .
:0.@.0:

s

O,

This proton is mildly acidic and cannot survive the strongly basic conditions being employed (hydroxide is a strong base, and hydroxide
is present in the reaction flask). So, under these reaction conditions, the product is deprotonated (whether we like it or not), to give
the following:

Qe ue Qe u
O 0200 O 0200
O..
*OH
0 :0;
AJH "0

Therefore, in order to regenerate the desired product, a proton source must be introduced into the reaction flask (after the reaction is
complete), which is shown like this:

NO, NO,

1) NaOH

2) HzO*

Cl OH
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The acid (H;O") is used to achieve the following proton transfer:

0.

=5

If you draw a complete mechanism for this process, it would look like this:

) o.. (o
.0.0.0: 0. @L0:
DN O~@X0
2 Z
o..
:OH
CT\/ ¢’ OH
ST
D.\ﬁ//o-'
OH

'Il . \ﬁ)//o s
HK:'O'\ H
OH
.. Oue .t
0.©_0; KON ﬁ//o.

Cl OH Cl

YR

When you stare at this mechanism, you might be surprised by the last two steps (deprotonation, followed by protonation). Specifically, you
might wonder why the mechanism needs to show these last two steps. After all, if we delete these last two steps from the mechanism, isn’t
the product still correct? Yes, that is true, but these last two steps are necessary. Why? Because under the reaction conditions employed
(strongly basic conditions), the phenolic proton does not survive. Deprotonation occurs, whether we like it or not. The mechanism, as
drawn, indicates that we understand that subtle point. By drawing the last two steps of the mechanism, you are demonstrating that you
understand why a proton source (like H;O*) must be added to the reaction flask after the reaction is complete.

Now we are ready to get some practice drawing an Sy Ar mechanism.

EXERCISE 5.8 Draw a mechanism for the following reaction.

NO,

Br

1) NaOH
2) HzO*

NO,
OH
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Answer The reagent is a strong nucleophile (hydroxide), and the starting compound meets all three criteria for an SyAr mechanism:
an electron withdrawing group (NO,) and a leaving group (Br) that are ortho to each other.

In a nucleophilic aromatic substitution reaction, the nucleophile (hydroxide) attacks at the position bearing the leaving group, and
electrons are pushed up into the reservoir:

Then, in the second step of the mechanism, the leaving group is expelled to give the product. The first step and the second step of the
mechanism are shown here:

.. . .. .O
P8 B:0.8

Q4

“OH
o] ..o ) ARG . .0
Dl O 00,82 0505 NP
< Br NS Br Br Cer

This might appear to be a complete mechanism. But remember, that under basic conditions, the product is deprotonated:

NOg N02
"O?H/E%H t el
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And that is why an acid source is necessary after the reaction is complete:

NO H
2

R @
t /;@\‘H@Q\H

Propose a mechanism for each of the following transformations:

2

NO
'.O.'\ ]

NOZ NO»
@/I 1) NaOH OH
—_—
2) HzO*
5.9 ) H3O
o)
\ _O HO
87 1) NaOH
HsC™ \
o 2) HyO*
NO, NO

NO, NO,

G 4y NaOH COH

5.10 2

5.11 2) H0"

5.3 ELIMINATION-ADDITION

In the previous section, we discussed the three criteria that you need in order to get an SyAr mechanism. The obvious question is: can it
occur without all three criteria? For example, what if there is no electron-withdrawing group?
If we treat chlorobenzene with hydroxide, no reaction is observed:

Cl

NaOH .
no reaction

The hydroxide ion does not displace the leaving group via an S Ar mechanism because there is no “reservoir” to hold the electron density
for a moment. In fact, if we try to apply heat, there is still no reaction.
However, at much higher temperatures, such as 350 °C, a reaction is in fact observed:

Cl OH

1) NaOH, 350 °C

2) HgO*

This reaction, called the Dow process, is commercially important because it is an efficient way of making phenol.
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We can use this same process to make aniline:

cl NH,

1) NaNHy, NH3 (lig)

2) HzO*

aniline

We don’t even need high temperatures to make aniline. We just use H,N™ in liquid ammonia. So we have a serious question: if there is no
“reservoir” to temporarily hold the electron density to enable Sy Ar, then how does this reaction work? What is the mechanism?

To understand the mechanism, chemists have used an important technique called isotopic labeling. All elements have isotopes (for
example, deuterium is an isotope of hydrogen because deuterium has a neutron in the nucleus while hydrogen does not). Carbon also has
some important isotopes. '>C is an important isotope because we can easily determine the position of a '>C atom in a compound using
NMR spectroscopy. So if we enrich a specific spot with *C, then we can follow where that carbon atom goes during the reaction. For
example, let’s say we take chlorobenzene, and we enrich one particular site with *C:

Cl

*

The site with the asterisk is the location where we placed the '*C. When we say that we enriched that spot with '*C, we mean that most of
the molecules in the flask have a '*C atom in that position.
Now let’s see what happens to that isotopic label as the reaction proceeds. After running the reaction, here are the results that are

observed:
Cl NH, NH,
1) NaNH,, NH3 (lig) *
+
2) HO0*

50 % 50 %

This seems quite strange: how does the isotopic label “move” its position? We will not be able to explain this with a simple nucleophilic
aromatic substitution. Even if we could somehow ignore the issue of not having a reservoir for the electron density during the reaction,
we would still not be able to explain the isotopic labeling results.

So here is a proposal that explains the isotopic labeling experiments. Imagine that in the first step, the hydroxide ion acts as a base
(rather than a nucleophile), giving an elimination reaction:

OHT % & N
e ge)
Benzyne

This generates a very strange-looking (and very reactive) intermediate, which is called benzyne. Then, another hydroxide ion is involved,
this time acting as a nucleophile to attack benzyne. But there are two places it can attack:
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Hydroxide can . kC)
attack like this

:OH OH
or like this :

And there is no reason to prefer one site over the other, so we must assume that these two pathways occur with equal probability. That
would give a 50-50 mixture of the two anions above, which would undergo proton transfers to generate phenol, with the isotopic labels
in the appropriate locations:

OH OH
* o *
,pH/\}\H
FL_OH\, SOt ~_-OH
H ) H
=

Just as we saw in the previous section, phenol has an acidic proton and will therefore undergo deprotonation as a result of the basic reaction
conditions (hydroxide). So, just as we saw in the previous section, a proton source (such as H;O*) must be introduced into the reaction
flask after the reaction is complete.

This proposed mechanism is essentially an elimination followed by an addition. So, it makes sense that we call this process an
elimination—addition reaction (as compared with the Sy Ar mechanism, which was called addition—elimination). This mechanism cer-
tainly seems a bit off the wall when you think about. Benzyne? It looks like a terrible intermediate. But chemists have been able to
show (with other experiments) that benzyne is in fact the intermediate of this reaction. Your textbook or instructor will most likely pro-
vide some evidence for the short-lived existence of benzyne (we use a trapping technique involving a Diels—Alder reaction). If you are
curious about the evidence, you can look in your textbook. For now, let’s make sure that you can predict the products of elimination—
addition reactions.

EXERCISE 5.12 Predict the products for the following reaction:

Cl

1) NaOH, 350 °C

2) HzO*

Answer The ring does not have an electron-withdrawing group, so we are not dealing with an S Ar mechanism. Rather, we must be
dealing with an elimination—addition mechanism.
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Elimination can occur on either side of the chlorine atom:

N
& a

Then, we can add across either triple bond above, giving us the following products:

Cl

"L O O

If you look closely at these products, you will see that the middle two are the same. So, we expect the following three products from this

reaction:
OH
HO
1) NaOH, 350 °C OH
+ +
2) HzO*

Predict the products for each of the following reactions. Just to keep you on your toes, I will throw in some problems that go through an
addition—elimination mechanism (SyAr), rather than an elimination—addition. In each case, you will have to decide which mechanism is

Cl
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responsible for the reaction (based on whether or not you have all three criteria for an Sy Ar mechanism). Your products will be based on
that decision.

Cl

1) NaOH, 350 °C

~

2) HzO*
5.13
Cl
@\ 1) NaNH,, NHg (/iq.)
2) HsO*
5.14 NO, Hs
Cl
NO,
1) NaOH, 80 °C
5.15 2) HzO*
Cl
©/ 1) NaOH, 350 °C
5.16 2) HO™
0
e
N 1) NaOH, 350 °C
HaC™ Ny
2) HsO*
5.17
Br
\©\ 1) NaOH, 80 °C
2) HyO*
5.18 NO, s

In this section, we have seen how to install an OH group or an NH, group on an aromatic ring. This is important because we did not
see how to achieve either of these two transformations in the previous chapter. Here is a summary of how to install an OH group or NH,
group on an aromatic ring. In each case, it is a two-step process that starts with installing a Cl on the ring:

OH
1) NaOH, 350 °C
2) HzO*
Cl phenol
Cly
© AICI3
NH.

1) NaNHy, NHj (Zig)
2) HyO*

aniline
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We begin with chlorination of benzene (which is just an electrophilic aromatic substitution reaction), followed by an elimination—addition
reaction. When we perform the elimination—addition process, we must carefully choose the reagents. If we use NaOH followed by H,O™,
the product will be phenol. If we use NaNH, followed by H,O™, the product will be aniline (shown in the scheme above).

5.4 MECHANISM STRATEGIES

So far, we have seen three different mechanisms involving aromatic rings:
1. Electrophilic aromatic substitution
2. SyAr (also called addition—elimination)
3. Elimination—addition

When you are given a problem, you must be able to look at all of the information and determine which of the three mechanisms is operating.
This is not difficult to do. Here is a simple chart that shows the thought processes involved:

Are the reagents
nucleophilic or electrophilic ?

Electrophilic Nucleophilic

Do you have all three criteria
for a nucleophilic aromatic substitution

SNAr | Elimination-addition

You first look at the reagents that are reacting with the aromatic ring. If the reagents are electrophilic (like all of the reagents we saw
in the previous chapter), then expect an electrophilic aromatic substitution. But if the reagents are nucleophilic, then you have to decide
between an Sy Ar reaction and an elimination—addition reaction. To do that, look for the three criteria necessary for an Sy Ar reaction.

Let’s see an example:

Electrophilic
aromatic
substitution

EXERCISE 5.19 Propose a mechanism for the following reaction:

Cl OH

1) NaOH, heat

2) Ha0*

N02 NOQ

Answer We begin by looking at the reagents. Hydroxide is a nucleophile, so we do NOT expect an electrophilic aromatic substitution.
We must decide between an Sy Ar mechanism and an elimination—addition mechanism. We look for the three criteria that we need for an
SyAr reaction. (1) We do have an electron-withdrawing group, and (2) we do have a leaving group, BUT (3) the electron-withdrawing
group and the leaving group are NOT ortho or para to each other. That means that an Sy Ar mechanism is unlikely to occur. (When the
electron-withdrawing group and the leaving group are meta to each other, we don’t have the “reservoir” to use.) Therefore, the mechanism
must be an elimination—addition:
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H )0 Ho
OH ol 10! /\ o
AN ..
H A/ H @\ :OH
NO, NO NO,

In this particular example, we would expect a total of three products from an elimination—addition mechanism:

HO OH
1) NaOH, 350 °C \©\ @[
+ +
N
No, 2)H© NO, NO, NO,

But keep in mind that mechanism problems do not always show you all of the products. The problem will typically show you just one
product, and you will need to show the mechanism for forming that product (and only that product). In some cases, it might even be a
minor product. But the problem is not making any claims that the product is major or minor. A mechanism problem is simply asking you
to justify “how” the product was formed, regardless of how much of it was actually obtained from the reaction.

Cl

Propose a mechanism for each of the following reactions:

OH
@/ 1) NaOH, 80 °C NO2
5.20 2) H0"
OH
© 1) NaOH, 350 °C
5.21 2) HyO*
CI\©\ 1) NaOH, 80 °C Ho\@\
5.22 NO,  2)HsO” NO»

NH,

cl
© 1) NaNHs, NHjz (lig)
5.23 2) H30*



CHAPTER 6

KETONES AND ALDEHYDES

6.1 PREPARATION OF KETONES AND ALDEHYDES

Before we can explore the reactions of ketones and aldehydes, we must first make sure that we know how ro make ketones and aldehydes.
That information will be vital for solving synthesis problems.

Ketones and aldehydes can be made in many ways, as you will see in your textbook. In this book, we will only see a few of these
methods. These few reactions should be sufficient to help you solve many synthesis problems in which a ketone or aldehyde must be
prepared.

The most useful type of transformation is forming a C=0 bond from an alcohol. Primary alcohols can be oxidized to form aldehydes:

OH
R R H

And secondary alcohols can be oxidized to form ketones:

Tertiary alcohols cannot be oxidized, because carbon cannot form five bonds:

OH o Carbon
—K— NEVER
has 5 bonds

So, we need to be familiar with the reagents that will oxidize primary and secondary alcohols (to form aldehydes or ketones, respectively).
Let’s start with secondary alcohols.
A secondary alcohol can be converted into a ketone upon treatment with sodium dichromate and sulfuric acid:

j)\H NagCr207 i

R™ R H2S0y, HoO R~ R

Alternatively, the Jones reagent can be used, which is formed from CrO; in aqueous acetone:

OH
L Cro, i
R R Aqueous acetone R R
heat

Whether you use sodium dichromate or the Jones reagent, you are essentially performing an oxidation that involves a chromic acid
oxidizing agent (the alcohol is being oxidized and the chromium reagent is being reduced). You should look through your lecture notes
and textbook to see if you are responsible for the mechanisms of these oxidation reactions. Whatever the case, you should definitely have

127
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these reagents at your fingertips, because you will encounter many synthesis problems that require the conversion of an alcohol into a

ketone or aldehyde.
Chromic acid oxidations work well for secondary alcohols, but we run into a problem when we try it on a primary alcohol. The initial

product is indeed an aldehyde:
OH (o]

) oxidation )J\

R R TH
But under these strong oxidizing conditions, the aldehyde does not survive. The aldehyde is further oxidized to give a carboxylic acid:

o}

)cj)\ oxidation )J\

R H R OH

So clearly, we need a way to oxidize a primary alcohol into an aldehyde, under conditions that will not further oxidize the aldehyde. This
can be accomplished with a reagent called pyridinium chlorochromate (or PCC):

X
| _— @CI’03C|
°
H
pyridinium chlorochromate
(PCC)

This reagent provides milder oxidizing conditions, and therefore, the reaction stops at the aldehyde. That is, PCC will oxidize a primary
alcohol to give an aldehyde:

OH

(0]
PCC
J e A

PCC can also be used to convert a secondary alcohol into a ketone.

R

0]

o PCC
R)\R Fk)k

There is another common way to form a C=0 bond (other than oxidation of an alcohol). You might remember the following process
from last semester:

R

R R 1) Os R R
>%/ >:o O:<
R R 2) DMS R R

This process is called ozonolysis. It essentially takes every C=C bond in the compound, and breaks it apart into two C=0 bonds:
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There are many reagents that can be used for the second step of this process (other than DMS). You should look in your lecture notes to
see what reagents your instructor (or textbook) used for step 2 of an ozonolysis.

So far, this section has covered only a few ways to make a C=0 bond. We saw that an aldehyde can be made by treating a primary
alcohol with PCC, and we saw that a ketone can be made by treating a secondary alcohol with a strong oxidizing agent such as sodium
dichromate, the Jones reagent, or even PCC. We also saw that ketones and aldehydes can be made via ozonolysis. Let’s get some practice
with these reactions.

EXERCISE 6.1 Predict the major product(s) of the following reaction:

Answer The oxidizing agent in this case is PCC, and we have seen that PCC will convert a primary alcohol into an aldehyde:

0
O/\OH PCC O)J\H

PROBLEMS  Predict the major product for each of the following reactions:

1) O3
2) DMS

O

6.2
OH

CrOs

-

Aqueous acetone
6.3 heat

Na,Cr,07
6.4 OH HsSOy4, H-O
1) O3
6.5 2) DMS

OH Na,Cr,07
6.6 O/\/ HoS04, Ho0
O/V OH PCC
6.7

It is not enough to simply “recognize” the reagents when you see them (like we did in the previous problems). But you actually need to
know the reagents well enough to write them down when they are not in front of you. Let’s get some practice:
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EXERCISE 6.8 Identify the reagents you would use to achieve the following transformation:

OH o)
Answer In this case, a secondary alcohol must be converted into a ketone. This can be accomplished with a number of reagents, such
as sodium dichromate, or the Jones reagent, or even with PCC:

NaZCr207

/" HzS0y4, H2O '\

OH 0}

CI'O3
——————eeeeeeeeee
/ ( Aqueous acetone / Z

heat

PCC

PROBLEMS Identify reagents that you could use to achieve each of the following transformations. Try not to look back at the previous
problems while you are working on these problems.

OH o)
OH WOH

6.11 >:< T )CJ)\

6.2 STABILITY AND REACTIVITY OF C=0 BONDS

Ketones and aldehydes are very similar to each other in structure:

(0] o}
RJ\ R R)J\ H
ketone aldehyde

Therefore, they are also very similar to each other in terms of reactivity. Most of the reactions that we see in this chapter will work for
both ketones and aldehydes. So, it makes sense to learn about ketones and aldehydes in the same breath.

But before we can get started, we need to know some basics about C=0 bonds. Let’s start with a bit of terminology that we will use
throughout the entire chapter. Instead of constantly using the expression “C=0 double bond,” we will call it a carbonyl group. This term
is NOT used for nomenclature. You will never see the term “carbonyl” appearing in the IUPAC name of a compound. Rather, it is just a
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term that we use when we are talking about mechanisms, so that we can quickly refer to the C=0 bond without having to say “C=0
double bond” all of the time.

Don’t confuse the term “carbonyl” with the term “acyl.” The term “acyl” is used to refer to a carbonyl group together with one
alkyl group:

carbonyl group acyl group
o) o}

’a)kf RJ\E

We will use the term “acyl” in the next chapter. But in this chapter, we will focus on the carbonyl group.

If we want to know how a carbonyl group will react, we must first consider electronic effects (the locations of 8+ and 6—). There are
always two factors to explore: induction and resonance. If we start with induction, we notice that oxygen is more electronegative than
carbon, and therefore, the oxygen atom will withdraw electron density:

BCJ)\
As aresult, the carbon atom of the carbonyl group is 8+ and the oxygen atom is 5—.
Next, we look at resonance:

And we see, once again, that the carbon atom is 8+ and the oxygen atom is d—, this time because of resonance. So, both induction and
resonance paint the same picture:

5
oO-
A

This means that the carbon atom is very electrophilic, and the oxygen atom is electron-rich. We will focus all of our attention in this
chapter on the carbon atom of a carbonyl group. We will see how the carbon atom functions as an electrophile, when it functions as an
electrophile, and what happens after it functions as an electrophile.

The geometry of a carbonyl group facilitates the carbon atom functioning as an electrophile. We saw in the first semester of organic
chemistry that sp>-hybridized carbon atoms have trigonal planar geometry:

fr=,

This makes it easy for a nucleophile to attack the carbonyl group, because there is little steric hindrance that would block the incoming
nucleophile:

In this chapter, we will see many different kinds of nucleophiles that can attack a carbonyl group. In fact, this entire chapter will
be organized based on the kinds of nucleophiles that can attack. We will start with hydrogen nucleophiles and continue with oxygen
nucleophiles, sulfur nucleophiles, nitrogen nucleophiles, and, finally, carbon nucleophiles. This approach (dividing the chapter based
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on the kinds of nucleophiles) might be somewhat different than your textbook. But hopefully, the order that we use here will help you
appreciate the similarity between the reactions.

There is one more feature of carbonyl groups that must be mentioned before we can get started. Carbonyl groups are thermodynamically
very stable. In other words, forming a carbonyl group is generally a process that is downhill in energy. As a result, the formation of a
carbonyl group is often the driving force for a reaction. We will use that argument many times in this chapter, so make sure you are
prepared for it. The mechanisms in this chapter will be explained in terms of the stability of carbonyl groups.

Now let’s just quickly review the important characteristics that we have seen so far. The carbon atom (of a carbonyl group) is elec-
trophilic, and it is readily attacked by a nucleophile (and there are MANY different kinds of nucleophiles that can attack it). We have also
seen that a carbonyl group is very stable. So, the formation of a carbonyl group can serve as a driving force.

These principles will guide us throughout the rest of the chapter, and they can be summarized like this:

* A carbonyl group can be attacked by a nucleophile, and

* After a carbonyl group is attacked, it will try to re-form, if possible.

6.3 H-NUCLEOPHILES

We will now explore the various nucleophiles that can attack ketones and aldehydes. We will divide all nucleophiles into categories, and
in this section, we will focus on hydrogen nucleophiles. I call them “hydrogen” nucleophiles, because they are a source of a negatively
charged hydrogen atom (which we call a “hydride” ion) that can attack a ketone or aldehyde. The simplest way to get a hydride ion is from
sodium hydride (NaH). This compound is ionic, so it is composed of Na* and H™ ions (very much the way NaCl is composed of Na* and
CI™ ions). So, NaH is certainly a good source of hydride ions.

However, you will not see any reactions where we use NaH as a source of hydride nucleophiles. As it turns out, NaH is a very strong
base, but it is not a strong nucleophile. This is an excellent example of how basicity and nucleophilicity do NOT completely parallel each
other. The reason for this goes back to something from the first semester of organic chemistry. Try to remember back to the difference
between basicity and nucleophilicity. Let’s review it quickly.

The strength of a base is determined by the stability of the negative charge. An unstable negative charge corresponds with a strong
base, while a stabilized negative charge corresponds with a weak base. But nucleophilicity is NOT based on stability. Nucleophilicity is
based on polarizability. Polarizability describes the ability of an atom or molecule to distribute its electron density unevenly in response
to external influences. Larger atoms are more polarizable, and are therefore strong nucleophiles; while smaller atoms are less polarizable,
and are therefore weak nucleophiles.

With that in mind, we can understand why H™ is a strong base, but not a strong nucleophile. It is a strong base, because hydrogen does
not stabilize the charge well. But when we consider the nucleophilicity of H™, we realize that hydrogen is the smallest atom, and therefore,
the least polarizable. As a result, H™ is generally not observed to function as a nucleophile. So, how do we form a hydrogen nucleophile?

Although H™ itself cannot be used as a nucleophile, there are many reagents that can serve as a “delivery agent” of H™. For example,
consider the structure of sodium borohydride (NaBH,):

|
H—I|3—H
H

If we look at the periodic table, we see that boron is in Column 3A, and therefore, it has three valence electrons. Accordingly, it can
form three bonds. But in sodium borohydride (above), the central boron atom has four bonds. So it must be using one extra electron, and
therefore, it has a negative formal charge (for our purposes, we can ignore the sodium ion, Na*, and treat it as if it was just a counter ion).
This reagent can serve as a delivery agent of H™, as seen in the following example:

Notice that H™ never really exists by itself in this reaction. Rather, H™ is “delivered” from one place to another. That is a good thing,
because H™ by itself would not serve as a nucleophile (as we saw earlier). But sodium borohydride can serve as a source of a hydrogen
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nucleophile, because the central boron atom is somewhat polarizable. The polarizability of the boron atom allows the entire compound to
serve as a nucleophile, and deliver a hydride ion to attack the ketone. Now, it is true that boron is not so large, and therefore, it is not very
polarizable. As a result, NaBH, is a somewhat tame nucleophile. In fact, we will soon see that NaBH, is selective in its reactivity. It will
not react with all carbonyl groups (for example, it will not react with an ester). But it will react with ketones and with aldehydes (and that
is our focus in this chapter).

There is another common reagent that is very similar to sodium borohydride, but it is much more reactive. This reagent is called lithium
aluminum hydride (LiAIH,):

P
H—Plxl—H
H

This reagent is very similar to NaBH, because aluminum is also in Column 3A of the periodic table (directly beneath boron). So, it also
has three valence electrons. In the structure above, the aluminum atom has four bonds, which is why it has a negative charge. Just as we
saw with NaBH,, LiAlH, is also a source of nucleophilic H™. But compare these two reagents to each other—aluminum is larger than
boron. That means that it is more polarizable, and therefore, LiAlH, is a much better nucleophile than NaBH,. LiAIH, will react with
almost any carbonyl group (not just ketones and aldehydes).

It will soon become very important that LiAlH, is more reactive than NaBH,. But for now, we are talking about nucleophilic attack of
ketones and aldehydes; and both NaBH, and LiAIH, will react with ketones and aldehydes.

In addition to NaBH, and LiAlH,, there are other sources of hydrogen nucleophiles as well, but these two are the most common
reagents. You should look through your textbook and lecture notes to see if you are responsible for being familiar with any other hydrogen
nucleophiles.

Now let’s take a close look at what can happen after a hydrogen nucleophile attacks a carbonyl group. As we have seen, the reagent
(either NaBH, or LiAIH,) can deliver a hydride ion to the carbonyl group, like this:

In the beginning of this chapter, we covered two important rules that govern the behavior of a carbonyl group:

* itis easily attacked by nucleophiles (as we just saw in the step above), and

* after a carbonyl group is attacked, it will try to re-form, if possible. Now we need to understand what we mean when we say: “if
possible.”

In trying to re-form the carbonyl group, we realize that the central carbon atom cannot form a fifth bond:

0: H 0 NEVER

i LV
H draw a carbon
)Q )k with 5 bonds

That would be impossible, because carbon only has four orbitals to use. So, in order for the carbonyl group to re-form, a leaving group
must be expelled, like this:

Qs
N — M+

When considering which groups can function as leaving groups, avoid expelling H™ or C~ (there are a few exceptions to this rule, which
we will see later, but unless you recognize that you are dealing with one of the rare exceptions, do NOT expel H™ or C™). For example,
never do this:
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And never do this:

S

We have just learned a simple general rule. Now let’s try to apply this rule to determine the outcome that is expected when a ketone or
aldehyde is treated with a hydrogen nucleophile. Once again, the first step was for the hydrogen nucleophile to attack the carbonyl group:

i
;5. /HEASH o,
ﬁk ! 10: H

Now let’s consider what can possibly happen next. In order for the carbonyl group to re-form, a leaving group must be expelled. But there
are no leaving groups in this case. The carbonyl cannot re-form by expelling C™:

Q.

T

X -

o

And it cannot re-form by expelling H™:

XO)

* o

And it cannot re-form by expelling C™:

O]

So we are stuck. Once a hydrogen nucleophile delivers H™ to the carbonyl group, then it will not be possible for the carbonyl group to
re-form. So the reaction is complete, and it just waits for us to introduce a source of protons to “work-up” the reaction (to protonate the
alkoxide ion). To achieve this protonation, we can introduce either water or H;O* as the source of protons:

@-(\ %\

O H H H HO H

Regardless of the identity of the proton source that we add to the reaction flask after the reaction is complete, the product of this reaction
will be an alcohol.

Whenever you are using this transformation in a synthesis, you must clearly show that the proton source is added AFTER the reaction
has occurred:

1) LiAlH, OH

O
N e A
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In other words, it is important to show that LiAlH, and water are two separate steps. Do not show it like this:

O DiAIHg OH
)J\ HQO )\

This would mean that LiAlH, and H,O are present at the same time, and that is not possible. LiAlH, would react violently with water to
form H, gas (because H* and H~ would react with each other).

As it turns out, NaBH, is a milder source of hydride, and therefore, NaBH, can actually be present at the same time as the proton
source:

OH

0 NaBH,
)J\ MeOH or H,O )\

Common proton sources include MeOH and water (sometimes you might see EtOH). Notice that we didn’t show it as two separate steps.
When you are dealing with LiAIH,, you must show two steps (one step for LiAlH, and another step for the proton source); but when you
are dealing with NaBH,,, you should show the proton source in the same step as NaBH,.

LiAIH, and NaBH, are very useful reagents. They allow us to reduce a ketone or aldehyde, which is important when you realize that
we already learned the reverse process:

Oxidation

OH 0
N M

N\ Reduction /

These two transformations will be fremendously helpful when you are trying to solve synthesis problems later on. You would be surprised
just how many synthesis problems involve the conversion between alcohols and ketones. You need to have these two transformations at
your fingertips.

EXERCISE 6.13 Predict the major product of the following reaction:

O

H NaBH,
MeOH

Answer The starting compound is an aldehyde, and it is being treated with sodium borohydride. This hydrogen nucleophile will
deliver H™ to the aldehyde, and the carbonyl group will not be able to re-form, because there is no leaving group. In this case, methanol
serves as the proton source, and an alcohol will be obtained:

OH

H NaBH,
MeOH
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PROBLEMS  Predict the major product for each of the following reactions:

o
1) LiAlH,
6.14 2) H0
0
NaBH,
H MeOH
6.15 ©
PCC
616 -~ ~ on ———
\\v//\\v/il\ NaBH,
6.17 H MeOH
1) O3
2) DMS
3) LiAlH,
6.18 4) H0

EXERCISE 6.19 Draw a mechanism for the following transformation:
(0] OH

1) LiAIH,
2) Ho0

Answer First, LiAlH, delivers a hydride ion to the ketone. Then, the carbonyl group is not able to re-form, so the intermediate waits
for a proton from water, during the workup step:

o " @’/‘\\\\\
ol a2 :0: H HO H
¢///1:\¢I H Co.
H™ H

PROBLEMS  Propose a mechanism for each of the following transformations. The following problems will probably seem too
easy—but just do them anyway. These basic arrows need to become routine for you, because we will step up the complexity in the
next section, and you will want to have these basic skills down cold:

(@) 1) LiAlH,
CH3OH
6.20 H H 2) H,0
OH
NaBH,4
_—
MeOH

6.21
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o 0O OH OH

)J\/U\ 1) excess LiAlH,4
—_—_—
6.22 2) excess HxO )\)\

6.4 O-NUCLEOPHILES

In this section, we will focus our attention on oxygen nucleophiles. Let’s begin by exploring what happens when an alcohol functions as
a nucleophile and attacks a ketone or aldehyde.

Be warned: the mechanism we are about to see is one of the longer mechanisms that you will encounter in this course. But it is incredibly
important because it lays the foundation for so many other mechanisms. If you can master this mechanism, then you will be in really good
shape to move on. And to be honest, there is no other option; you MUST master this mechanism. So, be prepared to read through the
next several pages slowly, and then be prepared to practice the material on these pages as many times as necessary until you know this
mechanism extremely well.

Alcohols are nucleophilic because the oxygen atom has lone pairs that can attack an electrophile:

R—oo(—_H\‘EG)

When an alcohol attacks a carbonyl group, an intermediate is generated that should remind us of the intermediate that was formed in

the previous section:
R
;0" A% Qs O

"
. /HAEH o
i ! :0: H

But there is one major difference here. When we saw the attack of a hydrogen nucleophile in the previous section, we argued that the
carbonyl group could not re-form after the attack because there was no leaving group. But here, in this section (with an alcohol functioning
as a nucleophile), there is a leaving group. So, it is possible for the carbonyl group to re-form:

H
G.. \®
:0: :0—R
X

o

The attacking nucleophile (ROH) can function as the leaving group. But, of course, that gets us right back to where we started. As soon
as a molecule of alcohol attacks the carbonyl group, it just gets expelled immediately, and there is no net reaction.

So, let’s explore other possible avenues, to see if there is a reaction that can occur. First of all, we should realize that the attack of
an alcohol is much slower than the attack of a hydrogen nucleophile, because alcohols do not have a negative charge and are not strong
nucleophiles. So, if we want to speed up this reaction, we would want to make the nucleophile more nucleophilic (for example, using RO~
instead of ROH):




138 CHAPTER6 KETONES AND ALDEHYDES

Theoretically, this would speed up the reaction, but under these conditions, we would have the same problem that we just had a moment
ago. We cannot prevent the carbonyl group from re-forming. The initial intermediate will just eject the nucleophile, and we would get
right back to where we started:

oo

(O .o
:0: :O—R O .0
LT —— v
So, we will take a slightly different approach. Rather than making the nucleophile more nucleophilic, we will focus on making the elec-
trophile more electrophilic. So, let’s focus on the electrophile of our reaction:
o

A

How do we make a carbonyl group even more electrophilic? By introducing a small quantity of catalytic acid into the reaction flask:

The resulting protonated ketone is significantly more electrophilic (this entity bears a full positive charge, rendering the carbonyl group
more electron-poor). This is VERY IMPORTANT, because we will see this many times throughout this chapter. Many acids can be used
for this purpose, including H,SO,. When drawing a mechanism for the protonation of a ketone in the presence of an acid catalyst, we
should recognize that the identity of the acid (H—A™) is most likely a protonated alcohol, which received its extra proton from H,SO,.

As we continue to discuss this mechanism, we will just show H—A™ as the proton source, and it is expected that you will understand that
the identity of H—A™ is likely a protonated alcohol.

Now that the ketone has been protonated, rendering it more electrophilic, let’s consider what happens if an alcohol molecule functions
as a nucleophile and attacks the protonated ketone:

H .o H

This gives an intermediate that has a tetrahedral geometry (the starting ketone was sp* hybridized, and therefore trigonal planar; but this
intermediate is now sp* hybridized, and therefore tetrahedral). So, we will refer to this intermediate as a “tetrahedral intermediate.”

Doesn’t this tetrahedral intermediate give us the same problem? Doesn’t it simply expel a leaving group to re-form the protonated
ketone?
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.. .._H
Ho:;;-'oeln ®5”

i o
><\5 —_— * R H

Yes, this can happen. In fact, it does happen—most of the time. That is in fact why we are using equilibrium arrows, highlighted below:

. H
- .. _H :0. .
)-OJ-\/\H—[,\&@ %cj;/\g/ H HG: OZR

So it is true that there is an equilibrium between the forward and reverse processes. But every now and then, there is something else that
can happen. There is a different way in which the carbonyl group can be re-formed:

H
What about expelling ool \
this leaving group ?  HO; O~R

In other words, we are exploring whether HO™ can be expelled as a leaving group, which should theoretically work because we said before
that anything can be expelled except for H™ and C~. Nonetheless, we cannot expel HO™ in acidic conditions. Rather, it will have to be
protonated first, which converts it into a better leaving group (this is a BIG DEAL—make sure that this rule becomes part of the way you
think—NEVER expel HO™ into acidic conditions—always protonate it first). So we draw the following proton transfer steps:

H H

. I ..
HO: “O=R ‘A HO: :0—R H-LA® H—G)O)::<O—R
Notice that we first deprotonated to form an intermediate with no charge, and only then protonated. We specifically chose this order (first
protonate, then deprotonate) to avoid having an intermediate with two positive charges. This is another important rule that you should

make part of the way you think from now on. Avoid intermediates with two similar charges. Now, there are always some clever students
who try to combine the two steps above into one step, by transferring a proton intramolecularly, like this:

.
-
.
.
.

i o
HO: <O R H—0: :0—R

K —=—= X

While this might make sense on paper, it actually doesn’t occur that way because the oxygen atom and the proton are simply too far apart
in space to interact. An intramolecular proton transfer would require a transition state that resembles a 4-membered ring, which is high in
energy and unlikely to occur. So, when drawing a mechanism, you must first remove a proton, and only then, do you protonate (and it is
probably not going to be the same exact proton that was removed).

The result of our two separate proton transfer steps is the following intermediate:

;!
H _@O)<O_ R
And now we are ready to expel the leaving group (which is now H,O, rather than HO™) to re-form a carbonyl group, like this:

H
ol .. .. R
H—0: C;0—R ©5” "
e 20
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This new intermediate now does have a carbonyl group, but there is no easy way to remove the charge. You can’t just lose R* the way you
can lose a proton:

B X X

But there is another way for the charge to be removed. This intermediate can be attacked by another molecule of alcohol, just like the
protonated ketone was attacked at the beginning of the mechanism:

. o H

And finally, removal of a proton gives our product:

H/\
oo —\ es  es
RO}EQR A Ro)::<OR

. -

The overall transformation can be summarized as follows:

9 catalytic H* RO OR
)J\ + 2 ROH X + H,0O

To make sure that we understand some of the key features of this mechanism, let’s take a close look at the whole thing all at once. There
are seven steps:

H H

ok .. R /
/1\@_ 207 52 @ ..
RO><OR A RO><Q. R R H )E -H,0 H (4O/>§—<O R

First let’s focus our attention on all of the proton transfers in the entire mechanism. Four of the steps above are proton transfer steps. Two
of them involve protonation and two involve deprotonation. So, in the end, the acid is not consumed by the reaction. It is a catalyst here.
From now on, we will place brackets around the acid to indicate that its function is catalytic:

o [H*] RO OR

)J\+2ROH

It is interesting to realize that most of the steps in the mechanism above are just proton transfer steps. There are only three steps other than
proton transfers, and they are: nucleophilic attack (with ROH as the nucleophile), loss of a leaving group (H,0), and another nucleophilic

+ H,O
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attack (again, with ROH as the nucleophile). All of the proton transfers are simply used to facilitate these three steps (proton transfers
make the carbonyl group more electrophilic, to produce water as a leaving group instead of hydroxide, and to avoid multiple charges). It
is important that you see the reaction in this way. It will greatly simplify the whole mechanism in your mind.

The drawing below is NOT a mechanism—the arrows in this drawing are only being used to help you review all three critical steps
at once:

Oxygen of ketone
ends up leaving

as H,O H>O

Functions as Functions as
a nucleophile  ROH ROH  a nucleophile

and attacks \ (0] / and attacks RO><OR

The product of this reaction is called an acetal. When we form an acetal from a ketone, there is one intermediate that gets a special name,
because it is the only intermediate that does not have a charge. It is called a hemiacetal, and you can think of it as “half-way” toward
making an acetal:

o RO OH RO OR
P e
hemiacetal acetal

We give it a special name because it is theoretically possible to isolate it and store it in a bottle (although in most cases, this is very difficult
to actually do), and because this type of intermediate will be important if/when you learn biochemistry.

Notice that an acetal does not have a carbonyl group. This means that the equilibrium will lean toward the starting materials, rather
than the products:

0 [H*] RO OR

L+ 2om

In other words, if we try to perform this reaction in a lab, we will obtain very little (if any) product. So, the question is: how can we force
the reaction to form the acetal? There is a clever trick for doing this, and it involves removing water from the reaction as the reaction
proceeds. If we remove water as it is formed, we will essentially stop the reverse path at a particular step (highlighted in the following
mechanism). It is like putting up a brick wall that prevents the reverse reaction from occurring:

.. H
.. .. H 02, /\
){\H—C‘\@ M H HO: <02 R A

+ H,O

H

0 .._R /
P .._(\ c) =0 @R _@ . as
RO><OR A:@. R R /'\Ob H—0: 0—R

By removing water as it is being formed, we force the reaction to a certain point. Now let’s focus on all of the steps (highlighted below)
that come after the water-removal step:
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H H
Ror .. R /
P ...<\ c) /O\ - _@ R
RO: :OR A:ﬂ: O-R R ’H\O> ‘M0 H 8.(.0 R
-

In the highlighted area, we see three structures in equilibrium with each other. Two of them are positively charged, and one of them (the
product) is uncharged. This equilibrium now favors formation of the uncharged product.

In summary, formation of the acetal can be favored by removing the water as it is formed. Re-forming the carbonyl group (the reverse
reaction) would require water, but there is no water present because it has been removed. This very clever trick allows us to force the
equilibrium to favor the products even though they are less stable than the reactants.

In your textbook and in your lectures, you will probably explore the way that chemists remove water from the reaction as it proceeds.
It is called azeotropic distillation, and there is a special piece of glassware that is used (called a Dean—Stark trap). I will not go into the
details of azeotropic distillation here, but I wanted to just briefly mention it, because you should know how to indicate the removal of
water. There are at least two common ways to show it:

[H7]
0 2 ROH RO OR
- H,0 )Q
or like this:
[H']
0 2 ROH RO OR
Dean-Stark

By just writing the words “Dean—Stark,” you are indicating that you understand that it is necessary to remove water in order to form
the acetal.

Now we can also appreciate how you would reverse this reaction. Suppose you have an acetal, and you want to convert it back into a
ketone. You would just add water with a catalytic amount of acid, and the acetal would be converted back into a ketone. This reaction is
called acetal hydrolysis:

HZO o )’K

Under these conditions, the equilibrium will favor formation of the ketone. So, now we know how to convert a ketone into an acetal, and
we know how to convert the acetal back into a ketone:

[H1]

/ 2 ROH N\
Dean-Stark
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It is very important that we are able to control the conditions to push the reaction in either direction. We will soon see why this is so
important. But first, let’s make sure we are comfortable with the mechanism of acetal formation:

EXERCISE 6.23 Draw a mechanism for the following reaction.

(0]

Dean Stark

Answer Notice that we are starting with a ketone, and we are ending up with an acetal. It is a bit tricky to see, because it is all
happening in an intramolecular fashion. In other words, the two alcoholic OH groups are fethered to the ketone:

alcohol alcohol
acetal
HO OH
—_—
Dean-Stark w
ketone

So, the mechanism should follow the same order of steps as the mechanism we have already seen. Namely, there are three critical steps
(nucleophilic attack, loss of water, and another nucleophilic attack) surrounded by many proton transfer steps. The proton transfer steps
are just there to facilitate these three steps. We use a proton transfer in the very first step to render the carbonyl group more electrophilic.
Then, we use proton transfers to form water (so that it can leave). And finally, we use a proton transfer to remove the charge and generate
the product.

Perhaps you should try to draw the mechanism for this reaction on a separate piece of paper. Then, when you are done, you can compare
your work to the following answer:

y ;
HO <:o®

HO

<= X3

We said before that this type of mechanism is so incredibly important because there will be so many more reactions that build upon the
concepts that we developed in this mechanism. To get practice, you should work through the following problems slowly and methodically.

PROBLEMS  Draw a mechanism for each of the following transformations. You will need a separate piece of paper for each
mechanism.

0 [H] EtO OFEt

/\)J\/\ excess EtOH
—»

6.24 Dean-Stark
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MeO OMe
[HY]
excess MeOH
Dean-Stark
6.25
H*]
o [
O OEt
HO\/\)J\/\ Eon
Dean-Stark
6.26

6.27 There is one sure way to know whether or not you have mastered a mechanism forward and backwards—you should try to actually
draw the mechanism backwards. That’s right, backwards. For example, draw a mechanism for the following reaction. Make sure to first
read the advice below before attempting to draw a mechanism.

0]
LIS N
_—
H,0

My advice for this mechanism is to start at the end of the mechanism (with the ketone), and then draw the intermediate you would get if
you were converting the ketone into an acetal, like this:

EtO OEt (6]
H20
' A
RN M

Keep drawing only the intermediates, working your way backwards, until you arrive at the acetal. But don’t draw any curved arrows yet.
Draw only the intermediates, working backwards from the ketone to the acetal. Then, once you have all of the intermediates drawn, then
come back and try to fill in arrows, starting at the beginning, with the acetal. Use a separate sheet of paper to draw your mechanism. When
you are finished, you can compare your answer to the answer in the back of the book.

In this section, we have seen acetal formation, a reaction that takes place between a ketone and two molecules of ROH, in the presence
of an acid catalyst and under Dean—Stark conditions:

[H]
¢ 2 ROH RO OR

)k -HO

We saw a mechanism, in which the ketone is attacked twice. This same reaction can occur when both nucleophilic OH groups are in the
same molecule. This produces a cyclic acetal:

o) HO OH

N

Y

L
[H7]
-H,0
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This type of reaction might appear several times throughout your lectures and textbook, so it would be wise to be familiar with this process.
The diol in the reaction above is called ethylene glycol, and the transformation can be extremely useful. Let’s see why.

We have seen before that we can manipulate the conditions of this reaction to control whether the ketone is favored or whether the
acetal is favored. The same is true when we use ethylene glycol to form a cyclic acetal:

HO OH
/ [H1] N\
o Dean-Stark /—\
PN >
\ [H1] /

H,O

This is important because it allows us to protect a ketone from an undesired reaction. Let’s see a specific example of this (it will take us a
couple of pages to develop this concrete example, so please be patient as you read through this).
Consider the following compound:

O o}

When this compound is treated with excess LiAlH,, followed by water, both carbonyl groups are reduced:

O o} OH OH

O/ 1) excess LiAlH,

e
®

2) excess H,O

LiAIH, attacks the ketone and the ester. It may be difficult to see why the ester is converted into an alcohol—we will focus on that in the
next chapter. But if you are curious to test your abilities, you have actually learned everything you need in order to figure out how an ester
is converted into an alcohol in the presence of excess LiAlH, (remember that you should always re-form a carbonyl group if you can, but
never expel H™ or C7).

So, we see that LiAIH, will reduce both carbonyl groups in the compound above. If instead, we treat the starting compound with excess
NaBH,, we observe that only the ketone is reduced:

O O OH O

0 NaBH4 0
MeOH o

The ester is not reduced, because NaBH, is a milder source of hydride (as we have explained earlier). We will see in the next chapter
that NaBH, will not react with esters (only with ketones and aldehydes) because the carbonyl group of an ester is less reactive than the
carbonyl group of a ketone.

Now suppose you want to achieve the following transformation:

o} o} f? O OH

~ n

Y
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Essentially, you want to reduce the ester, but not the ketone. That would seem impossible, because esters are less reactive than ketones.
Any reagent that reduces an ester should also reduce a ketone.

But there is a way to achieve the desired goal. Suppose we “protect” the ketone by converting it into an acetal:

— o 0O
- HO OH -~
(0] o (0]
o
Dean-Stark

Only the ketone is converted into an acetal. The carbonyl group of the ester is not converted into an acetal because only aldehydes and
ketones can be converted to acetals. Thus, we are able to selectively “protect” the ketone. Now, we can treat this compound with excess
LiAlH,, followed by water, and the acetal will not be affected (acetals do not react with bases or nucleophiles under basic conditions):

O O' O‘ OH
o/ 1) excess LiAlH,4
2) H,0

Notice that we use water above in the second step (as we have done every other time that we used LiAlH,. In the presence of water, the
acetal is removed but only if the conditions are acidic. So, to remove the acetal in this case, we would use aqueous acid, rather than H, O,

after the reduction:
(¢} OH
[HY]
—_—
H-O

In the end, we have a 3-step process for reducing the ester group without affecting the ketone:

[\

o O

[\ on

o O

Q HO OH o OH
o~ 1) [H'], Dean-Stark
2) LiAlHg
3) [H*], HoO

We will talk more about this strategy in the next chapter. For now, let’s just focus on knowing the reactions well enough to predict
products.

EXERCISE 6.28 Predict the major product of the following reaction:

O o / N\

M HO OH
O/

[H*]
Dean-Stark

\i
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This reaction utilizes ethylene glycol, so we expect a cyclic acetal. Our starting compound has two carbonyl groups. One is a

ketone, and the other is an ester group. We have seen that only ketones (not esters) are converted into acetals. So, the major product should

be as follows:

(0] (0] / \
\)J\)J\ HO OH
e
o [H*]
Dean-Stark

PROBLEMS  Predict the major product of each of the following reactions:
o}
HO OH
[H]
6.29 Dean-Stark
o]
excess EtOH
(W]
6.30 Dean-Stark
(0]
HO OH
0 (W]
Dean-Stark
6.31 o
(0] (o]
excess EtOH
H
6.32 Dean-Stark

6.5 S-NUCLEOPHILES

\O><O)J\
O/

Sulfur is directly below oxygen on the periodic table (in Column 6A). Therefore, the chemistry of sulfur-containing compounds is very
similar to the chemistry of oxygen-containing compounds. In the previous section, we saw a method for converting a ketone into an acetal:

o) HO OH

A

Y

[H]

R -H,0
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In much the same way, a ketone can also be converted into a thioacetal (“thio” means sulfur instead of oxygen):

S><S
B R R
thioacetal

But thioacetals will undergo a transformation not observed for acetals. Specifically, thioacetals are reduced when treated with Raney nickel:

[\

S S Raney Ni H H
—_— >
> X

R” "R R” "R

Raney nickel is finely divided nickel that has hydrogen atoms adsorbed to it. The mechanism for this reduction process is beyond the
scope of this course. But, this is a useful synthetic transformation. So it is worth remembering, even if you don’t know the mechanism. It
provides a way to completely reduce a ketone down to an alkane:

0 1) [H], HS SH -

2) Raney Ni X

R R

We have actually already seen one way to achieve this kind of transformation. It was called the Clemmensen reduction, which we explored
in Chapter 4 (electrophilic aromatic substitution). We will also see one more way to achieve this transformation in the upcoming section.

Why do we need three different ways to do the same thing? Because each of these methods involves a different set of conditions. The
Clemmensen reduction employs strongly acidic conditions. The method we learned just now (desulfurization with Raney nickel) employs
catalytic acid. And the method in the upcoming section will employ basic conditions. As we move through the course, we will see times
when it won’t be good to subject an entire compound to acidic conditions, and we will see other times when it won’t be good to subject
an entire compound to basic conditions.

PROBLEMS  Predict the major product that is expected when each of the following compounds is treated with ethylene thioglycol
(HSCH,CH,SH) in the presence of catalytic acid.

o O
o \/\)’I\
6.33 \)K/ 6.34 ><:>: 6.35 H

PROBLEMS  Predict the major product that is expected when each of the following compounds is treated with ethylene thioglycol
(HSCH,CH,SH) in the presence of catalytic acid, followed by Raney nickel.

o o
[=o B
6.36 6.37 H 6.38

PROBLEMS Identify reagents that you could use to achieve each of the following transformations:

i T —— Q
6.39 ~
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—_—
6.40 ©/\

O
dH — J
6.41

A —— (XD
/\/I(H — > /\/\S(SJ

0]

—_—
(@]
—_—
NH Y\/
6.46
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6.44
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In this section, we will focus on reactions between ketones and nitrogen nucleophiles, such as primary and secondary amines:

H H
| |

PN PR

R H R R

Primary amine Secondary amine

A primary amine has one alkyl group connected to the nitrogen atom, while a secondary amine has two alkyl groups. Primary and secondary
amines are excellent nucleophiles, as a result of the localized lone pair on the nitrogen atom. Under the right conditions (catalytic acid, and
removal of water), both primary amines and secondary amines will react with ketones or aldehydes. The reaction with a primary amine

yields a product with a C=N bond, called an imine,

R
H R -
O ~ N e [ H+] N
Mo I ——
H Dean-Stark
A primary An imine

amine



150 CHAPTER6 KETONES AND ALDEHYDES

while the reaction with a secondary amine yields a product called an enamine:

0 R R R~ N~ :
~ N r e [ H+]
)J\ * ! /&
H Dean-Stark
A secondary An enamine
amine

We will explore each of these reactions now, starting with the reaction of primary amines to give imines. To get started, it will be helpful if
we compare imine formation with acetal formation (Section 6.4). These two mechanisms are extremely similar, with only a couple of key
differences. By focusing on these differences, it will hopefully be easier to study and remember the mechanisms. Let’s begin by comparing
the first three steps of imine formation and first three steps of acetal formation, and let’s focus our attention specifically on the third step
in each case:

First three steps of acetal formation

Proton Nucleophilic Proton
transfer attack transfer

TN N ot o )
o) HL A 0 /R\QH HO SO-R A HO. OR
Mo I=— X T X

Hemiacetal

ﬂ
|

First three steps of imine formation

Nucleophilic Proton Proton
attack transfer transfer

N

. . o S \

('OﬁNHz :0; N“R o HA® o SNZR A HO_ N—H
= v —— X —— X — —

Carbinolamine

In each case, the third step is a proton transfer step in which the base (represented by the letter A) removes a proton to generate an
uncharged intermediate. In the first case (acetal formation), the uncharged intermediate is called a hemiacetal, while in the second case
(imine formation), the uncharged intermediate is called a carbinolamine. Notice that these two intermediates are similar in structure. In
fact, we can say that these two processes are very much analogous, although one main difference between the two processes is the order
of the first two steps. For acetal formation, the ketone is first protonated, and then the protonated ketone is attacked by a nucleophile. But
for imine formation, these two steps are reversed. That is, the ketone is first attacked by the nucleophile (before being protonated), and
only then it is protonated (after the nucleophilic attack). Why should there be a difference in the order of these two steps? To understand
this, we must consider the identity of HA* in each case. For acetal formation, the identity of HA™ is most likely a protonated alcohol (as
we saw in section 6.4). But for imine formation, the identity of HA™ is most likely a protonated amine (called an ammonium ion), which
received its extra proton from the acid catalyst:

i
H—A@ = H—ITIQR
H

If we compare the pK, values of an ammonium ion (~10) and a protonated ketone (~ —7), we will find that it is extremely unlikely for
an ammonium ion to give a proton to a ketone to generate a protonated ketone. Such a process would be forming a much stronger acid
from a much weaker one (an unlikely process). It is more likely that the ketone will first be attacked by a molecule of the amine, which is
sufficiently nucleophilic to attack the ketone without prior protonation.

Now that we have seen that the first three steps of imine formation are very similar to the first three steps of acetal formation (with the
exception of the order of the first two steps), we can move on to the rest of the mechanism. Once again, we will continue to compare the
mechanisms for imine formation and acetal formation, because the next two steps are directly analogous in each mechanism:
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Next two steps of acetal formation

Proton Loss of a
transfer leaving group
H
N Y R
HO: OR wle  wS COR  —H0 @0~

o= L — -

Hemiacetal

Next two steps of imine formation

Proton Loss of a
transfer leaving group

o @/ \
HO: N—R HLA® H—aq:N—R -H,0

H. _R
A

Carbinolamine

Notice that in each case, the OH group is protonated, followed by loss of a leaving group (water) to give a cationic intermediate (O* in the
first case, and N* in the second case). At this point, our two mechanisms will finally diverge from each other. We can understand why the
mechanisms end differently if we focus on the difference between the two intermediates that have been produced thus far (O vs. N*):

e g

In the first case (during acetal formation), the oxygen atom does not bear a proton, so deprotonation is not an option. This intermediate is
extremely electrophilic, so it is readily attacked by another nucleophile (another molecule of ROH), ultimately giving an acetal. However,
during imine formation, the intermediate above (N*) has a proton on the nitrogen atom, which the base removes to yield an imine:

H‘g,R\ .- R

So the mechanism of imine formation is really very similar to the mechanism of acetal formation, with two key differences (the order of
the first two steps are reversed, and the ending is different). The following is a summary of the entire mechanism that has been presented
for imine formation:

Proton

Nucleophilic Proton Proton
transfer

attack transfer transfer

H H H H H
aol\ RNH, :0: NZ H—A HO ™“N—~ A: HO: N—R H—A H—8>(:<N—R

H—X\H—X—

Carbinolamine -H,0
Loss of a
Proton leaving group
transfer

Imine
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When converting a ketone into an imine, we need to take special notice of whether or not the starting ketone is symmetrical:
O \)(LO
symmetrical unsymmetrical

If the starting ketone is unsymmetrical, then we should expect two diastereomeric imines, for example:

H
N Et _Et
o} Et—N, N N
H +
—_—
[H*]
Dean-Stark

So far, we have seen that primary amines will react with ketones (under acid-catalyzed conditions) to give imines. Now, let’s focus our
attention on the reaction of secondary amines with ketones to give enamines. The accepted mechanism for enamine formation is extremely
similar to the mechanism that we just saw for imine formation. The first three steps give a carbinolamine (exactly as we saw during imine
formation):

Nucleophilic Proton Proton
attack transfer transfer

ﬁ\ Hk\
. . o A \ \

‘0 /e % NPR CHLA® o SR A:
P P

Carbinolamine

And the last three steps convert the carbinolamine into an enamime:

Proton Loss of a Proton
transfer leaving group transfer
H R
[A Ne . R.@.R R. R
HO: N—R H—A H—O, Q:N_R -H,0 <N /\;A N
(/>< )J\/\/ H /§
Carbinolamine Enamine

Notice that these three final steps are almost exactly the same as the three final steps of imine formation. But there is one major difference,
in the very last step. Let’s compare the last step of imine formation with the last step of enamine formation:

P4

uy)
/
\
5
us)
/

An enamine
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In the first case, the nitrogen atom bears a proton, which is removed by a weak base (A) to give the imine. However, in the second case,
the nitrogen atom does not bear a proton that can be removed. Instead, the base removes a different proton, as shown, to give an enamine.
The following is a summary of the entire mechanism that has been presented for enamine formation:

Nucleophilic Proton Proton Protcf)n
attack transfer transfer transfer

ol "o Hom " No .o N
SO]JZ\NH :0: N\’R H-A®  Ho <N\’R A: _

HO: N—R H—A® H-0O CN-R
R R —

BS 2

Carbinolamine -H,0
Loss of a
Proton leaving group
transfer

Enamine

Once again, we need to be careful to check if the ketone is unsymmetrical. If it is, then there will be two ways to form the double bond
in the last step of the mechanism. This will give two different enamine products. Here is an example:

H R. _R R. _R
o) N N N
R4> + NS
[H1]
Dean-Stark
major minor
In a situation like this (where we start with an unsymmetrical ketone), the major product will generally be the enamine with the less-

substituted double bond.

So far in this section, we have seen two new reactions (with primary amines, and with secondary amines), and we have seen the
similarities in the mechanisms. Now, we will revisit the first reaction (the reaction between a ketone and a primary amine):

R
o) H N
R—N

H

_—

[ H*], Dean-Stark
An imine
The “R” in RNH, refers to an alkyl group (that is usually what R means). But imagine that, in place of the R group, there was something

other than an alkyl group. For example, imagine that R was an OH group, rather than an alkyl group. In other words, imagine that we were
starting with the following amine:

This compound is called hydroxylamine, and the product that it forms (when it reacts with a ketone) is not surprising at all:
_OH
0] N

[H1]

H An oxime
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It is the same reaction as if it were a primary amine reacting with the ketone. But, instead of obtaining an imine, the reaction gives a
product called an oxime. Remember to always look if the starting ketone is unsymmetrical. If it is, expect two diastereomeric oximes:

o HO. _OH
[H N i
R EE—
/
HO—N
\

H

When you see this type of reaction, there are several ways that the presence of hydroxylamine can be indicated:

[H']
/" NHOH  \
_OH
j\ NH5OH « HCI )’\L
—_—
R™ R R” "R

® e)
\WNHOH CI

All of these representations are just different ways of showing the same reagent.
Now that we have seen a special N-nucleophile (RNH, where R = OH), let’s take a close look at another special N-nucleophile. Let’s
look at a case where R = NH,. In other words, we are using the following nucleophile:

H H
\ /
N—N
/ \

H H

This compound is called hydrazine, and the product that it forms (when it reacts with a ketone) is not surprising at all:

o N~ NH»>
[HY]
_— >
H
/
HoN N\H a hydrazone

It is the same reaction as if it were a primary amine reacting with a ketone. But, instead of obtaining an imine or an oxime, we obtain a
product called a hydrazone.

_R OH ~NH
N N7 N7 2

An imine An oxime A hydrazone

Just like with all of the other reactions we have seen in this section, we need to take special notice of whether or not the starting ketone is
symmetrical. If the starting ketone is unsymmetrical, then we should expect to form two diastereomeric hydrazones:
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HoN ~NH;
[H1]

H2N_ NH2

Hydrazones are useful for many reasons. In the past, chemists formed hydrazones as a way of identifying ketones, but nowadays, with the
advent of NMR techniques, no one uses hydrazones that way anymore. But the chemistry of hydrazones remains useful in some ways. For
example, a hydrazone can be reduced to an alkane under basic conditions:

NH;

)NJ\ KOH/H,0 H><H
—_——
R~ R 100 - 200 °C R~ R
The following is a mechanism for this process:
w ! !
O.. . o H
_N : N: ~N <Y &
N ?H/—\QH NE O = H™\4 TH H N=N
M d Tk
R” "R R™ "R R7OR R "R
Q.1
:0H
o X
R "R R7O7R R R

The formation of a carbanion (highlighted in the second-to-last step) certainly creates an uphill battle (in terms of energy), so we might
expect very little product to form. However, notice that the formation of the carbanion is accompanied by loss of N, gas (also highlighted in
the mechanism above). This explains why the reaction goes to completion. The small amount of nitrogen gas (produced by the equilibrium)
will bubble out of the solution and escape into the atmosphere. That forces the equilibrium to produce a little bit more nitrogen gas, which
also then escapes into the atmosphere. And the process continues until the reaction reaches completion. Essentially, a reagent is being
removed as it is being formed, and that is what pushes the equilibrium over the high energy barrier created by the instability of the
carbanion. If you think about it, this concept is not so different from the previous sections where we removed water from a reaction as it
was being formed (as a way of pushing the equilibrium towards formation of the acetal).
This now provides a two-step method for reducing a ketone to an alkane:

)OL 1) [H*, HaN-NH;, H H
R~ SR 2 KOH/H,0 RXR
100 - 200 °C

We have already seen two other ways to do this kind of transformation (the Clemmensen reduction and desulfurization with Raney Nickel).
This is now our third way to reduce a ketone to an alkane, and it is called a Wolff-Kishner reduction.

In this section, we have only seen a few reactions involving nitrogen nucleophiles. Here is a short summary. We first saw how a ketone
can react with a primary amine to form an imine (and we saw that the mechanism was very similar to acetal formation, except for the
beginning and the end). Then, we saw how a ketone can react with a secondary amine to form an enamine. We also encountered two
special N-nucleophiles (NH,OH and NH,NH,), both of which gave products that we expected. The reaction with NH,NH, was of special
interest, because it provided a new method for reducing ketones to alkanes.
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EXERCISE 6.47 Predict the major product(s) of the following reaction:

0
NH,OH « HCI

—_—

Answer The starting material is a ketone, and the reagent is hydroxyl amine. As we have seen in this section, the product of this
reaction should be an oxime. Since the starting ketone is unsymmetrical, we would expect two diastereomeric oximes:

N/OH HO\N
NH.OH « HCI % + %

We saw several reactions in this chapter. You must be able to recognize the reagents for these reactions, so that you will be able to predict
products. Let’s get some practice with the following problems.

PROBLEMS  Predict the major product(s) for each of the following transformations:

[H]

\)K/ A~ N,

6.48 -H0

H
|
SN
[H']
6.49 Dean-Stark

1) [H'], HaN-NHp

2) KOH/H,0
6.50 100 - 200 °C

NHzOH « HCI

CNH

H*]
6.52 Dean-Stark

6.51
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O E>7NH2

—_—

[H]
6.53 Dean-Stark
O
[H*]
6-54 H2N - NH2

o)
NH;OH « HCI
6.55
( N-H
o

.

[H']
6.56 Dean-Stark
N - NH2
KOH / H,0
100 - 200 °C

6.57

NH, [H*]

o) Dean-Stark
6.58

|

No

H
[H']

H Dean-Stark

6.59 o
(0]
[H"]
\ _—_—
’}l Dean-Stark

6.60 H

6.7 C-NUCLEOPHILES

In this chapter, we have seen many different kinds of nucleophiles that can attack ketones and aldehydes. We started with hydrogen
nucleophiles. Then we moved on to oxygen nucleophiles and sulfur nucleophiles. In the previous section, we covered nitrogen nucleophiles.
In this section we will discuss carbon nucleophiles. We will see three types of carbon nucleophiles.
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Our first carbon nucleophile is the Grignard reagent. You may have encountered this reagent in the first semester. If you didn’t, here is
a quick overview:
Alkyl (or aryl) halides will react with magnesium in the following way:

Mg

Essentially, an atom of magnesium inserts itself in between the C—CIl bond (this reaction works with other halides as well, such as Br
or I). This magnesium atom has a significant electronic effect on the carbon atom to which it is attached. To see the effect, consider the
alkyl halide (before Mg entered the picture):

5t Ny

/\/\CI 5—

The carbon atom (connected to the halogen) is poor in electron density, or 8+, because of the inductive effects of the halogen. But after
magnesium is inserted between C and Cl, the story changes very drastically:

5
/\/\\(I\QQCI
+

Carbon is much more electronegative than magnesium. Therefore, the inductive effect is now reversed, placing a lot of electron density
on the carbon atom, making it very 8—. The C—Mg bond has significant ionic character, so for purposes of simplicity, we will just treat
it like an ionic bond:

o ®
/\/: MgCl

Carbon is not very good at stabilizing a negative charge, so this reagent (called a Grignard reagent) is highly reactive. It is a very strong
nucleophile and a very strong base. Now, let’s see what happens when a Grignard reagent attacks a ketone or aldehyde.

In the previous section, we always started each mechanism by protonating the ketone (turning it into a better electrophile). That does
not occur here, because the Grignard reagent is such a strong nucleophile that it has no problem attacking a carbonyl group directly. In
fact, we could not use acid catalysis here (even if we wanted to), because protons destroy Grignard reagents. For example, consider what
happens when a Grignard reagent is exposed even to a weak acid, such as water:

p 20,
o/ o H\H o..

/\/: —_— /\/ + :QH

The Grignard reagent acts as a base and removes a proton from water, to form a more stable hydroxide ion. The negative charge is MUCH
more stable on an electronegative atom (oxygen), and as a result, the reaction is irreversible. This means that you can never use a Grignard
reagent to attack a compound that has acidic protons. For example, the following reaction would not work:

e,) @
CO /\/. MgCI

)J\/\/H
O

\/

Because this would happen instead:

§
T

Y
5:
=®
o)

+
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In general, proton transfers are faster than nucleophilic attack. And when the Grignard reagent removes a proton, it irreversibly destroys
the Grignard reagent. Similarly, you could never prepare the following kinds of Grignard reagents:

0]

H H )k/\
~0” " Mge ~0 MgCl

These reagents could not be formed, because each of these reagents could react with a second molecule of itself to remove the negative
charge on the carbon atom, for example:

~ .

-

All of that was a quick review of Grignard reagents. Now let’s see how Grignard reagents can attack a ketone or aldehyde. When a ketone
or aldehyde is treated with a Grignard reagent, the negatively charged carbon atom of the Grignard reagent can attack the electrophilic
carbon atom of the carbonyl group to give an alkoxide intermediate:

®
o o o @
<O/v@ MgCl MgCl

This intermediate then will attempt to re-form the carbonyl group, if it can. But let’s see if it can. Remember our rules from the beginning
of this chapter: re-form the carbonyl if you can, but never expel H™ or C~. This intermediate is NOT able to re-form the carbonyl group,
because there are no leaving groups to expel. This is true whether the Grignard reagent attacks a ketone or an aldehyde:

®
M/ ® MgCl X I\C;I)gCI

@
.o . ®
M/@ MgCl MgCl

So, in either case, the reaction is complete, and we must now introduce a proton source into the reaction flask in order to protonate the
alkoxide ion, giving an alcohol:

9 f\ o ®
Ho U: MgCl H J\/@ : MgCl
o) 0

O..
HoX

\i

\

H

Y

This reaction is not so different from the reactions we saw earlier in this chapter when we explored hydrogen nucleophiles (NaBH, and
LiAlH,). We saw a similar scenario there: the nucleophile attacked, and then the carbonyl group was NOT able to re-form because there
was no leaving group. Compare one of those reactions to this reaction:
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H
()
o /T el o o

Notice that these mechanisms are similar. And it is worth a minute of time to think about why these reactions are so similar (while the other
reactions in this chapter were different from these two reactions). What is special about these two reactions that makes them so similar?
Remember our golden rule: never expel H™ or C~. So, if we attack a ketone (or aldehyde) with either H™ or C~, then the carbonyl group
will be unable to re-form. And that is what these two reactions have in common.

When you write down the reagents of a Grignard reaction (in a synthesis problem), make sure you show the proton source (either H,O
or H;O%) as a separate step, like this:

)OJ\ 1) RMgCl . HO R
2) H.O )Q

We saw this important subtlety when we learned about LiAlH,, where we also had to show the proton source as a separate step. The same
subtlety exists here, because (as we have very recently seen) a Grignard reagent will not survive in the presence of a proton source. The
proton source must come AFTER the reaction is complete (after the Grignard reagent has been consumed by the reaction).

In order to add this reaction to your toolbox of synthetic transformations, let’s compare it one more time to the reaction with LiAlH,.
But this time, let’s focus on comparing the products, rather than comparing the mechanisms:

)OJ\ )LAH, HO_ H
2) HyO o )Q
1) RMgCI HO

M = —

Notice that in both reactions, we are reducing the ketone to an alcohol. But in the case of a Grignard reaction, the reduction is accompanied
by the installation of an alkyl group:

o 1) RMgCI HO R
—_—

T:

This will be helpful as we explore synthesis problems at the end of this chapter.

EXERCISE 6.61 Predict the major product of the following reaction:

0
1) EtMgCl
2) H,0
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Answer The starting material is an aldehyde, and it is going to react with a Grignard reagent. First, the Grignard attacks:

0
o
/\?}f\:CHZCHS
I ——

The carbonyl group cannot re-form, because H™ or C~ cannot be expelled, and there is nothing else that can be expelled in this case. Our
product (an alcohol) is obtained when a proton source is introduced, such as H,O:

0.0 .
:o:/H\A B HO H
q)v AL

JEE AE—

Remember that bond-line drawings don’t have to show hydrogen atoms attached to carbon atoms, so we can redraw the product:

HO H OH
/w)k/ is the same as /\H\/

PROBLEMS  Predict the major product(s) for each of the following reactions:

1) QMgBr

6.62 2) H.O

Q..
O H

Y=o
Y

T
T

j\ 1) LIAIH,
—_—
6.63 H H 2) Hx0

o)
Lo O
6.64 2)

H,0

O
1)

6.65 O O 2) H>O

There are two more carbon nucleophiles that we must explore. Both of them are different from the Grignard reagent. Both reactions
involve “ylides” (pronounced “ILL—ids”). Let’s take a close look at the first ylide, by exploring how it is prepared:

MgBr

Q

Y



162 CHAPTER6 KETONES AND ALDEHYDES

We start with a compound called triphenylphosphine:

Ph
which can be drawn |

ickly, like thi P
: P, : more quickly, like this Ph” * > Ph

and we treat it with an alkyl halide such as methyl iodide (resulting in an Sy 2 reaction):

H
|
e H
Ph
'Th H \® | e}
P Ph—P—C—H I
P |
Ph Ph Ph H
Then, we use n-butyllithium (n-BuLi), a very strong base, to remove a proton and form the ylide:
Ph _ H CHaCHoCH,Cl N
\® | H3 Hg Hg@Hz Li Ph\@
Ph—/P—ﬁ?—H >  Ph—P— C.@
PH H o/ H
An ylide

An ylide is a compound with two adjacent, oppositely charged atoms (in this case, P* and C™). Notice that this ylide has a region of high
electron density on a carbon atom. As a result, this ylide can function as a carbon nucleophile. In a few moments, we will see another type
of ylide (one that uses sulfur instead of phosphorus). The ylide above (based on phosphorus) has a special name. It is called a Wittig reagent
(pronounced “Vittig”). And when a ketone or aldehyde is treated with a Wittig reagent, the observed reaction is called a Wittig reaction. So,
let’s take a close look at a mechanism for the Wittig reaction.

The Wittig reaction is believed to occur via the following two-step mechanism:

Ph  Ph
\ /
Ph—P®

Ph
Ph
./ \C@\ H d—Ph 0
/"
)K . o j ( o )k Ph— P\ Ph
WY ] "
An oxaphosphetane
The first step involves a cycloaddition process, generating an oxaphosphetane (notice that the nucleophilic carbon atom of the Wittig reagent

reacts with the electrophilic carbonyl group, as we might expect). Then, in the second step, the oxaphosphetane undergoes fragmentation
to give an alkene as the product. This process enables us to achieve the following type of transformation:

Ph H
® /
Ph—P—C:©
/ \ H. _H
(0] Ph H C

N PN

Ketone Alkene
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This reaction is incredibly useful for synthesis. We already saw how to convert an alkene into a ketone, using an ozonolysis reaction.
Now, with a Wittig reaction, we can go either way:

Wittig reaction

O
R)J\R RJJ\R

Ketone \ OZ°n°|ysis / Alkene

You should always take special notice whenever you learn how to interconvert two functional groups (going in either direction), like above.
We have seen several cases like this so far.

EXERCISE 6.66 Predict the product of the following reaction.

o o o
HsC—C—P=Ph
H Ph

\i

Answer We recognize the reagent to be a Wittig reagent. But this reagent is slightly different than the one we saw before. Compare
this reagent to the one we saw on the previous page. This reagent has an extra methyl group:

Ph

S
Hac—?—FI@Ph
H Ph

The way to form a reagent like this is to use Et-I instead of Me-I when you are making the Wittig reagent, like this.

H
|
H30—C—/I\ AN @
Ph |l| < @ Ph CHacHgCHQ%Hz Li o o Ph
,'3-, H,c—~C—P—Ph ———————— > HsC—C—BR—Ph
Ph” “Ph N !
H  Ph g H Ph
! An ylide

The extra methyl group (highlighted) comes along for the ride, and the final product looks like this:

Ph
° o CHa
HeC—C—P=Ph
H Ph

You should try to draw out a mechanism for this reaction to make sure that you can “watch” the extra carbon atom coming along for
the ride.
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PROBLEMS  Predict the major product for each of the following Wittig reactions:
Ph H
0 \® 7
Ph—P—CO
/ \
Ph H
6.67
Ph H
\® 7
0 Ph—P —C\:@
Ph H
H >
6.68
Ph H
o \® 7/
Ph—P—C:0
/ \
Ph H
6.69

Now we will explore another kind of ylide. This time, it is a sulfur ylide, rather than a phosphorus ylide. Many instructors (and textbooks)
do not cover sulfur ylides, so you might want to look through your lecture notes and textbook to find out if you are responsible for the

following reaction.

The mechanism for forming a sulfur ylide is very similar to the mechanism for forming a phosphorus ylide. Let’s compare them:

|
H—c-L1 — N\ e
L

Ph |L| '|4 ® /Ph CH30HZCH2gH2
,L-, H-C—P—Ph —— >
Ph” “Ph oA
H P g

Ph
g'\c %/ Ph
7N\
H Ph

A phosphorus ylide

1
"
H—C-1 /_\
HaC [ H
H

o ®
CHg CH30H20H28H2 Li

N | /
S: H—=C—S® _— >
HoC L
3 H CHy o

I

H CHa
\ /
OIC—S®
/ -\
H CHs

A sulfur ylide

To form a sulfur ylide, we start with dimethyl sulfide (DMS). From that point on, everything is the same: the alkyl halide is attacked,

followed by deprotonation with a very strong base to form a sulfur ylide.

But when a sulfur ylide attacks a ketone (or aldehyde), we observe a very different product. We don’t obtain an alkene as our product

(like we did in the Wittig reaction). Instead, we obtain an epoxide:

Y
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A mechanism for this process is shown here:

\@ /
:C—S® HH  CHs
/ \ NN
Co/'i CHs G)Cf)\‘c_\/s\@ Oi Z
—_—T
)J\ )< CHj
R R R R

The sulfur ylide attacks the carbonyl group, giving an intermediate that undergoes an intramolecular Sy 2-type process to give an epoxide.
This reaction is very useful, because it provides a method for making epoxides from ketones. You should remember from the first
semester that you learned how to convert an alkene into an epoxide. But now, we see that we can make an epoxide from a ketone as well:

(0]
>_< Last semester

R R R R

O
; This semester

R R R R

-

=

In summary, we have explored three carbon nucleophiles in this section. We started with Grignard reagents, and then we moved on
to ylides (phosphorus ylides and sulfur ylides). We have seen that phosphorus ylides and sulfur ylides produce alkenes and epoxides,
respectively:

Phosphorus H TCca

o} y R)J\R
A

R R

H

y
Sulfur (o)
ylide ;Z

R R

EXERCISE 6.70 Predict the major product of the following reaction:

H CHg
\ /
0:c—S®
/ \
H CHa

h
’

Answer This reagent is a sulfur ylide, which is used to convert ketones into epoxides. So, our product is an epoxide:

| CHg

0:c—S® O
/ °\

H CHs

o

Y
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PROBLEMS  Predict the major product for each of the following reactions:

CH3
O \ /
0:C—S®
7 -\
CH3
6.71
O \ /CHS
0:C—S®
7 “\
H H CH3
6.72
H CH3
\ /
@:/C —S\@
)OJ\ H CHjs
6.73 H H

6.8 EXCEPTIONS TO THE RULE

In the beginning of this chapter, we saw a golden rule that helped us understand most of the chemistry that we explored. That rule was:
always re-form the carbonyl if you can, but never expel H™ or C™.

The truth is that there are a few, rare exceptions to this rule. In this section, we will look at two of these exceptions.

In the Cannizzaro reaction, it “seems” as though we are expelling H™to re-form a carbonyl. I am not going to go into great detail on the
Cannizzaro reaction, because this reaction has very little synthetic utility. It is unlikely that you will use this reaction more than once, if at
all. So, I will just mention it in passing. Look up that reaction in your textbook and in your lecture notes. If you don’t need to know that
reaction, then you can ignore it. But if you are responsible for knowing that reaction, then you should look carefully at the mechanism in
your textbook. If you focus on the step where H™ gets expelled, you will see that H™ is not really expelled by itself. Rather, it is transferred
from one place to another. And in that sense, we can understand it a bit better. It is true that H™ is too unstable to ever leave as a leaving
group. That is why we never expel H™ into solution. But in the Cannizzaro reaction, it never actually leaves as a leaving group.

We will now explore one other exception to the golden rule. There is a reaction where it seems like we are re-forming a carbonyl group
to expel C~. This reaction, called the Baeyer—Villiger reaction, is extremely useful. If you know how to use it properly, you will find that
you might use it many times to solve synthesis problems in this course. So, we will spend some time covering that reaction now.

The Baeyer—Villiger reaction uses a peroxy acid (RCO,H) as the reagent. Compare the structure of a peroxy acid with the structure of
a carboxylic acid:

o} o}
O H
R)J\O/ \H R)J\O/
A peroxy acid A carboxylic acid
(RCO3H) (RCO,H)

Notice that a peroxy acid (RCO,H) has one additional oxygen atom, as compared with a carboxylic acid (RCO,H). The R group of the
peroxy acid can be a small alkyl group (such as a methyl group), or it can be a much larger group. Below are three commonly used
peroxy acids:

O o} O

o o cl 0
Hac)]\o/ ~H F3C)J\O/ ~H 0~ “H

CH,CO,H CF,CO,H MCPBA
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The third example is called meta-chloro perbenzoic acid, or just MCPBA for short. So when you see the letters MCPBA, you should
recognize that we are talking about a peroxy acid (RCO;H). In a Baeyer—Villiger reaction, a peroxy acid is used to insert an oxygen atom
next to the carbonyl group of a ketone, producing an ester:

R
R™ "R R™ To7
A similar reaction can be used to convert an aldehyde into a carboxylic acid:
RCO3H i
B —— e
H
R” "H R™ To7

Once again, the outcome of this reaction is to “insert” an oxygen atom next to the carbonyl group. This is very useful, so let’s see the
accepted mechanism for this process. We will begin with the first three steps of the mechanism, shown here:

Nucleophilic attack

Proton transfer o (0] Proton transfer (0]
e e 9 )
. YoX
'ji nLR \Oi/H\/ ~o” R Oy y A o
= HO O7TH = Ho O
" " S Y
R R R R
A ketone An uncharged,

tetrahedral intermediate

These three steps should seem very familiar, because they are analogous to the first three steps of acetal formation (as seen earlier in this
chapter). Under acidic conditions, the ketone is first protonated by an acid (H—A), where H—A represents either the peroxy acid (RCO;H)
or a carboxylic acid (RCO,H, which accumulates as a byproduct as the reaction proceeds, as we will soon see). The resulting protonated
ketone is a powerful electrophile and can be attacked by the peroxy acid (which functions as a nucleophile). The resulting tetrahedral
intermediate is then deprotonated by A~ (the conjugate base of H—A) to give an uncharged, tetrahedral intermediate.

If we focus on the structure of the uncharged, tetrahedral intermediate, we would conclude that the only way to re-form the carbonyl
group would be to expel the group that was recently installed:

(0]
-
0 Re-form H \O® o
A\ N carbonyl group
O —_— + O
HQ/)><\5 R)J\R Q@ \O)J\R
R R

Indeed, this probably happens, but it doesn’t lead to the formation of a new product. It effectively regenerates the starting materials. So,
we apply our golden rule to see if we can expel any other leaving group. We cannot expel H™ or C~, and there are no other groups to
expel. BUT, this is an apparent exception to the golden rule. Something unique happens, and you will not see this in any other mechanism
(so don’t worry about trying to apply this next step in any other mechanism). A rearrangement occurs, in which an alkyl group is said
to migrate:
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O, (6]
>\*H I * @)J\

Os_ _O.

R

R
H—5) 0
R>@R

Let’s focus on the fate of the migrating alkyl group (highlighted above). Notice that the carbonyl group is re-forming to expel this R group,
which migrates to the nearby oxygen atom. In other words, it looks like we are expelling C~. But the truth is that we are not really expelling
C~ into solution by itself. After all, C™ is too unstable. Rather, it is just migrating from one place to another (it is migrating over to attack
the neighboring oxygen atom). It never really becomes C~ for any period of time, and that explains how we can have an exception here.
The final step of the mechanism is a proton transfer step to give the product (an ester), as well as a carboxylic acid by-product (RCO,H):

T 9 0 0
%OYO\R ' @:b‘)J\R - R)kO/R : HO)kR

R An ester A carboxylic acid
(the product) (the by-product)

This mechanism is truly unique, and you should not worry if you feel that you would not be able to predict when this could happen in
other situations. This is probably the first time you are ever seeing a rearrangement that does not involve a carbocation. So, this is truly
different. You will not need to apply this mechanism to any other situations. So for now, don’t focus too much on this mechanism. Instead,
let’s focus on how to use this reaction when you are solving synthesis problems, because it will be a very useful reaction for you to have
in your back pocket.

In order to use this reaction properly, you will need to know how to predict where the oxygen atom is installed. For example, consider
the following ketone:

o}

K

This ketone is unsymmetrical, so we must decide where the oxygen atom will be installed during a Baeyer—Villiger reaction. Which of the
following two products are expected?

To answer this question, we need to know which alkyl group is more likely to migrate. If you look back at the mechanism above, you will
see that the migrating R group is the one that ends up connected to the oxygen atom in the product. So, we just have to decide which alkyl
group can migrate faster.

There is an order to how fast alkyl groups can migrate in this reaction, and we call it “migratory aptitude”:

H > 3° > 2° or Ph > 1° > methyl

Notice that phenyl groups have similar migratory aptitude as secondary alkyl groups. Also notice that H migrates the fastest. This explains
how we can use this reaction to convert aldehydes into carboxylic acids:
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o RCOGH o

M M ow

R H R O

H migrates faster than any other group, so it doesn’t even matter what the R group is.
If you are starting with a ketone instead of an aldehyde, then you should look for the most substituted alkyl group. For example:

RCOSH Q ></\
—_—
/j)J\O

Notice that the oxygen atom is inserted on the side that is more substituted.
In order to use this reaction in synthesis, you must make sure that you can predict where the oxygen atom will be inserted. Let’s do
some problems to make sure you got it:

insert oxygen atom
here

EXERCISE 6.74 Predict the major product of the following reaction:

0]

MCPBA

Answer A ketone is being treated with a peroxy acid, so we expect a Baeyer—Villiger reaction to occur. We look closely at our starting

ketone, and we see that it is unsymmetrical. So, we must predict where the oxygen atom will be inserted. We look at both sides, and we see

that the left side is more substituted. The more substituted R group will migrate faster, and that is where the oxygen atom will be inserted.
This specific case is an interesting example, because the insertion of an oxygen atom causes a ring expansion:

O 0]
MCPBA

The product is not just an ester, but it is a cyclic ester. Cyclic esters are also called lactones.

PROBLEMS  Predict the major product for each of the following reactions:
O

H CF3CO3H
6.75

MCPBA
6.76



170 CHAPTER6 KETONES AND ALDEHYDES

6.77

RCOzH

\

6.78

H CHaCO3H

6.79

6.9 HOW TO APPROACH SYNTHESIS PROBLEMS

In this chapter, we have seen many reactions. In order to solve synthesis problems, you will need to have all of these reactions at your
fingertips. In the beginning of this chapter, we saw a few ways to make aldehydes and ketones. Do you remember those reactions? If you
don’t, then you are in trouble. This is why organic chemistry can get tough at times. It is not sufficient to be a master of mechanisms. That
is an excellent start, and it builds an excellent foundation for understanding the material. But at the end of the day, you have to be able to
solve synthesis problems as well. And in order to do that, you must have all of the reactions organized in your mind.

Let’s start with a short review of everything we saw:

We started with a few ways of making ketones and aldehydes (two ways to oxidize, and then an ozonolysis). Then, we explored
hydrogen nucleophiles (NaBH, and LiAlH,) and oxygen nucleophiles (making acetals), and we saw that acetals can be used to protect
ketones. Then we explored sulfur nucleophiles (to form thioacetals), and we saw how they can be used to reduce ketones and aldehydes.
Next, we explored nitrogen nucleophiles (primary amines and secondary amines), we examined special primary amines (hydroxylamine
and hydrazine), and we saw how hydrazones could be used to reduce ketones to alkanes. Then, we moved on to three kinds of carbon
nucleophiles—Grignard reagents, phosphorus ylides, and sulfur ylides. Finally, we examined the Baeyer—Villiger oxidation, focusing on
its utility for synthesis. That is everything we saw in this chapter.

In this last section of the chapter, we will bring everything together to solve synthesis problems. The first step is to make sure that
you know these reactions well enough to claim that you have them at your fingertips. To ensure that you achieve that goal, try to do the
following. Take a separate piece of paper and try to write down all of the reactions listed in the paragraph above (without looking back in
the chapter, if possible). Make sure that you can draw all of the reagents, and all of the products. If you cannot do this, then you are simply
not ready to even START thinking about synthesis problems. Students often complain that they just don’t know how to approach synthesis
problems. But the difficulty is usually NOT due to the student’s poor abilities, but rather, the difficulty arises from the student’s poor study
habits. You CAN do synthesis problems. You might even enjoy them, believe it or not. But, you have to walk before you can run. If you try
to run before you learn how to walk, you will trip and you will get frustrated. Too many students make this mistake with synthesis problems.

So, take my advice, and focus right now on mastering the individual reactions. Try to fill out a blank sheet of paper with everything that
we have done in this chapter. If you find that you have to look back into the chapter to get the exact reagents (or to see what the exact products
are), then that is fine. It is part of the studying process—BUT don’t trick yourself into thinking that you are ready for synthesis problems
once you have filled out the sheet. You are not ready until you can fill out the entire sheet of paper, start-to-finish, without looking back
even once into the chapter to get the fine details. Keep filling out a new sheet, again and again, until you can do it all without looking
back. Ideally, you should get to a point where you do not even need to look at the short summary that we just gave. You should get to
a point where you can reconstruct the summary in your head, and then based on that summary, you should be able to write a list of all
the reactions.

It sounds like a lot of work. And it is. It will take you a while. But when you are done, you will be in an excellent position to start
tackling synthesis problems. If you get lazy, and you decide to skip this advice, then don’t complain later if you are frustrated with synthesis
problems. It would be your own fault for trying to run before you have mastered walking.

Once you get to the point where you have all of the reactions at your fingertips, then you can come back to here, and try to prove it,
by doing some simple problems. These problems are designed to test you on your ability to list the reagents that you would need in order
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to do simple one-step transformations. Once you have all of the reactions down cold, then we will be able to move on and conquer some
multistep synthesis problems.

EXERCISE 6.80 What reagents would you use to achieve the following transformation:

O - O-C

Answer The starting material is a ketone, and the product is an enamine, so we will need a nitrogen nucleophile. We just need to
decide what kind of nitrogen nucleophile. Since our product is an enamine, we will need a secondary amine. When we look at the product,
we can determine that we would need to use the following secondary amine:

xe

Finally, we just need to decide if there are any special conditions that should be mentioned. And we did learn that there are special conditions
for the reaction between a ketone and a secondary amine. Specifically, we need to have acid-catalysis, and Dean—Stark conditions. So, our

answer is:
e
(¢} > N
[ H*], Dean-Stark

PROBLEMS  The following problems are designed to be simple, so that you can prove to yourself that you know these reactions
cold. I highly recommend that you photocopy the following problems before filling them out. You might find that you get stuck on a few
problems, and it might be helpful for you to come back to these problems in the near future to fill them out again. The following problems
are not listed in the order in which they appear in this chapter.

O:O - O:CHz
6.81
O - (e
6.82 o}
D - O
6.83
o)
X - =
6.84 o)
: SCHs :
6.85 SCHs
= D
(@) - N
6.86 \
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CHs

OH

o

6.91

6.92

NH

6.96

6.99

[ =o
6.100
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If you felt comfortable with those problems, then you should be ready to move on to solving some multistep synthesis problems. Let’s
see an example:

EXERCISE 6.101 Propose an efficient synthesis for the following transformation:
0 (0]
O)k H O)J\/
Answer This transformation is a bit more involved than the previous problems, because it cannot be achieved in one step. We need to

install an ethyl group, while maintaining the presence of the carbonyl group. If we use a Grignard reagent, we can install the ethyl group,
but we will reduce the ketone to an alcohol in the process:

O OH
H 1) EtMgBr
B
2) H,O

But, this issue can be easily overcome, because we can oxidize the alcohol back up to a ketone:

OH O
Na,Cr>0;
HoSOy4, H0O

So, we have a two-step synthesis to accomplish this transformation.

\

|

Before you try to solve some problems yourself, there is one more important point to make about synthesis problems. Very often, it is
helpful to work “backwards.” We call this retrosynthetic analysis. Let’s see an example:

EXERCISE 6.102 Propose an efficient synthesis for the following transformation:

OH SN

Answer If we focus on the product, we notice that it is an enamine. We have only seen one way to make an enamine—from the
reaction between a ketone and a secondary amine. So, we can work our way backwards:



174 CHAPTER6 KETONES AND ALDEHYDES

OH N

All we need to do is find a way to convert the starting compound into a ketone. And we have seen how to do that. We can convert an
alcohol into a ketone using an oxidation reaction. So, our synthesis is:

OH N
1) Na20r207,

H»S04, H.0

Y

2) [H"], (CH3)2NH
Dean-Stark

Of course, this last problem was not very difficult, because it had a two-step solution. As you solve problems that require more steps,
this approach (retrosynthetic analysis) will become more and more important. But don’t worry. You won’t have to solve any problems that
require ten steps. That is way beyond the scope of this course. You will generally not have to deal with syntheses that require more than
three to five steps. So, with a lot of practice, it is definitely realistic to become a master of solving synthesis problems. Once again, it all
depends on how well you know all of the reactions.

As you work through the following problems, keep in mind that there is rarely only one answer to a synthesis problem. As we learn
more and more reactions, you will find that there are often multiple correct ways to achieve a transformation. Don’t get stuck into thinking
that you have to find THE answer. You may even come across a perfectly acceptable answer that no one else in the class thought of. Those
are the most exciting moments. There actually is room for you to express some creativity when you solve synthesis problems. Now let’s
get some practice:

PROBLEMS For each of the following problems, suggest an efficient synthesis. Remember that there might be more than one correct
answer for each of these problems. If you propose an answer, and it does not match the answer in the back of the book, do not be
discouraged. Carefully analyze your answer, because it might also be correct.

OH

6.103

o

g \)ko/\
S

6.104

Y

o 0

6.105
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o
OH
e —
o)
O)J\H N O)J\/
6.108 -
o)
©/\ - ©)J\OH
6.109 -
o)
O A
6.110 - O/ 0o
HsCO OCHs 0 @
-
6.111 -
o |
6.112 -

In this chapter, we did not see EVERY reaction that is in your textbook or lecture notes. We covered the core reactions (probably
90% or 95% of the reactions you need to know). The goal of this chapter was NOT to cover every reaction. Rather, our goal was to lay
a foundation for you when you are reading your textbook and lecture notes. We saw the similarities between mechanisms, and we saw a
simple way of categorizing all nucleophiles (hydrogen nucleophiles, oxygen nucleophiles, sulfur nucleophiles, etc.).

Now you can go back through your textbook and lecture notes, and look for the reactions that we did not cover here in this chapter.
With the foundation we have built in this chapter, you should be in good shape to fill in the gaps and study more efficiently.

And make sure to do ALL of the problems in your textbook. You will find more synthesis problems there. The more you practice, the
better you will get. Good luck.
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CARBOXYLIC ACID DERIVATIVES

7.1 REACTIVITY OF CARBOXYLIC ACID DERIVATIVES

Carboxylic acid derivatives are similar to carboxylic acids, but the OH group has been replaced with a different group (Z),

i pit
R)kOH R™ Nz
Carboxylic acid Carboxylic acid
derivative

where Z is a heteroatom (an atom other than C or H, such as Cl, O, N, etc.). Several types of carboxylic acid derivatives are shown below:

O (0] O 0 (0]
R)]\CI RJ\OJ\R R)koﬂ R)kNHg
acid halide acid anhydride ester amide

The chemistry of carboxylic acid derivatives is different from the chemistry of ketones and aldehydes, because carboxylic acid derivatives
possess a built-in leaving group, which allows the carbonyl group to re-form after being attacked:

d-‘o'- :ON (_, o)
P LR VA

R™ (LG R Nue T

The identity of the leaving group will determine how reactive the compound is. For example, acid chlorides are extremely reactive because
the built-in leaving group (chloride) is very stable:

O..
/\.Nuc d Nuc O
)k R>§”Cl R)kNuc

acid chloride stabilized
charge

XC)
+ Gl

Chloride is a great leaving group because it is a weak base. For this reason, acid halides (also called acyl halides) are the most reactive of
the carboxylic acid derivatives. This is very useful, because it means that we can use acid halides to form any of the other carboxylic acid
derivatives.

Carboxylic acid derivatives can be viewed as having a “wild card” next to the carbonyl group. I am calling it a “wild card,” because it
can be easily exchanged for a different group:

176
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O (0]
€]
e ) ] ¢
wild card

In this chapter, we will learn how to exchange the groups so that we can convert one carboxylic acid derivative into another. In order to do
this, we will have to know something about the order of reactivity of carboxylic acid derivatives:

O
Most reactive R)J\C| (best leaving group)

A Acid halide

(6] (0]
I
Acid anhydride

o

M

R OR
Ester

O

Least reactive PR
R NH,  (poorest leaving group)

Amide

As we learn to exchange the “wild card,” we will see that there are just a few simple rules that will determine everything. We will see
dozens of reactions, but all of these reactions are completely predictable and understandable if you know how to apply just a few simple
rules, covered in the following section.

We will NOT cover every reaction in your textbook or lecture notes. Rather, we will focus on the core skills you need. When you are
finished with this chapter, you must make sure to go through your textbook and lecture notes to learn any reactions that we did not cover
here in this chapter. This chapter will arm you with the skills you need in order to master the material in your textbook.

7.2 GENERAL RULES

The most important rule was already covered in the previous chapter. We called it our “golden rule” and it went like this: after attacking a
carbonyl group, always try to re-form the carbonyl group if you can, but never expel H™ or C™.

With this rule, we can now appreciate that a carboxylic acid derivative will react differently with H™ or C~ than it will with any other
type of nucleophile. When we use a hydrogen nucleophile or a carbon nucleophile to attack a carboxylic acid derivative, two equivalents
of the nucleophile are consumed. Let’s see why:

Consider, for example, the reaction that occurs when an acid halide is treated with an excess of Grignard reagent. First, the Grignard
reagent attacks the carbonyl group, just as we would expect:

. © ®

- ..
C')ok/\:CHs MgBr 30>=<CH3

R Cl R Cl
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Then, we apply our golden rule: re-form the carbonyl group, if you can, but don’t expel H™ or C~. In this case, C1~ can be expelled, so we
expect the carbonyl group to re-form:

C0: ohg 2o (%
.
R>ég| R)kCHg,

This step generates a ketone, and under these conditions, the ketone can be attacked by a second equivalent of the nucleophile, generating
an alkoxide ion:

<'. :/\:8H3 M%Br % CHg
—_—
R)J\CHs R><CH3

an alkoxide ion

The resulting alkoxide ion is now unable to re-form the carbonyl group, because there is no leaving group. We have already said numerous
times that H™ or C~ cannot be expelled to re-form the carbonyl group. So, the reaction is complete. In order to protonate the alkoxide ion,
a proton source must be introduced into the reaction flask (note that the proton source must be introduced into the reaction flask AFTER
the reaction is complete):

In the end, the product is an alcohol.
A similar result is expected when an acid halide is attacked by a hydrogen nucleophile. Once again, the acid halide can react with two
equivalents of the nucleophile to generate an alcohol:

Q..
i excess LiAlH, O><H H,O HO H
—_— —_—

R OR R H R H

The situation is very different when we use any other nucleophile (not H™ or C~). Suppose, for example, an acid halide is treated
with RO™:

CJOL/\@OR G%'o’:><:b'ﬂ
R Cl R Cl

As we might expect, the resulting tetrahedral intermediate is capable of re-forming the carbonyl group by expelling a chloride ion, gener-
ating an ester:

Ce:;o;: OR ) CI@ O
R>§£I RAOR

Now, it might be true that the resulting carbonyl group (of the ester) CAN be attacked by another alkoxide ion:

.0 O.

C)J\/\OR G)O><OR

R OR R OR
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But the resulting tetrahedral intermediate will simply re-form the carbonyl group, by expelling the second RO~ that just attacked. This
brings us right back to the ester:

O, o
L Iy

+ OR
R” (OR R” TOR

The second attack is only irreversible when the nucleophile is H™ or C~. And this should make sense based on our golden rule; if the
second attack is by H™ or C~, then the carbonyl group will not be able to re-form after the second attack occurs.

So, we have seen that there is a difference in the types of products we obtain when we use H™ or C~ vs. when we use any other
nucleophile. Keep this in mind: H™ or C™ will attack twice, but all other nucleophiles will only attack once:

o ] HO H
)J\ Hydrogen Nucleophile . X Attacked twice
R LG (excess) R H
o ) HO R
)J\ Carbon Nucleophile . X Attacked twice
R LG (excess) R R
o . )
)J\ Other Nucleophile : )k Attacked once
R LG R Nuc

Now let’s focus our attention on the last case above (nucleophiles other than H™ or C™), in which the nucleophile attacks only once. In
those reactions, the outcome will be to exchange one type of carboxylic acid derivative for another. For example:

o O

)]\ RO—H> )k + HCI

R Cl R OR

The mechanism for this process (and all others like it) involves two core steps: attack the carbonyl group, and then re-form the carbonyl
group. That’s it. Just two core steps. But very often, proton transfer steps are necessary when drawing a mechanism. Proton transfers can
only occur at three different moments: the beginning, the middle, or the end:

1 2 3
BEGINNING —attack__ | \pp|E re-form END
carbonyl carbonyl

1. A proton transfer step may or may not be required at the beginning of the mechanism, before the nucleophile has attacked the
carbonyl group.

2. Proton transfer steps may or may not be required in the middle of the mechanism, after the carbonyl group has been attacked, but
before the carbonyl group has re-formed.

3. A proton transfer step may or may not be required at the end of the mechanism, after the carbonyl group has re-formed.

Sometimes, a mechanism won’t involve any proton transfers at all. For example, when an acid halide is treated with an alkoxide ion,
no proton transfers occur:
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ATTACK RE-FORM
CARBONYL CARBONYL
o\ Oue. o .
J\ .OR ¢ OR -c® i
—_—
R™ (o R” TOR

And sometimes, a mechanism will involve only one proton transfer. For example, when an acid halide is treated with water, one proton
transfer occurs at the end of the mechanism:

ATTACK RE-FORM
CARBONYL CARBONYL PROTON TRANSFER

& /s

o.. <0
G Q -c® /\/ “H o
R>é0| )J\‘\ H R)J\OH

H

But sometimes, proton transfers occur at all three moments in the mechanism (beginning, middle, and end). For example, consider the
following mechanism for the reaction in which an ester is treated with aqueous acid, generating a carboxylic acid:

BEGINNING MIDDLE
PROTON TRANSFER ATTACK
A H CARBONYL )
Wt SH | 7 o v @)
O H Coo H/ \H HO: Q._H
M pd .
R OR R OR R OR
Ester
o PROTON
H” H TRANSFER
H'o':><:b'H
R @
END
H—O>
€ oo
TRANSFER RE-FORM H
(\ CARBONYL
.. /0'6-\ H ® L
j; H™ H )OL - ROH HO:>7<:OH
0 5 ...R
v Ao R™ (%
Carboxylic acid H

This is a long mechanism, with six steps. The two core steps (attack the carbonyl, and then re-form the carbonyl) are highlighted in gray.
Notice that proton transfer steps occur at all three possible moments throughout the mechanism (beginning, middle, and end). Later in

this chapter, we will study this reaction in greater detail, and we will explain the rationale behind each and every proton transfer step
in this mechanism.
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7.3 ACID HALIDES

As we have mentioned, acid halides are the most reactive of the carboxylic acid derivatives, because they produce the most stable leaving
groups. Therefore, we can prepare any of the other carboxylic acid derivatives from acid halides. So, it is critical that you know how to
make an acid halide. It is very common to encounter a synthesis problem where you will need to make an acid halide at some point in
the synthesis.

To make an acid halide, it would be nice if CI~ would attack a carboxylic acid directly, expelling HO™ as a leaving group:

R” OH
More Less
stable stable

.. CH ..
c-o;/—\” :0: :Cl: O
RA'O'H + eCI —_— Q’X %’ R)J\CI + G)OH

But this doesn’t work, because HO™ is less stable than C1~, so this would be an uphill battle. CI~ is not going to expel HO™. So, we must
first convert the OH group into a different group that CAN be expelled by Cl~. So, here is our strategy:

o} O o}

L, — N, — A

R OH R LG R Cl

Thionyl chloride, SOCI,, is a reagent that can be used to execute both steps of this strategy:

O
Il

S
cl” al

Thionyl chloride
(SOCly)

An acid halide can generally be obtained in good yields by treating a carboxylic acid with thionyl chloride. This reagent achieves two
objectives in one reaction flask: (1) it converts the OH group into a better leaving group and (2) it serves as a source of chloride ions that
will attack the carbonyl group and expel the newly formed leaving group. The first objective (converting OH into a better leaving group)
is achieved via the following mechanism:

EXCELLENT
LEAVING GROUP

The carboxylic acid functions as a nucleophile and attacks the S=O bond. The S=O0 bond is then re-formed (by expelling a chloride
ion), followed by a proton transfer step. The net result of these three steps is the conversion of an OH group into a better leaving group,
thereby achieving the first objective.

The second objective is then achieved when the chloride ion (generated during the steps above), attacks the carbonyl group, expelling
the leaving group:

. @ o.. (o) o
:O° (0] Cl: HOXN T
Z I a4 o
S
R)J\O/S\CI — > R/'\O/ Xgg —> R)J\CI + SO, + Cl
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Notice that SO, is formed as a by-product. This is important because SO, is a gas, which bubbles out of solution, thereby forcing the

reaction to completion.

Now that we have covered a method for preparing acid halides, we are ready to explore reactions of acid halides. We will see many
reactions. BUT don’t try to memorize them. Instead, try to appreciate that they all follow the same general rules. We saw in the previous
section that there are two core steps (attack, and re-form the carbonyl). Then, we just need to be careful about proton transfers in the three

possible moments when they might be necessary:

. 3
_ attack _ __re-form _
BEGINNING “carbonyl MIDDLE ~ carbonyl

With acid halides, it gets much easier, because proton transfers generally only occur at the end of the mechanism (you can skip “1”” and
“2” on the diagram above). Consider the following example, in which an acid halide is treated with water to generate a carboxylic acid:

ATTACK RE-FORM
CARBONYL CARBONYL DEPROTONATE
/ & / ]
R (/C' R” “OH
H

Carefully consider the three steps of this mechanism: attack, re-form, and deprotonate. Say that out loud 10 times real fast (attack,
re-form, and deprotonate). You will find that this order of events keeps repeating itself in many of the reactions we are about to see.

Notice that the by-products of the reaction are Cl~ and H;O" which, together, represent an aqueous solution of HCI. The build-up of
acid can often produce undesired reactions (depending on what other functional groups might be present in the compound), so pyridine is
used to remove the acid as it is produced:

- . T\® ..0
\ /NZ/+\HL\(.3.I: —  NH ok

pyridine pyridinium chloride

Pyridine is a base that reacts with HCI to form pyridinium chloride. This process effectively traps the HCI so that it is unavailable for any
other side reactions. The use of pyridine is often represented with the letters “py,” like this:

i, e &
R Cl py R OH

When an acid halide is treated with an alcohol, in the presence of pyridine, the product is an ester:

? ROH j\
_
R Cl py R OR
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The mechanism for this process has the familiar three steps: attack, re-form, and deprotonate:

ATTACK RE-FORM

CARBONYL CARBONYL DEPROTONATE

N\

R
When an acid halide is treated with an amine, the product is an amide:
o] o]
)J\ s > )]\
R Cl (two equivalents) R NH,

183

Notice that pyridine is not used in this case. Instead, we use two equivalents of ammonia (twice as much ammonia as acid chloride).
One equivalent serves as a nucleophile in the first step of the mechanism, and the other equivalent serves as a base in the last step of the

mechanism:

ATTACK RE-FORM

CARBONYL CARBONYL DEPROTONATE
) H H
T O.. © H . N
<O/ N QO, N/\ y S o) /_\/ “u o
).L - = >< - = )k (\/ H — > )J\ _H
R™ ¢ R” "N RT N
/ N\ |
H H H

Once again, notice that this process has the familiar three steps: attack, re-form, and deprotonate.

Now let’s consider what happens when an acid halide is treated with H™ or C~. We have already seen that H~ and C~ are special,

because they will attack twice:

FIRST RE-FORM SECOND
ATTACK CARBONYL ATTACK
.0 8 ® @.b'. CH CIG) C ®
Z :CH; MgBr R 3 - :CH3; MgBr
ST Y
prd My )k«/
R Cl R™ (¢l CHjy
PROTONATE
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This leaves us with an obvious question. What if we wanted to attack with C~ just once? In other words, suppose we wanted the following
outcome:

ATTACK RE-FORM
ONLY ONCE CARBONYL
G e o Q... o -
M:CHS MgBr (-0>-<CH3 - Cl J\
R” cl R™ (¢l R™ “CH,

What if the ketone is the desired product? We have a problem here, because the starting acid halide will react with two equivalents of the
nucleophile, giving an alcohol. If we just try to use exactly one equivalent of the Grignard reagent, we will observe a mess of products
(some molecules of the acid halide will get attacked twice, and others will not get attacked at all). In order to prepare the ketone, we need
a carbon nucleophile that will only react with an acid halide, but will nof react with a ketone. And we are in luck, because there is a class
of compounds that will do exactly that. They are called lithium dialkyl cuprates (R,CuLi).

You might have been introduced to these compounds in the first semester of organic chemistry. Lithium dialkyl cuprates are carbon
nucleophiles, but they are less reactive than Grignard reagents. Lithium dialkyl cuprates will react with acid halides, but not with ketones.
And therefore, we can use these reagents to convert acid halides into ketones:

ONLY ATTACKS ONCE

0}

)J\ Me,CulLi

R Cl

>:o

)

CHy

Thus far, we have seen a lot of reactions, so let’s just quickly review them:

Y

H,0 j’\

py R OH

ROH _ )oj\

py R OR

RoNH j\ _

o) (excess) R N

R Cl 1) excess LiAlH4 )ﬁ
> R H
2) H,0 H

\/

1) excess RMgX OH

Y
.
)

2) Hy,0

R,CuLi )]\

Y
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EXERCISE 7.1 Propose a mechanism for the following reaction:

0] OH

cl 1) excess LiAlH,4

b

2) Hy0

Answer The starting material is an acid chloride, so let’s carefully consider the reagents. LiAlH, is a hydrogen nucleophile (source
of H™), and it is expected to attack the carbonyl group twice:

FIRST SECOND
ATTACK ATTACK
H RE-FORM H
o CARBONYL o
H-AI=H HY-AI=H
F9 ’ :G%'d: Ho -a® SO b UW: H
I/ ——— — I — X
R” ci e R H R H

Finally, a proton transfer will be required at the end of the mechanism:

@.(\ oR .o

:0: CH, H\} H HO: CH,
—>

R™ “CH, R” “CH,

That is, in fact, the reason why H,O is shown as a separate step:

o} OH

cl 1) excess LiAlHy

o
’

2) H,0
PROBLEMS Propose a plausible mechanism for each of the following reactions. Space has been provided for you to record your
answer directly below each reaction:

O OH

cl 1) excess EtMgBr Et
Et
7.2 2) H,0

Y
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o
/\/OH
Cl >
7.3 Py
o
HeN ~ N\
Cl -
7.4 (excess)
o

\/\)]\ SOCl,
e
OH

7.5
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O

\/\)j\ 1) excess LiAlH,4
cl > SN 0oH

7.6 2) H,O

EXERCISE 7.7 Predict the major product of the following reaction:

e Me,CulLi

NN

Answer We are starting with an acid halide. So, in order to predict the major product of this reaction, we will have to determine if
the nucleophile attacks once or twice. The reagent is a lithium dialkyl cuprate. This reagent is a carbon nucleophile, but it is not like a
Grignard reagent—it does not attack twice. Instead, it will only attack once, because it is a very fame carbon nucleophile, as we saw earlier
in this section. And the product is expected to be a ketone:

Y

O Me,CulLi O

MC| \/\)J\Me

Y

PROBLEMS  Predict the major product in each of the following cases:

o 1) SOCI, N
\/\)J\OH 2) excess EtMgBr -
7.8 3) H,O
O
OH 1)soc,
79 2)ELCuli

o

\/\)J\ excess NH3
Cl

7.10
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excess NaBH, -
7.1 MCI MeOH
(0]
Cl EtOH
712 by

EXERCISE 7.13 Identify the reagents you would use to achieve the following transformation:

o} OH

OH Me
Me

Y

Answer We are starting with a carboxylic acid, and the final product is an alcohol. We also notice that there are two methyl groups in
the product:

O OH
Me
Me

Y

We therefore need to install fwo methyl groups, which means that we need to attack the carbonyl group #wice. And in the process, the
carbonyl group must be reduced to an alcohol. This sounds like a Grignard reaction.

But we have to be careful. We cannot perform a Grignard reaction with a carboxylic acid. Remember that a Grignard reagent is
sensitive to its conditions—if there are any acidic protons available, the Grignard reagent will be destroyed. Since our starting compound
(a carboxylic acid) has an acidic proton, we must first convert the carboxylic acid into an acid halide. So our strategy goes like this:

(0] (@] OH
Me

And to achieve this, we could use the following reagents:

OH
1) SOCl,
OH 2) excess MeMgBr \ Me
> e
3) H,O

PROBLEMS Identify the reagents you would use to achieve each of the following transformations:

0 0
OH o

Y

714
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(o] (@]
S Yo
7.15 -
(o] OH
©)J\OH _ @/tMe
7.16
(6] OH
(6] (0]

Cl

<
.

7.18

74 ACID ANHYDRIDES

Anhydrides can be prepared by the reaction between a carboxylic acid and an acid halide:

9 R)J\CI 9 9
o —— NN

R OH py R o} R

Notice that pyridine is used, once again, to remove the HCI that is formed as a by-product. We can avoid the need for pyridine by using a
carboxylate ion (a deprotonated carboxylic acid) instead of a carboxylic acid:

O JCJ)\ o} O
e o Ao, NI+ e

Notice that the by-product is NaCl, rather than HCI, so pyridine is no longer needed.
Acid anhydrides are almost as reactive as acid halides. So, the reactions of acid anhydrides are very similar to the reactions of acid
halides. You just have to train your eyes to see the leaving group:

o} O O
R )kCI R)]\O)J\ R
Leaving Leaving
group group

When a nucleophile attacks an acid anhydride, the carbonyl group can re-form to expel a leaving group that is resonance-stabilized:

e 0 [0}

0 0 o 10:~. O
< N g
R)J\&)I\/ = Tluc L('))J\F{ R)J\Nuc * eO)J\R

Resonance-stabilized
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So, an acid anhydride can be treated with any of the nucleophiles that we saw in the previous section to give the same products that we
saw in the previous section:

H,0 o
R)J\OH

R OR
(¢}
JC a
o o0 R '}l
R)I\OAR 5 OH
1) excess LiAlH, /k\
> R \H
2) H,O H
1) excess RMgX OH
2)H /F
) H.0 R R
R
R,CulLi )OJ\
R R

Notice that pyridine is not required in any of these reactions, because HCl is not a by-product.

EXERCISE 7.19 Predict the major product of the following reaction:

0 o 1) excess PhMgBr

\)J\O)J\/ 2) H,0 >~

Answer In order to predict the major product of this reaction, we will have to determine if the nucleophile attacks once or twice. The
reagent is a Grignard reagent, which is a strong carbon nucleophile. So we expect that the anhydride will react with two equivalents of the
Grignard reagent, which will produce an alcohol:

o o 1) excess PhMgBr OH 0
\)J\O)k/ 2) H,0 B \)ﬁ Ph + G)O)K/
Ph
This was

the leaving group

PROBLEMS  Predict the major product for each of the following reactions:

O O

/\)]\ )]\/\ excess NH3
O

7.20
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(0] O
\)k )J\/ 1) excess LiAIH,
7.21 (0] 2) H,O
(0] O
\)k )J\/ H3O*
R
7.22 o

7.5 ESTERS

Esters can be made from carboxylic acid derivatives that are more reactive than esters. In other words, we can make an ester from an acid
halide, or from an anhydride:

O
Most reactive . )KCI

A Acid halide \
o ©
R)ko)k R

Acid anhydride

ROH
ROH py

(0] /
R)kOR
Ester

(0]

Least reactive Je
R™ “NH,

Amide

And we have already seen how to make acid halides—we can make them from carboxylic acids (using thionyl chloride). So, this provides
a two-step method for making an ester from a carboxylic acid:

O
1l
/S\
: —_—_—
R OH R Cl py R OR

The carboxylic acid is first converted into an acid halide, which is then converted into an ester. But this begs the question: can we achieve
the desired transformation in one reaction? That is, can we convert a carboxylic acid into an ester in just one reaction, avoiding the need
to prepare an acid halide? If we simply try to mix an alcohol and a carboxylic acid, we do not observe a reaction:
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(0]
)k ROH
_— i
R OH no reaction

So, let’s see what we can do to force this reaction along. Let’s consider what happens if we try to make the nucleophile more nucleophilic.
In other words, suppose we try to use RO~ instead of ROH:

e G
o) RO:
Moo —

Recall that carboxylic acids have a mildly acidic proton, and alkoxide ions (RO™) are strong bases. So, the alkoxide ion would just function
as a base and deprotonate the carboxylic acid:

)0
RO: 0

.'O'. (o]
R/ﬂfg}H R/ﬂ\69

So, once again, an ester would NOT be produced.

But there is one more thing we can try. Rather than making the nucleophile more nucleophilic, we can try to make the electrophile
more electrophilic. Do you remember how to do that? We saw in the previous chapter (Section 5.4) that a carbonyl group becomes more
electrophilic when it is protonated:

o7 3 [De S
M M

R OH R OH
more electrophilic

As we will soon see, the acid is not consumed during the reaction, so its function is catalytic (just as we saw in Section 5.4). And under
these conditions (acidic conditions), we do observe the desired reaction (a one-step synthesis of an ester from a carboxylic acid):

0 0
[H]
R/M\OH ROH R/H\OR

This reaction is incredibly useful and important (and it is considered to be a staple of any organic chemistry course), so let’s explore the
accepted mechanism, step-by-step.

The mechanism has six steps, but you should notice that there are only two core steps here: attack, and then re-form. All other steps
are just proton transfers:
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BEGINNING MIDDLE
ATTACK
PROTON 'IZA'I_\{SFER CARBONYL
/

./ THIge o 0 o

o WO /;/ “H ><0

R OH OH
Carboxylic acid
PROTON
0% H TRANSFER
~  END f}
Carboxylic acid ® /;
PROTON "R rRansren
TRANSFER RE-FORM H
(\ CARBONYL
- -0 H.® ce ee
‘0. R H ['O: - H,0 HOZ;; :OR
R)J\b'R R)LCSR R%ﬁ/ "
o o I ®

Ester H

Carefully consider the mechanism above, and you will see there are three moments at which proton transfer steps occur. This exactly

follows the pattern that we described in the beginning of this chapter:
3

__re-form _ -form
carbonyl

_ attack
carbonyl

1
BEGINNING I MIDDLE

1. In the beginning of the mechanism, a proton transfer step is necessary in order to protonate the carbonyl group, rendering it more
electrophilic.

2. In the middle of the mechanism (after attack of the carbonyl, but before re-forming the carbonyl), two proton transfers are required to
protonate the leaving group (HO™~ cannot be expelled in acidic conditions). Notice that two proton transfer steps are required. It would
not be OK to simply protonate the OH group without first deprotonating the OR group, because that would give an intermediate
with two positive charges. So, first we deprotonate to remove the positive charge, and then, we protonate the OH group to give a
good leaving group.

3. In the end of the mechanism, a proton transfer is required to remove the positive charge and generate the product.

This reaction is called a Fischer esterification. The position of equilibrium is very sensitive to the concentrations of starting materials
and products. Excess ROH favors formation of the ester, while excess water favors the carboxylic acid:

[H7]

/ excess ROH N\
(0] (0]
M J

R” TOH R” TOR

\ [H*] /

excess H,O
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This is very helpful, because it provides a way to convert an acid into an ester, or an ester into an acid.
For now, let’s focus on converting an acid into an ester:

O O

)J\ [H*] - )k

R OH excess ROH R OR

We will spend some time on the reverse process very soon.

We have seen that a Fischer esterification is the reaction between a carboxylic acid and an alcohol (with acid catalysis). If a single
compound contains both functional groups (COOH and OH), it is possible to observe an intramolecular Fischer esterification. For example,
consider the following compound:

(0]

HO/\/\)J\OH

This compound has both a COOH group and an OH group. And, in this case, an intramolecular reaction is observed:

®_H
'.O.-/-\H—/}@ 0%
HO OH HU OH

Intramolecular attack

The rest of the mechanism is directly analogous to what we have already seen. The mechanism has two core steps (attack and re-form),
with proton transfer steps in the beginning, middle, and end.

PROBLEM 7.23 In the space provided on the next page, draw a mechanism for the following transformation:

0]

I
(@]
o]
I
Y
o

Remember that the general steps are:

Proton attack Proton transfer re-form Proton
transfer carbonyl (twice) carbonyl transfer
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EXERCISE 7.24  Identify the reagents you would use to make the following compound via a Fischer esterification:

)

\/\)J\O/\O

Answer To make an ester using a Fischer esterification, we need to start with a carboxylic acid and an alcohol. The question is: how
do we decide which carboxylic acid and which alcohol to use? To do this, we must identify the bond that will be formed during the reaction
(highlighted):

)

To form the highlighted bond via a Fischer esterification, we will need the following reagents:
0

And, don’t forget that we need acid catalysis. So our synthesis would look like this:

0 [H*] R 0
\/\)J\OH o \/\)J\o/\O

HO/\O
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PROBLEMS Identify the reagents you would use to make each of the following esters:

e i
o Ko
7.26

7.25

7.27 7.28

Now that we have seen how to make esters, let’s focus our attention on the reactions of esters. We will center on two reactions in particular.
Esters can be hydrolyzed to give carboxylic acids, under two different sets of conditions:

0 H,O* o)
Acidic Conditions [ -
R” “OR R™ T“OH
O 1) NaOH O
Basic Conditions )J\ > )J\
R TOR 2 H* R™ “OH

The first set of conditions above (acidic conditions) should seem very familiar to you. This reaction is simply the reverse of a Fischer
esterification. Let’s explore the accepted mechanism for this process:

BEGINNING MIDDLE

PROTON TRANSFER ATTACK
CARBONYL

N H
H-0® ® ..
o/\ “H d'O:H//H\/'OiH HG: S0
R)kOR R)kOR
Ester

Oo:

R R

.

../ PROTON
1~ O | TRANSFER

HO: :OH

END H

®
H—O> PROTON

PROTON 8
TRANSFER RE-FORM H TRANSFER
(\ CARBONYL
o oy TH.© -
i HOoH (0 - ROH HO: ;0
R)k.o.H R)J\aH R>§b~/ R
b .o | @
Carboxylic acid H
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Once again, we see the same pattern again and again. Look closely at this mechanism. There are two core steps: attack, and re-form.
All other steps in the mechanism are just proton transfers that facilitate the reaction. One proton transfer is required in the beginning (to
protonate the carbonyl group), two proton transfers are required in the middle (so that the leaving group can leave as a neutral species,
ROH), and one proton transfer is required at the end (to deprotonate).

The process above occurs under acidic conditions. But it is also possible to hydrolyze an ester under basic conditions as well. The
following is a mechanism for that process:

ATTACK RE-FORM

CARBONYL CARBONYL PROTON TRANSFER
. ), ST . Y N
29" UH O PR ROC ‘0" :OH ‘0"
P& B — la I
/H .

©

R” “OR R™ (OoR R™ 0> R

Once again, we have two core steps (attack and re-form), followed by a deprotonation. This proton transfer at the end is unavoidable under
these conditions. In basic conditions, a carboxylic acid will be deprotonated. In fact, formation of a more stable anion is the driving force
for this reaction:

0" oL
)J\{\ H /—@' R )J\. O H,O
R™ YO~ + | OH R™ ~or ft M
not stabilized by stabilized by
resonance resonance

This resonance-stabilized anion is called a carboxylate ion, and its formation serves as a driving force. In order to protonate the carboxylate
ion, a proton source must be introduced into the reaction flask (note that the proton source is introduced into the reaction flask AFTER the
reaction is complete, and must be indicated as a separate step):

(0]

O 1) NaOH
Basic Conditions )J\ )J\

R™ DOR  2)H;0* R™ “OH

Y

Notice that we need to use H,O" rather than H,O, because a carboxylate ion will not remove a proton from water:

.'O'. e}

/\ ‘0" O..
stabilized by not stabilized by
resonance resonance

This process (hydrolysis of an ester under basic conditions) has a special name: saponification.

EXERCISE 7.29 Propose a mechanism for the following transformation:

0]
0]

7 ) Raon M
2) H;0* HO OH
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Answer This reaction utilizes basic conditions to hydrolyze an ester (a process called saponification). We begin by attacking the
carbonyl group, and then re-forming it:

.. .. ..
Jop :0: :OH
<-<7//7$- = .. ‘0"
o: ‘OH (5" 5 /\\/\\/ﬂ\ "
:0 Ne)d

Notice that we just produced a carboxylic acid (a weak acid) under strongly basic conditions. Under these conditions, the carboxylic acid
is deprotonated to give a carboxylate ion:

‘o ///TQ ‘o
MA H o /\/\)J\
o) 07 e 6%

After the reaction is complete, an acid is introduced into the reaction flask to protonate the dianion (notice that the stronger base is
protonated first):

/
H-0® Hfh@

/\/\)(L - /\/\)O]\ . /\/\)O]\
E: G 3 6" 3 o

PROBLEMS In the space provided, draw a mechanism for each of the following transformations:

)

? e - /\/\)(L
HO OH

7.30
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7.31

EXERCISE 7.32 Predict the products of the following reaction:

0
< >—< Hy0*
=)

Answer We are starting with an ester, and we are subjecting it to aqueous acidic conditions. This will convert the ester into a carboxylic
acid and an alcohol (the reverse of a Fischer esterfication). We expect the following products:

O
OH

Y
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PROBLEMS  Predict the products of each of the following reactions:

O\)(L H30+
P >
7.33 o)
0
0
1) NaOH
7.34 2) H0"
0 [H*]
\)kOH
7.35 ~oH
0 ></ 1) NaOH
0 2) HO* -
7.36

7.6 AMIDES AND NITRILES

We have said before that a carboxylic acid derivative can be prepared from any other carboxylic acid derivative that is more reactive. Let’s
go back to our reactivity chart to see what this means practically:

(6]
Most reactive . J\CI

A Acid halide

O (0]
I
Acid anhydride

(0]

PR

R OR
Ester

0
Least reactive PR
R™ ONH,

Amide

Since amides are the least reactive of the carboxylic acid derivatives (shown on the chart above), we can therefore make amides from
any carboxylic acid derivatives that are higher on the chart. In other words, we can make amides from acid halides, from anhydrides, or
from esters.
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Earlier in this chapter, we saw how to make amides from acid halides or anhydrides:

(0] O
R)kCI excess NH3 . R)kNHZ
(0] O O

NH
R)J\o)kn ° > R NH,

But now the question is: how do we make amides from esters? Esters are less reactive than acid halides or anhydrides. So, we have to use
some kind of trick to coax the reaction along. We cannot use acid or base (an acid would just protonate the attacking amine, rendering it
useless; and a base would cause other side reactions that we will learn in the next chapter). Instead, we use brute force and patience. We
just heat the reaction for a long time, and a reaction is observed, which can occur via the following mechanism:

ATTACK

CARBONYL RE-FORM

@.. @ H  cARBONYL

Ny (08 NC 0
)J\‘/\ R%OR - )J\(\H + RO: _>RJ\ITI/H

H H H

DEPROTONATE

Notice that RO~ is expelled to re-form the carbonyl group. That might seem strange, because there is a much better leaving group available
to leave:

H
Q... ® _H much better

'OXN SH leaving group

R” TOR

But this gets back to something we have said many times before. Of course it is possible for the amine to leave. In fact, it happens all of
the time. The amine attacks, and then it gets expelled. It attacks, and is then expelled again. Every time this happens, there is no change to
observe. But every once in a while, something else can happen. RO~ can be expelled, which is then immediately protonated, as shown in
the mechanism above. We are allowed to expel RO~ when re-forming a carbonyl group, because the tetrahedral intermediate is so high in
energy (negative charge on an oxygen atom).

The equilibrium for this process favors the products (amide + alcohol) over the reactants (ester + amine):

O H (0]

)k + /lll\ —_— )J\ _R + ROH

So, this is another method for making amides, however, the process is extremely slow and is not really a practical synthetic technique.
Therefore, you should avoid using this reaction in a synthesis, if possible. A better method to make amides is to start with a more reactive
carboxylic acid derivative.

So far, in this section, we have seen that we can make amides from acid halides or from acid anhydrides. Now that we know how
to make amides, let’s explore some important reactions of amides. Specifically, we will explore hydrolysis of amides (first under acidic
conditions, and then under basic conditions). It is worth mentioning that much of biochemistry is dependent on how, when, and why
amides will undergo hydrolysis. So, if you plan on taking biochemistry, you should certainly be familiar with the hydrolysis of amides,
which can occur under either basic conditions or acidic conditions:
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Basic

/ Conditions "\

0 o)

RJ\NH2 "o )J\

R” TOH

AN Acidic /

Conditions

Let’s begin with acid-catalyzed conditions. This reaction is really no different than the other acid-catalyzed reactions we have seen. Take
a close look at the following mechanism:

BEGINNING MIDDLE
PROTON TRANSFER ATTACK
—~ N CARBONYL
/ H
. H=0® O_H .. e @
‘0" \ 707 T o HG: SO
J p e
R™ “NH, R™ “NH, R™ “NH,
Amide
../ PROTON
4~ ~>y TRANSFER
HO: :OH
R @
END H
> oT0
PROTON X PROTON
TRANSFER H  TRANSFER
RE-FORM
C .\ CARBONYL
‘0" H/:O.LH Hgg HO* :OH
I I, | 2 | X
R™ “OH R™ “OH R” [/ NHs
Carboxylic acid

Notice that it follows the exact same pattern that we have seen again and again:

Proton attack | Proton transfer re-form Proton
transfer carbonyl (twice) carbonyl transfer

This pattern is common among the acid-catalyzed reactions that we have seen so far in this chapter.
Now let’s explore base-catalyzed conditions for the hydrolysis of an amide:

e 0

)k 1) NaOH )J\

R NH, 2) H,0* R™ TOH
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This transformation can occur via the following mechanism:

ATTACK RE-FORM
CARBONYL o CARBONYL DEPROTONATE
. _ o @" .o o. .oo . _ o o_ o
;O . :O: OH ok O
( ’p.H Q, ﬂ.
M_> >< — )k(\/H + G)NH2 — )J\,.@ + INH,
TN, RTONR  RTOTT T e

carboxylate ion

Under basic conditions, the product is a carboxylate ion (highlighted above), and that is why an acid is listed as a reagent (in a separate
step):

o o)
)]\ 1) NaOH )k
_—
R™  NH, 2) HzO* R” “OH

When the reaction is complete and H;O" is then added to the reaction flask, the carboxylate ion is protonated to generate the car-
boxylic acid:

H
/
oo H—.Q\@ .
O H O
)ko u@ .
R™ Ot OH
carboxylate ion carboxylic acid

Before we do some problems, let’s look at one last carboxylic acid derivative that we have not yet seen. Compounds containing a cyano
group are called nitriles:

R—C=N
cyano
group

You might be wondering why nitriles are considered to be carboxylic acid derivatives. After all, a nitrile looks very different from the
other carboxylic acid derivatives. To make sense of this, we need to consider oxidation states. Each of the carboxylic acid derivatives has
three bonds to electronegative atoms:

(0]

M

R Z

The carbon atom of the carbonyl group has two bonds with oxygen, and it also has one more bond with some heteroatom, Z (O, N, Cl,
etc.). That gives a total of three bonds to heteroatoms. The carbon atom of a cyano group also has three bonds to a heteroatom. So, nitriles
are at the same oxidation level as the other carboxylic acid derivatives.

Nitriles can be prepared using cyanide as a nucleophile to attack an alkyl halide:

<:\;:\\\$EEN

R—X

R—C=N

This is an Sy 2 process, so you can only use this method with primary or secondary alkyl halides (primary halides are much better). Don’t
use this method with tertiary alkyl halides. There are other ways to make nitriles. You should look through your textbook (and your lecture
notes) to see if you are responsible for knowing any other ways to make nitriles.
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We can easily see that nitriles really are at the same oxidation level as other carboxylic acid derivatives, because hydration (which is
not an oxidation—reduction reaction) produces an amide:

H3O0*

i
O
I
z
Y

(hydration) R™ NHp

Hydration can occur either under acidic conditions or under basic conditions.

Whether we perform an acid-catalyzed hydration or a base-catalyzed hydration, the core steps are slightly different than the core steps
of the mechanisms we have seen in this chapter. So far, all of our reaction mechanism have had at least two core steps (attack the carbonyl,
and then expel a leaving group to re-form the carbonyl), with all other steps being proton transfers. But now, we will see a mechanism that
has just one core step (attack the carbonyl). When it comes to the hydration of nitriles, no leaving group is expelled. The carbonyl group
can form simply through proton transfers (after the nucleophilic attack):

H
[\,
x . HoN H/—D ..H
/\ H™Q® (GD/H\;O; 507 Blox} ol
° H //N H
N

C///N CA s /g ‘—H - /g H
H @ ———— P
i RN RSN RSN
& H
N,
H—0®
A
H
.. D .m .._H
0 20% 0\ 07
H™ TH <
.. H ‘:V )J\../H -~ /g _H
R ) R ITI R &l}l@
H H H

This is the mechanism for the hydration of a nitrile under acidic conditions, and it is analagous to hydration of an alkyne under acidic
conditions to give a ketone. Notice that the second step in the mechanism shows a nucleophile (H,O) attacking a protonated cyano group
(very much the way a protonated carbonyl group can be easily attacked). All other steps in the mechanism are just proton transfers. When
you think of it this way, it greatly simplifies the mechanism. The many proton transfers are necessary to avoid the formation of a strong base,
which cannot occur under acidic conditions.

Now let’s consider the hydration of nitriles under basic conditions. The mechanism is actually VERY similar to the mechanism above.
There is also only one core step (attacking the cyano group), and all the other steps are just proton transfers. But in basic conditions, the
cyano group is not first protonated. Rather, it is attacked by hydroxide first:

Q.. O'/H
(C///N'-\:QH /g
N Sy

The rest of the mechanism is all just proton transfer steps. In order to draw the proton transfers properly, you must keep one thing in mind:
stay consistent with the conditions. In acidic conditions, avoid the formation of a strong base. In basic conditions, avoid the formation of
a strong acid.

With this in mind, complete the following exercise (Problem 7.37) to see if you can draw a plausible mechanism for the hydration of
a nitrile under basic conditions.
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PROBLEM 7.37 Based on everything we have just seen, propose a mechanism for the hydration of a nitrile under basic conditions:

NaOH o

R—C=N o - )k

Remember, there is just one core step (attacking the cyano group with hydroxide). After that, all other steps are just proton transfers. Use
the space below to record your answer. When you have finished, you can look in the back of the book (or in your textbook) to see if you
got it right.

EXERCISE 7.38 Draw a plausible mechanism for the following transformation:

(0]
(0]
o EtNH,
_— /\
heat HO ’}l
H

Answer In this reaction, an ester is being treated with an amine under conditions of heating. We have seen these conditions before.
A source of protons (an acid) has not been indicated among the reagents, so the carbonyl group is not protonated. The first step of the
mechanism will involve the amine directly attacking the carbonyl group of the ester:

oo Ie) H\ /H
0" Do o
C /—\ .Q N®V

HoNT N

_

O O
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Then the carbonyl group is re-formed via expulsion of an alkoxide ion (RO™) as a leaving group:

Q H\ /H .
0" H
c:0: N@ - Q }\I/H
£>0: o~
.0
o:

This intermediate is then converted into the product via two successive proton transfer steps:

H2N N
OH

PROBLEMS  Propose a plausible mechanism for each of the following transformations.

(0]

H 0
N /CHS H30+ lll \/\)J\
7.39 HaC” OH
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N
”o' o) NH,
NaOH
7.40 H,0
o
'T' o)
N~ NaOH - /N M o
7.41 H,O ¢}

And now let’s just do one more challenging mechanism. I say “challenging” not because it is difficult, but because you have not seen this
exact mechanism before. Rather, you should be able to work your way through the mechanism, using all of the skills we have developed
in this chapter:
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PROBLEM 7.42 Propose a mechanism for the following reaction:

EXERCISE 7.43 Predict the products of the following reaction:

o

/\/\)J\ heat
HoN o~

Answer We were not given any reagents here (just conditions of heat), so we look carefully at the starting material to see if we can
have an intramolecular reaction. We notice that there are two functional groups in our starting compound (an ester and an amine). And we
have seen that an ester can react with an amine under conditions of heating. The products should be an amide and an alcohol:

Y

(0]

OCH3 heat N -
> + CH30H

NH,

PROBLEMS  Predict the products for each of the following reactions:

~N k/\/\ HgO"
N >
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7.7 SYNTHESIS PROBLEMS
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We have seen a lot of reactions in this chapter. Almost all of them involved the conversion of one carboxylic acid derivative into another.
We saw that you can make a carboxylic acid derivative from any other derivative that is more reactive. In other words, you can always step

your way down the following chart:

o
Acid halides R)k

Acid anhydrides i
(0]
J

Esters
R OR
i
Amides
R NHs
You can even jump down the chart if you want:
)
Acid halides )J\ Acid halides
R Cl
) (e}
Acid anhydrides )J\ )J\ Acid anhydrides
R (6] R
)
Esters Esters
R)J\OR
)
Amides PR Amides
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But travelling up the chart is more difficult:

(0]
Acid halides
R)km

0 O Cannot
Acid anhydrides )k >< go up
R (0] R

(6]
Esters )k
R OR
(0]
Amides )k
R NH,

So, how do you travel up the chart, if you need to? Here is the way to do it: You can exit this chart by converting into a carboxylic acid,
and then come back into the chart, like this:

0
of R)kCI
0 oo
R)kOH R)ko)kﬁ
\ o
R)kOR
0
R)kNHg

Let’s get some practice with this:

EXERCISE 7.47 Propose an efficient synthesis for the following transformation:

o O

NH; OFEt

Answer We must convert an amide into an ester, but we have not learned a way to do this directly in one step (because that would
involve going up the chart). Amides are less reactive than esters, so we cannot go directly from an amide to an ester. Instead, we can first
convert the amide into a carboxylic acid, and then we can convert the carboxylic acid into an ester:
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0 > R
/
R)J\OH _y

To achieve this transformation, we would use the following reagents:

o} o}

NHp 1) HgO* OFt

2) [H*], excess EtOH

PROBLEMS Propose an efficient synthesis for each of the following transformations:

o) o)
©)J\0Me ; ©)J\CI
7.48
o) o)
©)J\CI . ©)J\oa
7.49
) o)
@ NH, .~ ©)J\CI
7.50
o) o o
©)J\OM9 _ ©)J\O)J\
7.51

éo
z
\
Y
éo
o
\

7.52 |
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There is one other important strategy to keep in mind when you are proposing a synthesis. In this chapter, we explored the chemistry of
carboxylic acid derivatives; and in the previous chapter, we explored the chemistry of ketones/aldehydes. These two chapters represent
two different realms:

Realm of Realm of
carboxylic acid derivatives ketones and aldehydes

But these realms are not completely isolated from one another, because we have seen ways to convert from one realm into another. In this
chapter, we saw how to convert an acid halide into a ketone:

O RoCuli o

)J\ Cl T )J\ R

There is also another way to cross over from the realm of carboxylic acids into the realm of ketones and aldehydes. Rather than making a
ketone (like above), we can make an aldehyde using the following two steps:

o HO H PCC Q

)J\ 1) excess LiAlH4 )< )J\
—_——— —_—
V4 H H

2) H,0

Some textbooks and instructors will teach you a reagent that can achieve this overall transformation in one step (converting from an acid
halide into an aldehyde). There are actually many hydride reagents that are sufficiently selective to convert an acid halide into an aldehyde
(very much the way lithium dialkyl cuprates are sufficiently selective to convert an acid halide into a ketone, without attacking the carbonyl
group a second time). You should look through your textbook and lecture notes to see if you have covered a selective hydride nucleophile.
If you haven’t, you can always use the two-step method (shown above) for converting an acid halide into an aldehyde.

With the reactions above, we have seen how to “cross over” from the realm of carboxylic acid derivatives into the realm of ketones and
aldehydes:

3 |—»iR 3

Realm of Realm of
carboxylic acid derivatives ketones and aldehydes

But what about the reverse direction? Do we have a way to “cross over” from the realm of ketones and aldehydes into the realm of
carboxylic acid derivatives?

3 |<—iR 3

Realm of Realm of
carboxylic acid derivatives ketones and aldehydes
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Yes, we have seen a way to do this also. Recall (from the previous chapter) that a Baeyer—Villiger oxidation will convert a ketone into
an ester:

@) MCPBA ]

PN - N

Me O Me

Ph

We can also use a Baeyer—Villiger oxidation to convert an aldehyde into a carboxylic acid (remember migratory aptitude?):

o MCPBA 0]

PN BN

Ph” “H Ph” “OH

Y

So, we now have reactions that allow us to “cross over” from one realm into the other (in either direction). Let’s see an example of how to
use this:

EXERCISE 7.53 Propose an efficient synthesis for the following transformation:

O OH

OH

Y

Answer The final product is an alcohol, and in the process of converting the carboxylic acid into an alcohol, an ethyl group must be
installed. It might be hard to see, at first glance, how this transformation can be achieved. But don’t get discouraged. You are not expected
to know how to solve problems like this instantly. Synthesis problems require thought and strategizing. Remember that you always want
to try to go backwards as much as possible (retrosynthetic analysis). So, let’s work our way backwards.

Did we learn any simple ways to make alcohols? In the previous chapter, we learned how to make an alcohol from a ketone, using
LiAlH,:

0] OH

OH

\

1) LiAlH,
2) H,0

(0]

With this one important step, we are now in a position to realize that this problem can be thought of as a “cross-over” problem. The starting
material is a carboxylic acid, and we need to turn it into a ketone:
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o]
I
\/

1) LiAlH,

~
JEE— .

2) Hp0

O)(L/
In other words, we need to cross over from the realm of carboxylic acids into the realm of ketones. And we did see one reaction that allows
us to do that. We can make a ketone from an acid halide, using a lithium dialkyl cuprate. So, now we have worked backwards again:

(0] OH
OH - O)\/
1) LiAIH,
2) H0
O (0]
EtoCuLi
cl 2 _ O)K/

To complete the synthesis, we just need to convert the carboxylic acid into an acid halide, and we can do that in one step with thionyl
chloride.
So, our answer is:

0 1) SOCl, OH
OH 2) Et,CulLi o
3) LiAH, B}
4) Hy0

Now let’s get some practice with some more “cross-over” problems. In order to do these problems, you will need to review this chapter
and the previous chapter (ketones and aldehydes)—you will need to have all of the reactions from both chapters at your fingertips.

At first, you might find it difficult to identify the following problems as cross-over problems, but hopefully, you will start to see some
trends as you solve these problems.

In solving these problems, make sure that you are familiar with the ways that we have seen for crossing over. We have seen four such
reactions so far, all of which are summarized in the following chart:
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Realm of Carboxylic Acid Derivatives

/o) 1) LiAIH,4 0 _ o
)J\ 2) H,0 )J\ RoCulLi )J\
~t —
H 3)PCC Cl R
(0] (0]

MCPBA o) )J\OJ\
~ )J\OH o)

MCPBA

OR

O

)J\NHZ

Study this chart carefully. To help you remember them, you should notice one thing that all four reactions have in common. They are all
reduction—oxidation reactions. This should make sense because carboxylic acid derivatives are at a different oxidation state than ketones
and aldehydes.

You will need some time to do the following problems, so don’t sit down to do these problems when you only have 5 minutes to study.
That would just frustrate you. Make sure that you have some time to spend when you sit down to work through these problems.

PROBLEMS  Propose an efficient synthesis for each of the following transformations. In each case, remember to work backwards
(retrosynthetic analysis), and try to determine which cross-over reaction to use. When you compare your answers to the answers in the
back of the book, keep in mind that there is often more than one way to solve a synthesis problem. If your answer is different from the
answer in the back of the book, you should not necessarily conclude that your answer is wrong.

(0] / \
(@) (0]
@AO” -
7.54
o) N
|
Cl =
7.55
O (6]
W CIJ\/\
7.56
OH (6]
. (j)k cl
7.57
\)(L B
758 NH; \)\/
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e

7.59 OMe

w OH

I N
7.61 Mom
: (0] :\/ Oj
7.62 OH o
OH (0]
OH O

©) _ T/

7.64

The goal of this chapter was to lay a foundation that will enable you to study your textbook and lecture notes more efficiently. We saw a
few simple rules that govern all of the mechanisms in this chapter, and we learned several synthesis strategies.

Now you can go back through your textbook and lecture notes, and look for those reactions that we did not cover here in this chapter.
With the foundation we have built in this chapter, you should be in good shape to fill in the gaps and study more efficiently.

And make sure to do ALL of the problems in your textbook. You will find more synthesis problems there. The more you practice, the
better you will get. Good luck.



CHAPTER 8

ENOLS AND ENOLATES

8.1 ALPHA PROTONS

In the previous two chapters, we focused on the reactions that can take place when a nucleophile attacks a carbonyl group:

<O
)JQ_/@NUC

We first learned about nucleophilic attack on ketones and aldehydes (in Chapter 6). Then, in Chapter 7, we explored reactions of carboxylic
acid derivatives. Now, we are ready to move away from the carbonyl group, and explore the chemistry that can take place at the alpha ()
carbon:

(0]

M

We call this the alpha carbon, because it is the carbon atom directly connected to the carbonyl group. We use the Greek alphabet to label
carbon atoms, moving away from the carbonyl group, in either direction:

Notice that in this compound, there are two alpha positions. In this chapter, we will focus on the chemistry that can take place at the alpha
positions.

Before we get started, we should discuss one more piece of terminology. Any protons connected to an alpha carbon are called alpha
protons:

H H
o protons

Not all alpha carbon atoms will have alpha protons. For example, consider the following compound:

0]

217
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This compound has no alpha protons. If you look just to the right of the carbonyl group, you will see that there is no alpha carbon (it is
just an aldehyde). That aldehydic H is NOT an alpha proton because it is not connected to an alpha carbon. And if you look just to the left
of the carbonyl group, you will see that there IS an alpha carbon, but this carbon has no protons connected to it.

It is important to recognize the presence or absence of alpha protons. We will see a lot of reactions in this chapter, and most of these
reactions will be based on the presence of alpha protons. It turns out that alpha protons are somewhat acidic; and the removal of an alpha
proton generates an anion that is fairly reactive. We will see this in greater detail very soon. For now, let’s just make sure that we can
identify alpha protons when we see them.

EXERCISE 8.1 Identify all alpha protons in the following compound:

O

Answer To see if there are any a protons, we must first identify the alpha carbon atoms:

(0]

The alpha carbon on the right does not have any protons connected to it. The alpha carbon on the left does have a proton (highlighted):

(0]

So, there is just one alpha proton in this compound.

PROBLEMS For each of the compounds below, identify all alpha protons (some compounds may not have any alpha protons).

(@] (@]
8.2 8.3 8.4
(@]
O
8.5 <>)k 8.6 \ /

(0]

87 H H
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8.2 KETO-ENOL TAUTOMERISM

When a ketone has an alpha proton, there is an interesting thing that can happen. In the presence of either acid or base, the ketone exists
in equilibrium with another compound:

(0] OH
(R
)k /§
ketone enol

This other compound is called an enol, because it has a C=C bond (“ene”’) and an OH group (“ol”). The equilibrium shown above is
actually very important, because you will see it in many mechanisms. So, let’s take a closer look.

If we focus on the connections of atoms, we will find that the two compounds differ from each other in the placement of one proton.
The ketone has the proton attached to an alpha carbon, and the enol has the proton connected to oxygen:

H
0 o~
H H
[—
H <

H H
It is true that the ® bond is also in a different location. But when we just focus on the atoms (which atoms are connected to which other
atoms), we find that the difference is in the placement of just one proton. We have a special name to describe the relationship between
compounds that differ from each other in the placement of just one proton. We call them tautomers. So, the enol above is said to be the
tautomer of the ketone, and similarly, the ketone is the tautomer of the enol. The equilibrium shown above is called keto-enol tautomerism.
Keto-enol tautomerism is NOT resonance. The two compounds shown above are NOT two representations of the same compound.

They are, in fact, different compounds. These two compounds are in equilibrium with each other.
In most cases, the equilibrium greatly favors the ketone:

H
0 /l
This should make sense, because the last two chapters focused on the formation of C=0 bonds as a driving force for reactions. A ketone

has a C=0 bond, but an enol does not. So we should not be surprised that the equilibrium favors the ketone.
There are some situations where the equilibrium can favor the enol. For example:

_H

In this case, the enol is an aromatic compound, and it is much more stable than the ketone (which is not aromatic). There are many other
situations where an enol can be more stable than its tautomer. You will probably find some of these examples in your textbook (such
as 1,3-diketones). But in most cases (other than these few exceptional cases), the equilibrium will favor a ketone over an enol.

It is very hard (close to impossible) to prevent the equilibrium from being established. Imagine that you are performing a reaction that
generates an enol as the product, and you take great efforts to remove all traces of acid or base. Your hope is that you can prevent the
equilibrium from being established, so as to avoid the conversion of the enol into a ketone. But you will find that your efforts will likely
be unsuccessful. Even trace amounts of acid or base adsorbed on the glassware (that you cannot remove) will allow the equilibrium to
be established.

We will now explore a mechanism for keto-enol tautomerism. We said that compounds will tautomerize in the presence of either acid
or base, so we will need to explore two mechanisms: one under acidic conditions, and one under basic conditions.
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We saw that, by definition, tautomers will differ in the position of one proton. So, the conversion of a ketone into an enol requires two
steps: 1) introduce a proton, and 2) remove a proton:

introduce
a proton here

0 OH
A )\KH
-~
H H

remove

a proton
from here

Similarly, the conversion of an enol into a ketone also requires the same two steps: 1) introduce a proton, and 2) remove a proton:
remove

this proton
OH

(0]
)ﬁ/ H —_— H
introduce H
H

H a proton here

You might wonder why two separate steps are required. Why can’t the proton just move over, in one step (in an intramolecular proton-
transfer reaction), like this:
.O.’/\

OH

<

2% I - H

H

H H

This doesn’t work, because the oxygen atom is just too far away (in space) from the proton it is trying to remove:
too far away

to reach

N
:0 H

.

The mechanism requires two separate proton transfer steps, but the order of these steps depends on the conditions. Under acidic conditions,
the first step is protonation. But under basic conditions, the first step is deprotonation. Here is the mechanism under basic conditions:

.. .. H
‘0" 0
AR T -y
H H H
o..
:OH
\ / 202,
H\}H
e o
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Notice that there is one intermediate (for which we must draw resonance structures), and this intermediate is negatively charged. If you
look at the second resonance structure, it looks like an enol that is missing a proton. So, we call this intermediate an enolate. Don’t be
fooled into thinking that the mechanism above has more than two steps. Resonance (of the intermediate) is NOT a step. Our mechanism
only has two steps, like this:

ketone enol

N

enolate

The enolate is very important for the rest of this chapter, because it can function as a nucleophile. We will see many examples in the
coming sections. For now, let’s finish our discussion of keto-enol tautomerism.

In the mechanism above, the first step was deprotonation, because the conditions were basic. Under acidic conditions, the first step is
protonation:

el 0~
H = H
!
H H <G H
e J
H\..O:/H
@_H e H
105 :
)S(H Y\ H
®
H H H H

Once again, there are just two steps here. Don’t be fooled by the resonance of the intermediate. Resonance is not a step. Resonance is
just our way of dealing with the fact that we cannot draw the intermediate with only one drawing. We need two drawings to capture its
character. And if you look at these resonance structures, you will see that this intermediate is positively charged.

Notice the difference between these two mechanisms (acidic vs. basic conditions). The first mechanism (basic conditions) has a neg-
atively charged intermediate, and the second mechanism (acidic conditions) has a positively charged intermediate. Other than that, the
difference between these two mechanisms is pretty small. Each mechanism has only two steps. And both steps are just proton transfers.
The only question is the sequence of events. Is it: deprotonate, then protonate? Or is it: protonate, then deprotonate?

When drawing the mechanism of a keto-enol tautomerization, we must look carefully at the conditions. In acidic conditions, protonation
occurs first, giving a positively charged intermediate, which is consistent with acidic conditions. But in basic conditions, deprotona-
tion occurs first, giving a negatively charged intermediate, which is consistent with basic conditions.

EXERCISE 8.8 It is not possible to isolate and purify the following compound, because upon formation, it will rapidly tautomerize
to form a ketone. Draw a mechanism for the conversion of this enol into a ketone under acidic conditions.

OH

Answer This compound is an enol, and its tautomer will be the following ketone:

(0]
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To convert the enol into a ketone, our mechanism will have two steps: protonate and deprotonate. But we must decide what order to use.
Do we first protonate? Or do we first deprotonate? To answer this question, we look at the conditions. Since we are in acidic conditions,
we should first protonate (forming a positively charged intermediate), and only then do we remove the other proton.

Now that we have determined the order of events, we must also decide where to protonate, and where to deprotonate. To figure this
out, we look at the overall reaction:

remove
this proton
OH O
H H
H
introduce
this proton

When we analyze the reaction like this, it is easy to see where to introduce a proton and where to remove a proton. This might seem trivial,
but it is extremely important because it showed us that we must protonate the double bond (rather than protonating the oxygen atom),
like this:

QH .
\—/\ B S— =
H H
<<

H
©) OH Q_:CI):
(R — (L
H H

H H

So often, students will start this problem by protonating the OH group. Although that might make sense at first, you will find that this step
will NOT lead to formation of the ketone. The first step is to protonate the double bond; not the OH group. Think about why this is the
case. Protonation of the double bond leads to a resonance-stabilized intermediate, while protonation of the OH group would lead to an
intermediate that is not resonance-stabilized (and therefore higher in energy).

When drawing a mechanism, make sure to never use HO~ and H;O™" in the same mechanism. When acidic conditions are indicated,
use H;O* to protonate and use H, O to deprotonate. Don’t use hydroxide to remove a proton, because there are not many hydroxide ions
present under acidic conditions.

Similarly, when basic conditions are indicated, use HO™ to remove the proton and use H,0 to protonate. Don’t use H;O™ to protonate,
because we are in basic conditions. Here is the take home message: always stay consistent with your conditions.

So, to recap, there are three things to consider in order to correctly draw the mechanism of a keto-enol tautomerization: 1) what order
to use (first protonate or first deprotonate), 2) where to protonate and where to deprotonate, and 3) what reagents to show when drawing
the proton transfer steps (stay consistent with the conditions).

PROBLEMS  For each of the following transformations, propose a mechanism that is consistent with the conditions indicated (you
will need a separate piece of paper to record your answers):

o [%n| OH
_—
8.9
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8.10 @O = ©/OH
(o

OH
8.11 )\/\/ - =
[1:0" |

OH
-
8.12 M

8.13 Propose a plausible mechanism for the following keto-enol tautomerization. Remember to ask three important questions: 1) what
order to use (first protonate or first deprotonate), and 2) where to protonate and deprotonate, and 3) what reagents to show for each step
of the mechanism. You will need a separate piece of paper to record your answer.

OH ’ Ha0* ]

PPN

8.3 REACTIONS INVOLVING ENOLS

j\/\/

It is hard to see how the alpha carbon of a ketone can be nucleophilic:

0]

M

The alpha carbon does not have a lone pair or a & bond that can function as a nucleophilic center. However, when we examine the structure
of the enol (that is in equilibrium with the ketone), we get a different picture:

J Q|

The enol has a & bond on the alpha carbon, which renders it nucleophilic. Also, consider the resonance structure of the enol:

:OH o
S -
A5 e

(/

Notice that there is a negative charge on the alpha position, and therefore, the alpha carbon can function as a nucleophile to attack some
electrophile:

.o ® _H

: ® 0~
QOH/_\EIeC 0
/& —— )]\/ Elec

In order for the attack to occur, we are relying on the ability of a ketone to tautomerize. But, not every ketone will exist in equilibrium
with an enol. A ketone that lacks alpha protons will not tautomerize to form an enol:
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0 OH
WH =R KK
No proton NEVER draw a carbon atom
to remove here with five bonds

Most ketones do in fact have alpha protons, and therefore, a typical ketone will exist in equilibrium with an enol. In the previous section,
we saw some rare cases where the equilibrium can actually favor the enol, but in general, the equilibrium favors the ketone. Therefore,
you will generally only have trace amounts of the enol present in equilibrium with the ketone.

This small amount of enol is able to react as a nucleophile and attack some electrophile. After the enol attacks the electrophile, the
keto-enol equilibrium is re-established by producing some more enol (to account for the enol that “disappeared” as a result of the reac-
tion). Slowly but surely, most of the ketone molecules end up converting into enols and reacting with the electrophile. One example is
alpha-halogenation, which can occur when a ketone is treated with Br, in aqueous acid (H;O%) to generate an a-halo ketone:

(0] Br, O
)J\ )K/Br
H;0*

Let’s explore how this process occurs. The ketone tautomerizes to generate a small amount of enol. Then comes the critical step: the enol

functions as a nucleophile to attack Br, (the electrophile):
o L 2"
: :Br—>Br: :
%

oO- l H3O+

N

Deprotonation then generates the product:

Br

)

@_H s .
.OQ H/ \H .O.
L

Notice that most of the steps in this mechanism are just proton transfers. Our mechanism represents the following pattern: tautomerize,
attack, deprotonate. But “tautomerize” is just a new name for a special combination of two proton transfer steps. There is really only one
step where an attack takes place (when the enol attacks the electrophile).

In the end, this provides a method for installing a halogen at the alpha position of a ketone:

O Br, 0]
e NP

HzO*

Alternatively, we might see a different reagent other than H;O™, for example:

0 Br, 0
)]\ - > )bBr
CH3COOH

Acetic acid, CH;COOH, can be used as a mild acid to facilitate the tautomerization. We don’t have to worry about this acid undergoing
halogenation itself (at its alpha position), like this:
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THIS REACTION IS TOO SLOW
0]

9 Br2
L I
OH OH

(CH3COOH)

We don’t have to worry about this, because carboxylic acids are much slower to react in this kind of reaction.

If we want to halogenate the alpha position of a carboxylic acid, it is possible, but it will require some extra steps. First, we must
convert the carboxylic acid into an acid halide. We do this because the enol of an acid halide will rapidly attack a halogen. Then, in the
end, we just convert the acid halide back into a carboxylic acid:

Convert to Tautomer of acid Convert acid halide
(o) acid halide (o) halide attacks Br, back to carboxylic acid e}

(e}
— L —= e M —— = a
OH Br Br OH

This strategy (for halogenating carboxylic acids) is called the Hell-Volhard—Zelinsky reaction.
Here is the bottom line: in this section, we have seen two reactions that exploit the nucleophilic nature of enols. These reactions can
be used to install a halogen at the alpha position of a ketone,

(0]

o Br2
)k > Br\)K

H;O*
or to install a halogen at the alpha position of a carboxylic acid:
(0]

)J\ 1) Bry, PBrg 0
> Br\)J\
OH 2) H0 OH

Notice the reagents that we used. For halogenation of a ketone, the reagents were Br, in acidic conditions. But to halogenate a carboxylic
acid, we use a different set of reagents. We use Br, and PBr;, followed by H,O. The function of Br, and PBr; is to make the acid halide,
form the enol, and then have the enol attack Br,. Then, water is used in the last step to convert the acid halide back into a carboxylic acid.

EXERCISE 8.14 Predict the product of the following reaction:

0]

Bro
Hs0*

Answer We are starting with a ketone, and we are subjecting it to Br, in acidic conditions. The acid promotes tautomerization to the
enol, which then attacks the Br, in an alpha halogenation. So, in the end, our product will have a Br at one of the alpha positions. Either
side is the same, so we can just pick a side:

Br
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PROBLEMS  Predict the products of each of the following reactions. Remember that you can only halogenate an alpha position that
has protons.

Bro
_—

8.15 CH3COOH

OH 1) Bl'g, PBI’3
2) H,0

8.16

1) Brz, PBr3
2) H,0

PahpiNes

8.17

0
Br,
—_—
8.18 HaO*

8.4 MAKING ENOLATES

In the previous section, we saw that enols can be nucleophilic. But enols are only mild nucleophiles. So, the question is: how can we
make the alpha position even more nucleophilic (so that we can have a broader range of possible reactions)? There is a way to do this. We
just need to give the alpha position a negative charge. To see how this can be achieved, let’s quickly review the mechanism we saw for
tautomerization under basic conditions, and let’s focus on the intermediate (highlighted below):

. M /H
0] :0
)S‘\(H - /S/H
H H H
C)
OH
\ / 202,
H \} H
o a6©
Jo) :0:
<4
)J\/J- -
S)
enolate

The intermediate is negatively charged, and we mentioned before that it is called an enolate. In order to capture the essence of the enolate,
we must draw resonance structures. Remember what resonance structures represent. We cannot draw this one intermediate with any single
drawing, so we draw two drawings, and we meld these two images together in our minds in order to get a better picture of this intermediate.
And that picture shows the enolate as being electron rich in two locations: the alpha carbon and the oxygen atom:
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o) o
M -— A
©
enolate

So, we expect both of these locations to be very nucleophilic. Nevertheless, we won’t explore any reactions in which the oxygen atom
functions as a nucleophile (called O-attack). Most textbooks and instructors do not teach the conditions for O-attack, because reactions at
that site are far less common than reactions at the alpha carbon. So, from now on, we will only explore examples of C-attack (where the
alpha carbon acts as the nucleophile, attacking some electrophile):

Q /—\ Electrophile Q
)k- > )k/ EeS

©

Notice that, in showing the attack, we have drawn only one resonance structure of the enolate. If we had used the other resonance structure,
it would have looked like this:

NC)
0

:0: (0]
-y Electrophile
/(—\ > )k/ Eleg

This is just another way of showing the same step. Many textbooks will show it the second way (starting with the resonance form that has
the negative charge on oxygen). Perhaps this is more appropriate, because this resonance form is contributing more to the overall character
of the enolate. However, in this book, we will use the resonance structure where the negative charge is on carbon:

Q /—\ Electrophile Q
)k- > )k/ RS

©

We will do it this way, because it will make the mechanisms easier to follow. To be absolutely correct, we should actually draw both
resonance forms, like this:

\

<;.O' Q Electrophile Q
/K) -— - )K/ Elec
©

But for simplicity, we will just show one resonance structure for the enolate (in most of the mechanisms that we will see in this chapter).

Now let’s think about what kind of base we would need to make an enolate. If we use bases such as HO™ or RO~ (bases with a negative
charge on oxygen), we find that these bases are not strong enough to completely convert the ketone into an enolate. Rather, an equilibrium
is established between the ketone and enolate. This equilibrium only produces very small amounts of the enolate, but that doesn’t matter.
Once an enolate reacts with an electrophile, the equilibrium produces more enolate to replenish the supply. Over time, all of the ketone
can convert into the enolate and then react with some electrophile. This is very similar to the situation we saw with enols. Once again, we
are relying on the equilibrium to continuously produce more of the enolate. The major difference here is that enolates are so much more
reactive than enols. Therefore, the chemistry of enolates is more robust than the chemistry of enols.

As an example for the richness of enolate chemistry, consider this: some enolates are much more stabilized than other enolates. These
“stabilized” enolates are more “tame” nucelophiles (more selective in what they react with). For example, a compound with two carbonyl
groups (separated by one carbon) can be deprotonated to form an intermediate described as a “stabilized” enolate:
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The negative charge in this intermediate is delocalized over both carbonyl groups:

el .o'. :0:

SO o SOy
A — ) — I
5

And therefore it is extremely stable. In fact, it is even more stable than HO™ or RO~. So, when we use bases such as HO™ or RO, the
equilibrium greatly favors the enolate:

o} O O O

S}

©

We will soon see that the position of this equilibrium will be a driving force in the Claisen condensation (later in this chapter).

EXERCISE 8.19 Consider the following compound:

Draw the enolate that is formed when this compound is deprotonated. Make sure to draw all resonance structures.

Answer We just need to identify the alpha proton, and then remove it:

0
H :Base -0

And then we draw the resonance structures:

52
Lo
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PROBLEMS Draw the enolate that would be generated when each of the following compounds is treated with hydroxide. Make sure
to draw all significant resonance structures.

~N M ~
8.20 8.21 o 0
O

O

8.22 \)k/ 8.23

8.5 HALOFORM REACTION

In the previous section, we learned how to make enolates. Now, we will begin to see what an enolate can attack. In this section, we will
explore the reaction between an enolate and a halogen (such as Br, Cl, or I). In the following sections, we will explore the reactions between
an enolate and other electrophiles.

Consider what might happen under the following conditions:

]
)
OH
Bro ?

We have a ketone and hydroxide, which means that the equilibrium will involve a small amount of enolate:

& < T
OH” g < .

= enolate =

This enolate is formed in the presence of Br,, which can function as an electrophile. The initial product is not surprising:

/\t Br. Br:
. e
+ Br:

The enolate attacks Br, and expels Br~ as a leaving group. The result is that we have installed a bromine atom at the alpha position:

(¢}
Br



230 CHAPTERS ENOLS AND ENOLATES

But the reaction doesn’t stop there. Remember that the base (hydroxide) is still present in solution. So hydroxide can remove another
alpha proton. In fact, it is even easier to remove this proton, because the inductive effect of the bromine atom serves to further stabilize
the resulting enolate, which can then attack Br, again:

O’{\H'/—a

:OH H

H Br Br Br

Now we have two Br atoms in our compound. And then, it happens again:

o e ol

Think about what has happened so far. A methyl group (CH;) group has been converted into a CBr; group. This transformation is very
significant, because a CBr, group is able to function as a leaving group:

:' N ‘0"
:0 _H
CBr3 s CBrs oy <]
+ CBI’3

At this point, you should be feeling uncomfortable. You probably remember our golden rule from the previous chapters (don’t expel H™
or C7), and it seems as though we are breaking our golden rule. Aren’t we kicking off a C~ here? Yes, we are. This is actually one of
the rare exceptions to the golden rule. In general, the golden rule holds true most of the time, because C~ is generally too unstable to
serve as a leaving group. But there are cases where a C~ can be stabilized enough for it to serve as a leaving group, and this is one of those
rare situations. Br;C~ is actually a pretty good leaving group, because of the combined electron-withdrawing effects of all three bromine
atoms. In addition, the loss of this leaving group is driven by the formation of the stable carbonyl group. But even though it can leave, it
is not the most stable anion on the planet. In fact, it is not even as stable as a carboxylate ion (the conjugate base of a carboxylic acid).
So, the following proton transfer occurs:

o o-
N\ H ..0
O S , o
+ ~CBrg + CHBr3

bromoform

This forms a carboxylate anion and CHBr; (called bromoform). And this is the end of our mechanism. If we want to isolate the carboxylic
acid, we will have to introduce a source of protons into the reaction flask in order to protonate the carboxylate anion.
When the same reaction is performed with iodine instead of bromine, iodoform is obtained as a by-product, instead of bromoform:

0]

NaOH, I2 0
+ CHIg

iodoform

Todoform is a yellow solid that will precipitate out of solution. Therefore, this reaction can be used to probe the identity of an unknown
compound. If the unknown compound is a methyl ketone, then it will produce iodoform under these conditions (NaOH and 1,). This
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iodoform test is not really used anymore (we now have spectroscopy techniques that give us this information and much, much more). So,
this chemical test is really a relic of the past. But for some reason, it is still used in textbook problems. You will usually see it like this: “An
unknown compound tests positive for iodoform, and ....” The beginning of this problem is telling you that you have a methyl ketone. If
you see this in a problem in your textbook, you should know what it means.

But there is a much more important use for this reaction. You can use it when solving synthesis problems. This reaction provides a way
to convert a methyl ketone into a carboxylic acid:

i i
)k 1) NaOH, Br,
—_—
R

The haloform reaction is most efficient when the other side of the ketone has no « protons, for example.

1) NaOH, Bry OH
_—
2) Hz0*

This should stick out in your mind, because it is a new example of a “cross-over” reaction. In the previous chapter, we talked about
ways of converting ketones into carboxylic acid derivatives (cross-over reactions). The process that we explored in this section can be used
to convert a methyl ketone into a carboxylic acid. You should add this to your synthetic toolbox.

EXERCISE 8.24 Predict the products of the following reaction:
o
1) NaOH, Br,
—_——
2) HzO*

Answer The reactant is a methyl ketone and the reagents will convert a methyl ketone into a carboxylic acid (with a by-product of

bromoform):
o o
1) NaOH, Br, . CHBry
—_—

PROBLEMS  Predict the products for each of the following reactions:

o)
1) NaOH, Br,
8.25 2) HgO*

1) NaOH, Bry

"
8.26 2) H0

8.27 On a separate piece of paper, draw a mechanism for the transformation in the previous Problem (8.26).
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8.6 ALKYLATION OF ENOLATES

In this section, we will continue to explore reactions between enolates and electrophiles. Specifically, we will learn how to install an alkyl

group at an alpha position:
(o] 0}
—_—

In order to alkylate the alpha position, it makes sense to use an enolate to attack an alkyl halide, for example:

émf\

e

This is just an S\ 2 reaction, so it should work with primary alkyl halides (if a secondary alkyl halide is used, the enolate will function as
a base, and elimination will be favored over substitution).

But we run into a major obstacle when we try to make the enolate by treating a ketone with hydroxide. Remember that when we use
hydroxide as the base to form our enolate, we find that the equilibrium lies very far to the side of the ketone:

O o}
OH o

At equilibrium, there is a very small amount of enolate, but there is a lot of ketone and a lot of hydroxide present. So, if we introduce
some alkyl halide into the reaction flask, we run into a major obstacle. The excess hydroxide can react with the alkyl halide (elimination
or substitution), which creates competing side reactions that generate a mixture of undesired products.

In order to avoid this problem, we will need to form the enolate under conditions where most of the ketone molecules are converted
into enolates. If we are able to do this, we will have very little base left over, and therefore, we won’t have to worry about the base reacting
with the alkyl halide. It is possible to do this, but we will need to use a base that is much stronger than the bases we have been using so far
(HO™ and RO™). We can use the following base instead:

The name of this compound is lithium diisopropylamide, or LDA for short. LDA is a very strong base, because the negative charge is on
a nitrogen atom (which is less stable than a negative charge on an oxygen atom). The two isopropyl groups are sterically bulky, so LDA
is not a good nucleophile. LDA is primarily used as a strong, sterically hindered base, which is exactly what we need in our situation. By
using LDA, we can achieve an efficient conversion of the ketone into the enolate.

0 0
LDA o
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So, we will have mostly enolates in our reaction flask (and very little ketone or base). Now when we introduce some alkyl halide into our
reaction flask, the risk of competing side reactions is greatly reduced.
So, to alkylate a ketone, we use the following reagents:

O O

1) LDA, THF

2) RX

In step 1, we use LDA to deprotonate the ketone, to form an enolate. When you see THF in the reagents above, don’t get confused. THF
(tetrahydrofuran) is just the solvent that is typically used with LDA. In step 2 above, we use an alkyl halide (RX) to install the alkyl group,
where R is some primary alkyl group, and X is a halogen (Cl, Br, or I).

In the situation above, the starting ketone was symmetrical. But what happens when we start with an unsymmetrical ketone? For
example, consider the following situation:

1) LDA, THF 9

e
’

2) RX =

Where will the incoming alkyl group be installed? On the left side, or on the right? In order to answer this question, we need to take a
close look at the two possible enolates:

O O@ 0] O@
RO R R ) R
- -
more-substituted enolate less-substituted enolate

The more-substituted enolate (above left) is the more stable enolate because it has a more substituted pi bond. However, the less-substituted
enolate (above right) can form faster, because there are twice as many protons available on the less-substituted side:

o}
H H two protons

R H on this side

So from a probability point of view, we expect the less-substituted enolate to form more rapidly. Also, we expect the sterically hindered
base to have a much easier time removing one of these protons. So, we have two competing arguments:

(0] 0]
R.© R o

more stable forms faster

This is a classic example of thermodynamics vs. kinetics. Thermodynamics is all about stability and energy levels. So, a thermodynamic
argument says that we should predominantly form the more stable enolate. However, a kinetic argument tells us to expect the other enolate,
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simply because it forms faster. Which argument wins? The truth is that a mixture of products is observed. But with LDA at low temperature,
there is a clear preference to form the kinetic enolate:

o) o} 0
R i LDA R o R \@fj:
> +

MAJOR MINOR

When we introduce the alkyl halide to the reaction flask, alkylation will occur primarily at the less-substituted alpha position:

0] o

1) LDA, THF

Y

2) RX

That works very well if we want to install the alkyl group at the less-substituted position. But what if we want to install the alkyl group at
the more-substituted position? In other words, what if we want to do this:

0] 0]

R ? g

u R

Y

There are many different ways to achieve this transformation. Essentially, you need to form the thermodynamic enolate, rather than the
kinetic enolate. Some textbooks will teach one or two ways to do this, while other textbooks will skip it altogether. You should look through
your textbook and lecture notes to see if you are responsible for knowing how to alkylate the more-substituted side.

EXERCISE 8.28 Predict the major product of the following reaction:

O
1) LDA, THF 9

2) EtCl .

Answer This is an alkylation reaction. In step 1, we are using LDA to form an enolate. And then in step 2, we are using an alkyl halide
to alkylate.

Because the alkyl halide is ethyl chloride in this case, we will be installing an ethyl group on an alpha carbon. The only question is:
which alpha carbon? The more-substituted carbon or the less-substituted carbon? The use of LDA as our base predominantly gives the
kinetic enolate (the less-substituted enolate). Therefore, our major product will have the ethyl group at the less-substituted alpha position:

O O
1) LDA, THF

2) EtCl

\
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PROBLEMS  Predict the major product for each of the following reactions:

(0]
1) LDA, THF
8.29 2) Mel
(0]
1) LDA, THF
8.30 2) EtBr
O
1) LDA, THF
/\/CI
8.31 2
1) LDA, THF
O
8.32 2) Mel

EXERCISE 8.33 What reagents would you use to achieve the following transformation:

o} 2 0

Y

Answer If we look at the difference between the starting material and the product, we will see that there is an extra methyl group that
was introduced at an alpha position. This methyl group was installed at the less substituted position, which can be achieved by treating the
ketone with LDA, followed by methyl iodide:

o} o}
1) LDA, THF

Y

2) Mel

PROBLEMS Identify reagents that can be used to achieve each of the following transformations:

o} o}

Y

8.34

Y

8.35
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8.36

8.7 ALDOL REACTIONS

So far in this chapter, we have learned how to make enolates, and we have used them to attack various electrophiles (including halogens
and alkyl halides). In this section, we will explore what happens when an enolate attacks a ketone or aldehyde.

Suppose we start with a simple ketone, and we subject it to basic conditions, using hydroxide as a base. We have already seen that an
equilibrium will be established between the ketone and the enolate:

Q
LR
©

If we do this in the presence of an electrophile, the enolate can attack the electrophile. And then the equilibrium will produce more enolate
to replenish the supply. But what if we do not add any other electrophiles to the reaction mixture? What if we just treat the ketone with
hydroxide?

It turns out that there actually is an electrophile present. We said that the enolate is in equilibrium with the ketone (and there is a lot
of ketone present). Well, ketones are electrophilic, aren’t they? We devoted an entire chapter to the reactions that take place when ketones
get attacked. So, what happens when an enolate attacks a ketone?

o - o
A=k —
S
.0
o:
The enolate attacks the ketone, forming an alkoxide intermediate. Now, our golden rule tells us to try and re-form the carbonyl group, but

don’t expel H™ or C~. In this case, we have no leaving groups that can be expelled. So, the only way to remove the charge is to protonate.
In these basic conditions, the proton source is water (not H;O", because the concentration of H;O" is insignificant in basic conditions):

n. .O /"d'\ . .
® [\H JH
RN .
L0 .
)jv.q: OH

This is the initial product of this reaction. Notice that the OH group is at the  position relative to the surviving carbonyl group:

O

p
OH

This will always be the case whenever an enolate attacks a carbonyl group, regardless of the structure of the starting ketone and the structure
of the enolate. The alpha carbon of the enolate is directly attacking the carbonyl group of the ketone. That will always place the OH group
in the beta position. Always. This product is called a f-hydroxy ketone, and the reaction is called an aldol addition.
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In general, the reaction doesn’t stop there (at the B-hydroxy ketone). With heating, the basic conditions favor an elimination to form a

double bond:
o o
N q o O..
+ OH > + <OH
GH [-OH

g

This product has a double bond in conjugation with the carbonyl group. The double bond is located between the a and f positions. So, the
product is called an a,f-unsaturated ketone.

In the laboratory, we can often control how far the reaction goes. By carefully controlling the conditions of the reaction (tempera-
ture, concentrations, etc.), we can usually control whether the reaction stops at a f-hydroxy ketone, or whether it continues to form an
a,f-unsaturated ketone.

But you should be familiar with the proper terminology. When we go all the way to the a,f-unsaturated ketone, we call the reaction an
aldol condensation. By definition, a condensation is any reaction where two molecules come together, and in the process, a small molecule
is liberated. The small molecule can be N, or CO, or H,O, etc. In this case, we have two molecules of ketone coming together, and in the
process, a molecule of water is liberated:

O
H

(6]
HH - *
-

Therefore, we call this reaction an aldol condensation. But what if we control the reaction conditions so that we stop at the
p-hydroxy ketone?

O
0 NaOH
—_—
)K H>O
OH
Stop here

If we stop here, then we cannot call it a condensation reaction anymore, because a water molecule was not lost in the process. So,
instead, we call it an aldol addition. The difference between an aldol condensation and an aldol addition is how far we go in the process:

Aldol (@) O
(6} addition
)]\ — I
OH

N /
e

Aldol condensation

This distinction (between the aldol addition and the aldol condensation) is often absent in textbooks, and you might find the terms being
used interchangeably in your textbook. I am taking the time to point out the distinction, because I believe that it will help you to remember
and master the mechanism.
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The mechanism of an aldol condensation is fairly straightforward. But sometimes, it can get hard to see what reagents to use when
proposing a synthesis. So try to think of it the way we showed it just a few moments ago:

We are removing two alpha protons from one ketone, and we are removing the oxygen atom from the other ketone. Do not confuse the
drawing above with a mechanism. A mechanism is when you show all of the curved arrows and intermediates. But this way of thinking
about the reaction might come in handy when proposing syntheses.

In a case where two stereoisomers are expected, the major product will be the one that exhibits fewer steric interactions, for example:

STERIC
INTERACTION
o} O 0}
e
OH Pz P
—_— +
Major Not obtained

Let’s get some practice:

EXERCISE 8.37 Draw the aldol condensation product that is obtained when the following compound is heated in the presence of
hydroxide ions:

O
)
OH 9
—>
heat ]

Answer We can certainly work through the mechanism to get the answer, and we will soon get practice with that. But for now, let’s
just make sure that we can use our simple method for drawing the expected product.

We start by drawing two molecules of the ketone, so that the oxygen of one ketone is pointing directly at the alpha protons of the other
ketone:
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Then, we erase the two alpha protons and the oxygen atom, and we push the fragments together (connecting them with a double bond):

A :

H -

That’s all there is to it. It is an efficient way of drawing the product.

PROBLEMS  Predict the major product for each of the following reactions. In each case, assume that a condensation takes place, and
draw the o,f-unsaturated ketone that is produced.

(0] ©)
S
8.38

O
@
fE OH
—_—
8.39

S)
)‘OK/ o
B

In all of the aldol condensations that we have seen so far, two molecules of the same ketone (or aldehyde) were reacting with each other.
One molecule of ketone was deprotonated to give an enolate, which then attacked another molecule of the same ketone. But what if we
had used two different ketones? For example, what if we try to do this:

8.40 H

H,O

Notice that the ketones are different from each other. We call this a crossed-aldol. This can work, but care must be taken to avoid generating
many different products. To see why this is the case, we must realize that it is possible for enolates and ketones to exchange protons:

o
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So, you can’t really control which ketone will be converted into the enolate. This means that there will be more than one type of enolate
and more than one type of ketone present in solution. So there are a number of possible reactions that can take place, and this will give a
mixture of undesired products.

So, practically, it is important to try to avoid these types of situations. There is one very easy way to avoid this issue. If one of the
ketones has no alpha protons, then it cannot form an enolate. For example, consider the following compound:

o
@)J\ H
This compound, called benzaldehyde, has no alpha protons. Therefore, it cannot be converted into an enolate. It will just wait to be attacked.
Here is another example of a compound with no alpha protons:

@jLK
So, one way to achieve a crossed aldol is to make sure that one of the reagents has no alpha protons. That will minimize the number of

potential products. Your textbook may or may not show methods for achieving a crossed aldol where both starting ketones have alpha
protons. You should look through your textbook and lecture notes to see if you are responsible for such methods.

EXERCISE 8.41 Identify the starting materials that you would use to make the following compound, using an aldol condensation:
i%\@
Answer We can use the same method we used earlier. We just need to do it in reverse. We break the molecule apart into two fragments

in order to insert water. We break it apart at the C=C bond:
(0]

NG

And we just have to decide which fragment gets the oxygen atom and which fragment gets the protons. The fragment on the left already
has a carbonyl group, so that fragment must get the two alpha protons. The fragment on the right will get a carbonyl group in place of the

C=C bond:
H
o) O
H
H
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PROBLEMS Identify the starting materials that you would use to make each of the following compounds (using an aldol

condensation):
0O ¢}
)J\/\©
8.42 8.43
Q O
8.44 8.45 é?

EXERCISE 8.46 Propose a plausible mechanism for the following transformation:

)

o) )k 0
Ph” H
> Ph
NaOH

Answer In the first step, hydroxide functions as a base and removes an alpha proton to generate an enolate:

o ) o
\H :0H o H
T

Then, this enolate can function as a nucleophile and attack benzaldehyde:

.
L=t &

Water then functions as a proton source to generate the f-hydroxy ketone:

: o O :OH
H\}H
H \ H
Ph Ph

Finally, water is eliminated to generate the o,f3-unsaturated ketone:

‘0" '/\ ‘0" C:OH O h
\/ OH . NS
“OH AN
H o 5 H
Ph Ph

Y
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PROBLEMS Now let’s get some practice drawing mechanisms for aldol condensations. Draw a mechanism for each of the following
transformations. You will need a separate piece of paper to record each of your answers:

(@)
O (0]
H)kH
8.47 NaOH
o o}
8.48 NaOH O O
(0]

\i/ =

8.49
(6]
(@)
\)Ok/ Ph)J\H
NaOH

8.50 Ph

8.8 CLAISEN CONDENSATION

In the previous section, we saw that an enolate can attack a ketone:

T~

>

In this section, we will explore what happens when an ester enolate attacks an ester:

‘o .'o°.>
RO)J\G;-K—?OA)J\

An ester enolate is similar to a regular enolate: an ester enolate is nucleophilic, and it will also attack a carbonyl group. When an ester
enolate attacks an ester (shown above), the reaction that takes place is called a Claisen condensation. Here is the overall transformation:

0]

j\ 1) Me0®
- =
o 2) H* o
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The product is called a p-keto ester:

The ester gets priority

over the other carbonyl, (@) (0] .

so we label the carbon M The "keto" group is located
atoms («, B, y, etc.) moving \O B atthe beta position

away from the ester @

At first glance, this product seems very different from the o, -unsaturated ketones obtained from aldol condensations. But when we explore
the mechanism, we will see the parallel between the aldol and Claisen condensations.
Let’s start with the first step: preparing the enolate:

Claisen Ro)J\\S C— Rok@

ester enolate

So far, both mechanisms are almost identical. The only difference is the choice of base (the aldol condensation uses hydroxide, and the

Claisen condensation uses an alkoxide), and we will discuss the reason for this shortly. For now, let’s continue comparing the mechanisms.
In the next step, the enolate attacks:

SO
S
O )]\ @) :0:
Aldol M/ U X
S
oo—o> @
o} OR o} :0:
Claisen I / -
RO é RO OR

Once again, we see that both mechanisms are essentially identical. In the Claisen condensation, the alkoxy groups seem to just come along
for the ride.
But now the two reactions take different routes. And we can use our golden rule to understand why. In the aldol reaction, the car-

bonyl group cannot re-form, so the oxygen atom must be protonated with a suitable proton source. But in a Claisen condensation, the
carbonyl group CAN re-form, because there is a group that can leave:

Claisen

RO (OR ROM
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And this is why the product of a Claisen condensation looks very different from the product of an aldol condensation. But when you
understand the mechanisms, you can appreciate that these reactions are very similar. The difference between these two reactions stems
from the fact that Claisen condensations involve esters; and esters have a “built-in” leaving group:

o)
AOR

Built-in
leaving group

Now let’s go back and explore the mechanism in more detail. In the first step, we made an ester enolate. To do this, we used a strong base.
But we pointed out at the time that we did NOT use hydroxide. Instead, we used an alkoxide ion. Let’s try to understand why.

If we had used hydroxide, then we might have observed a competing reaction. Instead of hydroxide acting as a base to remove a proton,
it is possible for hydroxide to function as a nucleophile, attacking the carbonyl group of the ester:

0" ANe) 9: :6H
)J\ HQ: ><
—»
OR

OR

N

After the initial attack, the carbonyl group could re-form by expelling an alkoxide ion. This unwanted side reaction would hydrolyze the
ester and produce a carboxylate ion (we saw this saponification reaction in the previous chapter):

In order to avoid this, we use an alkoxide as our base. It is true that alkoxides can also function as nucleophiles, but think about what
happens if the alkoxide ion functions as a nucleophile and attacks:

o' %5 R
—_—
OR OR

When the carbonyl group re-forms, it doesn’t matter which alkoxy group gets expelled. Either way, the original ester will be regenerated:

;0" ).o Qo: :OR

< :
)J\OR - ><OR

\ /

Although the alkoxide can attack the carbonyl group, we don’t have to worry about it, because it does not actually lead to new products.
So, we can avoid unwanted side reactions by using an alkoxide ion as the base for a Claisen condensation.

Be careful, though. We cannot just use any alkoxide ion. We must choose the alkoxide ion carefully. If we are dealing with a methyl
ester, then we would use methoxide:

(0]
)k MeO@
—>
OMe
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The reason for this is simple. Suppose we used ethoxide in this case. This would actually change some of our ester:

-'o'/\..:@ gcz': :OEt 0"
ak EtO >< . )J\b:a

R E—
OMe C/QMe

This is called transesterification, and we can avoid this by choosing our base to match the alkoxy group of the ester. That way, we avoid
unwanted side reactions. If we are dealing with an ethyl ester, then we just use ethoxide as our base:

(0]
EtOG)
RS — .
OEt

Now that we know what base to choose for a Claisen condensation, let’s talk about another special role that the base plays in a Claisen
condensation. We said that the final product is a f-keto ester. But remember that this reaction is performed under basic conditions (in the
presence of alkoxide ions). Under these conditions, the f-keto ester will be deprotonated to form an enolate that is especially stabilized:

O 0]

° O O
M * RO )J\/U\ * RoH
RO RO 3

In the beginning of this chapter, we talked about this kind of “stabilized” enolate. This enolate is much more stable than an alkoxide ion.
That is an important point, because it means that the reaction will favor formation of the product. Why? Because the reaction is converting
alkoxide ions into enolate ions (which are more stable):

T~ o o

M More stabilized
RO negative charge

©

The formation of this stabilized enolate is a strong driving force pushing this reaction toward the formation of products.
So, when the reaction is finished, a proton source must be introduced into the reaction flask in order to protonate the enolate and obtain
the product:

O O O O

J H PN
RO RO

©

The Claisen condensation is important because it gives us a way to make p-keto esters. And we will soon see that there is a clever synthetic
trick that you can perform with B-keto esters. So, let’s make sure that we have mastered the Claisen condensation.
Overall, here is what is happening:

e ROH
/
RO o dlo

0 J@UL
_—
H RO

RO
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We are removing an alpha proton from one ester, and we are removing an alkoxy group from the other ester. The remaining fragments
are then joined together. Notice that a small molecule is liberated in the process (ROH). That is why we call this reaction a Claisen
condensation.

Now let’s practice predicting products. We will soon come back and master the mechanism. But for now, let’s make sure that you train
your eyes to see the products of a Claisen condensation in an instant. You will need that skill for proposing syntheses.

EXERCISE 8.51 Draw the product of the following Claisen condensation:
? 1) EtO@ 9
/\O)J\/\ 2) H* o n

Answer The following two fragments are adjoined, while EtOH is expelled, like this:

O
L
H / - > EtO

PROBLEMS  Draw the product for each of the following Claisen condensations:

0 o
M 1) MeO N
o 2) H g

8.52
i 1H'M o@
\O)K/ ) Me >
8.53 2) H*
0
\O 1) MeO .
2) H*
8.54
9 1) EtO@
855 ~ > Ok 2) H B}

EXERCISE 8.56 Identify the starting materials and reagents you would use to prepare the following compound using a Claisen
condensation:

O O
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Answer We break the molecule apart into two fragments in order to insert MeOH. We break it apart between the o and f§ positions:

O (0]

MeO™ Y B

And we just have to decide which fragment gets the methoxy group and which fragment gets the proton. The fragment on the left already
has its alkoxy group, so that must be the fragment that gets the proton. The fragment on the right will get the alkoxy group:

i O
MeO)H Meo)k/

These two esters are identical, which is good. That means that we just need one kind of ester. We choose our base to match the alkoxy
group (methoxide in this case), so our synthesis would look like this:

o
j\/ 1) MeO N
o 2) H* B} o

It is possible to achieve crossed Claisen condensations (just like we can achieve crossed aldol condensations), but we would have the
same concerns as before. We would have to worry about potential side reactions. A crossed Claisen condensation will be more efficient
when one of the esters has no alpha protons. You will see that some of the problems below are the products of crossed Claisen condensations.
Keep an eye out for them.

PROBLEMS Identify the starting materials and reagents you would use to prepare each of the following compounds using a Claisen

condensation:
(0] (0] (0] (o]
o o
8.57 8.58
(0] (0]
(0] (0] \O
o

8.59 8.60
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EXERCISE 8.61 Propose a mechanism for the following transformation:

0 S o o
)J\)\ 1) MeO N
o 2) HyO* o

Answer First, methoxide functions as a base and deprotonates the ester:

+ MeOH

This deprotonation step is important, because the formation of this stabilized anion is the driving force for the reaction. That is why we
must show this step. Notice that the reagents indicate that acid is added to the flask at the end of the reaction, because a source of protons
is required to regenerate the final product:

T
(@)
T’e T
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PROBLEMS Propose a mechanism for each of the following reactions. You will need a separate piece of paper to record your answers:

1) EC° 6 O
—_—

EtO 2) HO* EtO
8.62

O 1) MeO@
—_———

~o 2) HsO*

8.63

8.64 When a diester is used as a starting material, it is possible to achieve an intramolecular Claisen condensation:

(¢} (0]
(0] O o

)J\/\/\)J\ D RO on
—_—
RO OR 2) HzO*

Notice once again that the product is just a p-keto ester. This reaction has its own name (the Dieckmann condensation). But it is
really just an intramolecular Claisen condensation. Therefore, the steps of this mechanism are identical to the steps of a regular
Claisen condensation. Propose a mechanism for the Dieckmann condensation. Try to do it without looking back at your previous
work. You will need a separate piece of paper to record your answer.

8.9 DECARBOXYLATION

In the previous section, we learned how to use a Claisen condensation to prepare a f-keto ester:

o O
P
7 o
B - keto ester

Now let’s see what we can do with f-keto esters. There are some very useful synthetic techniques that start with p-keto esters. In order to see
how they work, we will need to remind ourselves of one reaction that we saw in the previous chapter. When we explored the chemistry of
carboxylic acid derivatives, we saw that esters can be hydrolyzed to give carboxylic acids. We can use the exact same process to hydrolyze
a p-keto ester, like this:

o o o o
H3;O*
o~ i OH
B - keto ester B -keto acid

And the product is a B-keto acid, which will undergo a unique reaction when heated. Specifically, the carboxyl group is completely
expelled:
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Q Q heat Q
MO/ H )‘k + COZ

This carboxyl group
is expelled

We call this process a decarboxylation. This reaction is the basis for the synthetic techniques we will learn in this section, so let’s make
sure we understand how a decarboxylation occurs. The process begins with a pericyclic reaction that liberates CO, as a gas:

H\
_— + C
O Il
O

Pericyclic reactions are characterized by a ring of electrons moving around in a circle. There are many kinds of pericyclic reactions
(for example, the Diels—Alder reaction is an important pericyclic reaction that we will cover in Chapter 10). Pericyclic reactions truly
deserve their own chapter, and unfortunately, many textbooks do not devote an entire chapter to pericyclic reactions (they are just scattered
throughout the various chapters). Perhaps your instructor will spend some time on pericyclic reactions. We will not cover them right now,
as we must continue with the topic at hand.

In the reaction above, CO, gas is liberated (that’s how the carboxyl group is expelled), generating an enol. And we know that enols
will quickly tautomerize to give ketones:

/K I
So, when a f-keto acid is heated, the carboxyl group is expelled, and we end up with a ketone.

Now consider what we have just done. We took a $-keto ester (which is the product of a Claisen condensation), and we hydrolyzed it
to produce a f-keto acid. Then, we heated this compound, and we expelled the carboxyl group:

0} o} o o (0]
M S e )J\/U\ e )J\
_— —_—
o~ OH -CO
2
B - keto ester p-keto acid ketone

In the end, the product is a ketone. To see why this is so useful, we need to add just one more step at the very beginning of the overall
process. Imagine that we first alkylate the p-keto ester:

rRo® o o

o} O O o R—X
M N — N —— M
OR 3 OR OR
R

We have already seen this kind of reaction before (Section 8.6). It is just an alkylation. We used an alkoxide ion to produce a stabilized
enolate, which then attacks the alkyl halide in an Sy 2 reaction. If we then continue with the rest of the strategy (hydrolysis, followed by
decarboxylation), the following product is obtained:

o
1) RO

o o o o Hy0* o o heat o
JUL,, S5 o -
OR 2 R—X OR OH
R R R
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Take a close look at the product. This compound is a substituted derivative of acetone:

(0] (0]
acetone a substituted

derivative of acetone

This provides a method to make a wide variety of substituted derivatives of acetone.
This is useful, because we would encounter an obstacle if we tried to alkylate acetone directly:

(0]

o
NaOH
)]\ —_— )J\/ R + other products
R—X

The desired product would be produced together with many other undesired products (from polyalkylation and from elimination reactions).
So the strategy we have learned provides a clean way to make substituted derivatives of acetone. But be careful—remember that the
alkylation step is an Sy 2 process, so primary alkyl halides will be more efficient. In other words, you could use this strategy to prepare the

following compound:
IO

But you could not use this synthetic strategy to make this compound:
M

because that would have required an alkylation step involving a tertiary alkyl halide, which cannot function as a substrate in an Sy 2 process.
In order to use this synthetic strategy, we will always start with the following compound:

I~

This compound is called ethyl acetoacetate. This compound belongs to a class of compounds called acetoacetic esters. Therefore, we call
our strategy the acetoacetic ester synthesis.
To summarize what we have seen, the acetoacetic ester synthesis has three main steps: alkylate, hydrolyze, and then decarboxylate.
Now let’s get some practice using this synthetic strategy:

EXERCISE 8.65 Starting with ethyl acetoacetate, show how you would prepare the following compound:

J SO
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Answer Remember that the acetoacetic ester synthesis has the following steps: alkylate, hydrolyze, and then decarboxylate. So, in
order to solve this problem, we must identify the alkyl group that should be installed:

e
NG

So, we will need the following alkyl halide:

Now that we have determined what alkyl halide to use, we are ready to propose our synthesis:

1) NaOEt
I I ’ <:>1 )(L/\/O
Br
3) H30*
4) heat

PROBLEMS  Show how you would prepare each of the following compounds from ethyl acetoacetate:

(0]
(@)
8.66 M 8.67 8.68

8.69 Explain why the following compound cannot be made with an acetoacetic ester synthesis.
w
In all of the problems we have done so far, we have focused on alkylating once. But it is also possible to alkylate twice, which would give

a product with two alkyl groups:
)OK@
R

And the R groups don’t even have to be the same. In the following sequence, the alkyl groups may be different.
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O O alkylate o © alkylate o 0
—_— —_—
)J\/U\O/\ MO/\ again O/\
R R

lhydrolyze
o decarboxylate o o
-
)Kr@ OH
R

R

8.70 Show how you would prepare the following compound from ethyl acetoacetate:

o

X
8.71 Show how you would prepare the following compound from ethyl acetoacetate:

0}

8.72 Propose a synthesis for the following transformation. (Hint: This reaction is similar to an acetoacetic ester synthesis, but we are
just starting with a different p-keto ester):

o o 0
o

Y

There is another common synthetic strategy that utilizes the same concepts as the acetoacetic ester synthesis. So, let’s now focus on this
other strategy. It is called the malonic ester synthesis, because the starting material is a malonic ester (called diethyl malonate):

/\O)J\/U\O/\

We follow the same three steps that we followed in our previous strategy: alkylate, hydrolyze, and then decarboxylate. The only difference
is that we start with a slightly different starting material (malonic ester, instead of acetoacetic ester), and therefore, our product will be
slightly different. Compare the structures of ethyl acetoacetate and diethyl malonate:

PGNP A~ A~

ethyl acetoacetate diethyl malonate
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Notice that diethyl malonate has two carboxyl groups (as opposed to ethyl acetoacetate, which has one carboxyl group and one carbonyl
group). To see how this extra carboxyl group affects the structure of our end product, let’s go through the three steps: alkylate, hydrolyze,

and then decarboxylate.
o) o] (0] (0]
—_—
ROMOR ROMOR
R

We start with an alkylation:

Then, we hydrolyze:

O o} (0] (0]
—_—
R R

Notice that both sides get hydrolyzed.
Then, finally, we decarboxylate:

Only one side undergoes decarboxylation. Why? Remember how a decarboxylation works. It is a pericyclic reaction that can occur when
a C=0 bond is a,p to a carboxylic acid group. After the first carboxyl group is expelled, there is no longer a C=0 bond that is f to the
remaining carboxylic acid group. Try to draw a mechanism for the second carboxyl group leaving, and you should find that you can’t do it.

Notice that the product is now a substituted carboxylic acid. This is the power of the malonic ester synthesis. It provides a method for
making a wide variety of substituted carboxylic acids:

M m
HO

This synthesis can also be used to install fwo alkyl groups (just like we did with the acetoacetic ester synthesis). We would just alkylate
twice at the beginning of our procedure:

alkylate alkylate 0 0
—»
M )H)J\ agam EtO OEt
R
hydrolyze
0 decarboxylate o o
How HO OH
R R

Once again, the process is most efficient for primary R groups, because alkylation is an S2 process.
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This strategy is very useful, because it would be very difficult to alkylate a carboxylic acid directly. If we try to alkylate a carboxylic
acid directly, we immediately run into an obstacle, because we cannot form an enolate of a carboxylic acid:

O

0

©

Cannot form this enolate

You cannot form an enolate in the presence of an acidic proton. So, the malonic ester synthesis gives us a way around this obstacle.
It provides a method for making substituted carboxylic acids. Let’s get some practice with this:

EXERCISE 8.73 Starting with diethyl malonate, show how you would prepare the following compound:

EWO
HO

Answer Remember that the malonic ester synthesis has the following steps: alkylate, hydrolyze, and then decarboxylate. So, in order
to solve this problem, we must identify the alkyl group that should be installed.

NG

So, we will need the following alkyl halide:

Now that we have determined what alkyl halide to use, we are ready to propose our synthesis:

1) NaOEt
2)
i i <:>_L )?\/\/O
)J\/LL o >
EtO OEt 3) H3O* HO
4) heat

PROBLEMS Identify what reagents you would use to achieve each of the following transformations:

O o} o}

Moa HOM

\

8.74 EO
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EtO OEt

8.75

HO

Y

S
S

EtO OEt

8.76

8.10 MICHAEL REACTIONS

In this chapter, we have seen that enolates can attack a wide variety of electrophiles. We started the chapter with the reaction between
enolates and halogens. Then we looked at the reaction between enolates and alkyl halides. We also saw that enolates can attack ketones
or esters. In this section, we will conclude our discussion of enolates by looking at a special kind of electrophile that can be attacked by
an enolate. Consider the following compound:

A

This compound is an «,f-unsaturated ketone, and we have seen that compounds of this type can be made with an aldol condensation. This
compound is a special kind of electrophile. To understand why it is special, let’s take a close look at the resonance structures:

.0 .0
02 02

*0 0
AR el el

These resonance structures paint the following picture:

o—
0]
PP
X 5+

We see that there are two electrophilic centers. We already knew that the carbonyl group itself is electrophilic. But now, we can appreciate
that the P position is also electrophilic. So, an attacking nucleophile has two choices. It can attack at the carbonyl group (as we have seen
many times already), or it can attack at the {3 position. Let’s look at both possibilities, and we will compare the products.

Consider what happens if the nucleophile attacks the carbonyl group, and the resulting intermediate is then protonated:

H
o o .b(@\ Hﬁo’@ _H
. 0 o\
/\ak/—\L /\/k\ BN

Nuc Nuc

Notice that we had a & system that spanned 4 atoms, and we installed the nucleophile and the H in positions 1 and 2:
1 1 H
0 o~
4 2
/\)zj\ > /\/k\
3 Nuc

Therefore, we call this a 1,2-addition.
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Now consider what happens if the nucleophile attacks the § position, rather than the carbonyl group. The initial intermediate is an
enolate:

S ‘0% :0:

an enolate

Then, when this enolate is protonated, an enol is formed:

/
fo Hd
Nuc :0: Nuc OH
—>
)\)\ )\)\

an enol

I’ T

Once again, we have added the nucleophile and H across the & system. But this time, we have added them across the ends of this system:

1
. 01 Nuc O/H
_
/\)i\ M

So, we call this a 1,4-addition. Chemists have given this reaction other names as well. A 1,4-addition is often called a conjugate addition,
or a Michael addition.

We know that the product of a 1,4-addition is not going to stay in the form of an enol, because an enol will tautomerize to form a
ketone:

Nuc  OH Tautomerization Nuc O
/K/\ — M

When you look at this ketone, it is hard to see why we call it a 1,4-addition. After all, it looks like the nucleophile and the H have added

across the C=C bond:
0 Nuc o
S —— L
H

You need to draw the entire mechanism in order to see why we call it a 1,4-addition.

Now that we know the difference between a 1,2-addition and a 1,4-addition, let’s take a look at what happens when our attacking
nucleophile is an enolate.

If an a,p-unsaturated ketone is treated with an enolate, a mixture of products is obtained. Not only do we observe both possibilities
(the enolate attacking the carbonyl group, or the enolate attacking the p position), but it gets even more complicated. The product of the
1,4-addition is a ketone, which can be attacked again by an enolate. You can get crossed aldol condensations, and all sorts of unwanted
products. So, we can’t use an enolate to attack an a,p-unsaturated ketone. The enolate is simply too reactive, and we observe a mixture of
undesired products.
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The way around this problem is to create an enolate that is more stabilized. A more stable enolate will be less reactive, and therefore,
it will be more selective in what it reacts with. But how do we make a more stabilized enolate? We have actually already seen such an
example in this chapter. Consider the following enolate:

©

We argued that this enolate is more stable than a regular enolate, because the negative charge is delocalized over ftwo carbonyl groups.
If we use this enolate to attack an o,B-unsaturated ketone, we find that the predominant reaction is a 1,4-addition:

—_—P
/\)k 1,4-addition

We said earlier that a 1,4-addition is also called a Michael addition. In order to get a Michael addition, you need to have a stabilized
nucleophile, like the stabilized enolate shown in the reaction above. This stabilized enolate is called a Michael donor. There are many
other examples of Michael donors. Look at them carefully, because you will need to recognize them as being Michael donors when you

see them:
(0] 0 (¢} 0 (¢} N (0]
RMR RMOR R)K/C/// R)J\/Noz
€] €] S o

All of these nucleophiles are sufficiently stabilized to function as Michael donors. Organocuprates, R,CuLi, are also stabilized nucleophiles
and will also attack an o,p-unsaturated ketone to give a 1,4-addition reaction.
In any Michael reaction, there is always a Michael donor and a Michael acceptor:

[e) Nuc 0
S
N\, (———— N

Michael Donor Michael Acceptor

In the reaction above, the Michael acceptor is an a,p-unsaturated ketone. But there are other compounds that can also function as Michael
acceptors:

(0] o} O
/\)J\ H /\)]\OR /\)]\ NH, /\/C///N X N0

You can use any Michael donor to attack any Michael acceptor. The following reaction would also be considered a conjugate addition

reaction:
: Me
“ C///N 1) Me,Culi _ /\)\/C///N
N 2) H*

In order to do this next set of problems, you will need to review the lists of Michael donors and Michael acceptors.
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EXERCISE 8.77 Draw the expected product of the following conjugate addition reaction:

O

1) EtyCulLi 2

2) H+ L]

Answer First identify the nucleophile and the electrophile. The a,p-unsaturated ketone is the electrophile, and the lithium dialkyl
cuprate is the nucleophile, and we expect a conjugate addition reaction.

1 ) Et2CULi

2) H*
Et

Stare at this transformation for a few moments. It might be helpful to you on an exam.

PROBLEMS  For each of the reactions below, determine whether you expect an efficient conjugate addition reaction. If so, then draw
the product you expect.

0 (0] O
» AN
) >
8.78 2) H*

8.79 2) H*

1) Me,Culi
_—

8.80 2) h*

There is one more Michael donor that requires special mention. Enamines are very special Michael donors, because they provide us with
a useful synthetic strategy.

When we learned about ketones and aldehydes (Chapter 6), we saw that you can prepare an enamine by treating a ketone with a
secondary amine, under the following conditions:

] e )

[H*]
Dean-Stark

\i

This was our way of converting a ketone into an enamine. To understand how an enamine can function as a Michael donor, let’s take a
close look at the resonance structures of an enamine:
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[ ) [@>

<1N N
< é._@

When we meld these two images together in our minds, we see that the carbon atom is nucleophilic (it has some partial negative character).
But, it is a fairly weak nucleophile, because the compound does not have a full negative charge. Rather, the carbon atom only has partial
negative character. Therefore, this compound is a stabilized nucleophile (in other words, it will be selective in its reactivity). This means
we must add it to our list of Michael donors. If we use an enamine as a nucleophile to attack a Michael acceptor, a Michael reaction
will occur:

And then, the resulting iminium group can be removed by adding water under acidic conditions (and under these conditions, the enolate
is protonated to form an enol, which tautomerizes to form a ketone):

But why is this so important? Why am I singling out this one Michael donor, and why are we learning about enamines again? To under-
stand the usefulness of enamines here, let’s imagine that we wanted to achieve the following transformation:

o

You decide that it should be simple. Your plan is to use a nucleophile that can attack an a,p-unsaturated ketone in a 1,4-addition:
]

O 1,4-addition 0

R

©

This is the nucelophile
that you would need

But, when you try to perform this reaction, you obtain a mixture of undesired products. Why? Because this enolate is not a Michael
donor, and therefore, it will not efficiently attack in a 1,4-addition. So, how do you get around this problem? This is where our enamine
comes in handy.
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Instead of using an enolate as the nucleophile, suppose we convert the ketone into an enamine:

o@ HzO*

In the end, we prepared the desired product. This synthetic strategy is called the Stork enamine synthesis, and it can come in handy when
you are proposing syntheses. Whenever you are trying to propose a synthesis, and you decide that you need an enolate to attack as a
nucleophile in a 1,4-addition, you will have a problem. Regular enolates are not stable enough to be Michael donors. But, you can convert
it into an enamine, which is stable enough to be a Michael donor. Then, you can remove the enamine in the end. The enamine serves as a
way of temporarily modifying the reactivity of the enolate so that we can achieve the desired result. It is very clever when you really think
about it.

EXERCISE 8.81 Propose a plausible synthesis for the following transformation:

? 0
X NO2 — )]\/\/ NO,

Answer When we inspect this transformation, we see that we need to install the following fragment:

O

)J\/\/No2

and at the same time, we need to remove the double bond that was in the starting material. We can accomplish both of these at the same
time by performing a 1,4-addition with the appropriate nucleophile. When we look carefully to see what nucleophile we would need, we
realize that we will need to use the following enolate:

(0]

N
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This enolate is nrot stable enough to function as a Michael donor, so we need to use a Stork enamine synthesis:

0 1) CN—H 0
)]\ )]\/\/ NO,
[H*], Dean-Stark

2) \/ NO»

Y

3) HzO*

PROBLEMS  Propose a synthesis for each of the following transformations. In some cases, you will need to use a Stork enamine
synthesis, but in other cases, it will not be necessary. Analyze each problem carefully to see if a Stork enamine synthesis is necessary.

0
_N _N
. \)5/0/
—»
8.82 ©/

0
) o)
©)J\0Me OMe
8.83
0
0 o)
/\HkH - H
8.84
0

(0]
/ﬁ)kH —_— H
8.85



CHAPTER 9

AMINES

9.1 NUCLEOPHILICITY AND BASICITY OF AMINES

Amines are classified based on the number of alkyl groups attached to the nitrogen atom:

H H R

| '1] |
R7**H R7T**IR R7** TR
primary secondary tertiary

The reactivity of all amines derives from the presence of a lone pair on the nitrogen atom. All amines have this lone pair:

H H R

| | |
R/..\H R/..\R R/..\R
primary secondary tertiary

This lone pair can function as a nucleophile (attacking an electrophile):

H 1y H x©
R—Ni!/\R X R—NZR
H

or it can function as a base (receiving a proton):

H _/\‘ H X
R—Ni:/\H X R—NZH
H

By focusing on this lone pair, we can understand why amines are good nucleophiles and good bases. When an amine participates in a
reaction, the first step will always be one of these two possibilities: either the lone pair will receive a proton or the lone pair will attack an
electrophile.

Of course, if we had a negative charge on the nitrogen atom, it would be an even stronger base. To get a negative charge on the nitrogen
atom, we must deprotonate the amine. Tertiary amines don’t have a proton that can be removed, but primary and secondary amines can be
deprotonated to give the following anions:

263
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These anions are stronger bases than uncharged amines. We call these structures amides. Here are two examples of amides that we have
seen so far in this course:

N.© Li
: ® O
Na  INHp
Lithium diisopropyl amide Sodium amide

(LDA)

The term amide is actually a terrible name, because we have already used this term to describe a type of carboxylic acid derivative:

(0]
N R
NH, NH
an amide amide ion

Perhaps chemists could have assigned different names to these structures (so that it would be less confusing to students). But historically,
chemists have used the term amide to refer to both of these types of structures. And old habits die hard. Since we are probably not going
to convince chemists around the world to change their terminology, we will just have to get used to the terminology that is in use. Don’t
let this confuse you.

Now let’s get back to uncharged amines. Some amines are actually less nucleophilic and less basic than regular amines. For example,
compare the following two amines:

NH,
SN,
An alkyl amine An aryl amine

The first amine is called an alkyl amine, because the nitrogen atom is connected to an alkyl group. The second compound is called an aryl
amine, because the nitrogen atom is connected to an aromatic ring. Aryl amines are less nucleophilic and less basic, because the lone pair
is delocalized into the aromatic ring. We can see this when we draw the resonance structures:

S, o ® ® ®
£\NH2 v NH, NH, NH,

@ & Ay ‘o

Since the lone pair is delocalized, it will be less available to function as a nucleophile or as a base. That does not mean that an aryl
amine can’t attack something. In fact, we will soon see a reaction where an aryl amine is used as a nucleophile. It can function as a
nucleophile—but it is just less nucleophilic than an alkyl amine.

Now that we have had an introduction to amines, let’s focus on a few ways to make amines.
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9.2 PREPARATION OF AMINES THROUGH S,2 REACTIONS

Suppose you wanted to make the following primary amine:

STONH,
It might be tempting to suggest the following synthesis:
N ,
y e s
R g \/\/N\é T Tw
H H

This is just an Sy 2 reaction, followed by a deprotonation. This approach does work, BUT it is difficult to get the reaction to stop after
monoalkylation. The product is also a nucleophile and it competes with NH, for the alkyl halide. In fact, the product is an even better
nucleophile than NH;, because the alkyl group is electron donating. Therefore, it will attack again:

7\

ol

: \/\/B\r . / N :
/\/NiH /\iN\H AN

And then one last time:

\

N’ >
This time,

there is no proton to remove

The final product has four alkyl groups (which is referred to as quaternary), and the nitrogen has a positive charge (called an ammonium
ion). So, we call this a quaternary ammonium ion. This structure does not have a lone pair, so it is neither nucleophilic nor basic.

If our intention is to make a quaternary ammonium salt, then the synthesis above is a good approach. But what if we want to make a
primary amine? We cannot simply alkylate ammonia:

g
NH3 > \/\NHZ

because it is too difficult to stop the reaction at this stage. The alkyl halide will react again with the primary amine. Even if we try to use
only one mole of alkyl halide and one mole of ammonia, we will still get a mixture of undesired products. We will get some polyalkylated
products, and we will get some ammonia that could not find any alkyl halide to attack. So what do we do?
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To get around this problem, we use a clever trick. We use a starting amine that already has two dummy groups on it:
N—H

And we choose our dummy groups so that they are easily removable after we alkylate. So, we first alkylate, and then we remove the dummy
groups:

Remove

-\ Alkylate -\ dummy groups \
N—H —— N—R > N—R

This strategy is called the Gabriel synthesis. It is a very good way of making primary amines from primary alkyl halides, so let’s explore
this strategy in more detail.
We start with the following compound, called phthalimide:

We use a base (KOH) to remove the proton, which gives the following anion:
0 o)

KOH ®
N—H — > © K

o Ze

o)

Notice that this negative charge is very stabilized (delocalized) by resonance. This is similar to the Michael donors that we saw in the end
of the previous chapter. It is a stabilized nucleophile. We use this nucleophile to attack an alkyl halide:

O
iie
(6]

This reaction proceeds via an Sy2 process, so tertiary alkyl halides cannot be used. Acid-catalyzed or base-catalyzed hydrolysis is then
performed to release the amine. Acidic conditions are more common than basic conditions.

CO-H
H5O* 2 H\
N—R + /N —R
COzH H

O

Y

N—R

Y
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The mechanism of hydrolysis is directly analogous to the hydrolysis of amides, as seen in Section 6.6. The hydrolysis step is slow, and
many alternative approaches have been developed. One such alternative employs hydrazine to release the amine:

o 0
HaN—NH, N H
N—R - ! + N—R
\H H
o 0

In this step, the dummy groups are removed, generating the desired product.
The Gabriel synthesis is very useful for making primary amines from primary alkyl halides:

EXERCISE 9.1 Identify how we would use a Gabriel synthesis to prepare the following amine:

G/\/NH2

Answer In order to perform a Gabriel synthesis, we must identify the alkyl halide that is necessary. To do this, we just draw a halogen

instead of NH,, like this:
G/\/ Br

Now that we know what alkyl halide to use, we are ready to propose our synthesis:

O
1) KOH
N—H >
NH»>
o) 2)
Br

3) HoN—NH,

PROBLEMS Identify how you would use a Gabriel synthesis to prepare each of the following compounds.

9.2 \)VNHZ 9.3 @vNHZ
NH»>
/\)/\/\ HZN\/\k
9.4 9.5

The Gabriel synthesis has its limitations, though. Since it relies on an Sy 2 reaction, it will work well with primary alkyl halides. But it is
not so great for secondary alkyl halides, and it will not work at all for tertiary alkyl halides.
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In addition, it will not work for aryl halides, because you cannot perform an Sy 2 process on an aryl halide:

o X

EXERCISE 9.6 Is it possible to prepare the following compound with a Gabriel synthesis?

Answer We draw the alkyl halide that would be necessary,

O/>< Br
and we see that it is a tertiary alkyl halide, so we cannot use a Gabriel synthesis to make the desired product in this case.

PROBLEMS  Identify whether each of the following compounds could be made with a Gabriel synthesis, and provide a Gabriel
synthesis for those that are possible.

NH
9.7 9.8
@/\/NHZ NH»>
9.9 9.10

9.3 PREPARATION OF AMINES THROUGH REDUCTIVE AMINATION

In the previous section, we learned how to make amines via an Sy2 process. That method works very well for making primary amines.
In this section, we will learn a way to make secondary amines, using a two-step synthesis (where the first step is a reaction that we have
already seen). When we learned about ketones and aldehydes, we saw how to make imines:

0 N~ :
[H*]
RNH,
Dean-Stark
an imine

We saw that a ketone can be converted into an imine. Now, we will use this reaction to make amines.
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When we form an imine, we are forming the essential C—N connection that you need in order to have an amine:

R

-

N

But, the oxidation state is not correct. In order to get an amine, we need to do the following conversion:

_R H. _R
N N
é reduction
—»
imine amine

In order to convert an imine into an amine, we will need to perform a reduction. One way to do so is to reduce the imine in much the same
way that a ketone is reduced, using LiAIH,:

o) OH
1) LiAIH,
2) He0
_R H. _R
N N
1) LiAIH,
2) Hy0

Alternatively, the C=N bond can undergo hydrogenation (in the presence of a catalyst):

_R H. _R
N N
Ha
_
Ni

There are many other ways to reduce an imine as well. But the bottom line is that we now have a two-step synthesis for preparing amines:

_R H. _R
(0] N N

This process is called reductive amination, because we are forming an amine (a process called amination) via a reduction.
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EXERCISE 9.11  Suggest an efficient synthesis for the following transformation:
o}
/\)J\ - = NSNS
H |
H

Answer This problem involves the conversion of an aldehyde into a secondary amine. This should alert us to the possibility of a
reductive amination. If we used a reductive amination, our strategy would go like this:

Convert to ~ reduce
Ng T T TN T/ Ny
imine |
H
So, our synthesis will look like this:
0 1)~ NH,
H [H*], Dean-Stark ’}‘
H
2) LiAlH4
3) H,O

PROBLEMS  Suggest an efficient synthesis for each of the following transformations.

/\)(L/\ I
9.12 /\)\/\
H CH
o \N/ 3
9.13 O O
O
@H - OO
9.14 H
H
)?\/\/\ = J\l\/j
9.15 NH;
V\/\NH2 ® o \/\/\N/\

9.16 H
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Reductive amination is a useful technique, because the starting material is a ketone or aldehyde. And we have seen many ways to make
ketones or aldehydes. This gives us a way to make amines from a variety of compounds:

OH

N

o reductive amination N

— N

}

O

Ao

Students often have difficulty combining reactions from different chapters to propose a synthesis, so let’s get some practice:

EXERCISE 9.17 Suggest an efficient synthesis for the following transformation:

Answer Our product is a secondary amine, so we will explore if we can achieve this synthesis using a reductive amination. Let’s work
backwards.
If we did use a reductive amination, our last step would need to be the reduction of the following imine:

H

N/ N/

PO NN
imine

So, we would need to make the imine above, and we could have done that starting with the following ketone:

-
O N
/\)k /\)k
So, our goal is to make this ketone. If we can make this ketone, then we can use a reductive amination to form our product:

reductive H N

(0] o
/\)]\ amination
B — .
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But how do we make this ketone from the starting material?

0 ? 0
/\)kCI /\)k
This would involve converting a carboxylic acid derivative into a ketone. In this case, we need a cross-over reaction (think back to our
discussion of cross-over reactions in Chapter 8):

O Me,CuLi o)
—
Therefore, our overall synthesis goes like this:

0 1) Me,Culi Ho

/\)k
cl 2) CH3NH, /\)\

[H*],
Dean-Stark
3) LiAlH,4
4) H,O

PROBLEMS  Suggest an efficient synthesis for each of the following transformations. In each case, you should work backwards. Start
by asking what ketone or aldehyde you would need in order to make the desired product via a reductive amination. Then, ask yourself how
you could make that ketone from the starting material.

(

9.19

9.21

9.22
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9.4 ACYLATION OF AMINES

So far in this chapter, we have focused on ways of making amines. For the rest of the chapter, we will shift our focus. We will now explore
reactions of amines.

We will begin our survey with a reaction that we have actually already seen in a previous chapter. When we learned about carboxylic
acid derivatives (Chapter 7), we saw that you can convert an acid halide into an amide. For example:

(0] HoN /\/ (0]

M - A~

When we draw it this way (with the amine over the reaction arrow), the focus is on what happens to the acid halide (it is converted into
an amide). But what if we choose to focus on the amine instead? In other words, let’s rewrite the same reaction a bit differently. Let’s put
the acid halide on top of the reaction arrow, like this:

0]

o i

—»
\/\NH2 \/\N
»'4

We have not changed the reaction at all. It is still the same reaction (an amine reacting with an acid halide). But when we draw it like this,
our attention focuses on converting the amine into an amide. The acid halide is just the reagent that we use to accomplish this conversion.
Overall, we have introduced an acy! group onto the amine:

acyl group

o}
_—
H

Therefore, we call this an acylation reaction.
Most primary and secondary amines can be acylated. Here is another example:

Now that we have seen how to acylate an amine, let’s take a look at how to remove the acyl group. This reaction was also covered in
the chapter on carboxylic acid derivatives. It is just the hydrolysis of an amide:

O
k H3O or HO _
\/\N \/\NH2

|
H
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Notice that we have removed the acyl group to regenerate the amine. So, now we know how to install an acyl group, and we know how to
remove it:

(0]
J o
PN g I

NHz N

|

° H

®
H30 or HO

But the obvious question is: why would we want to do that? Why would we ever install a group, just to remove it later? The answer to this
question is very important, because it illustrates a common strategy that organic chemists use. Let’s try to answer this question through a
specific example.

Imagine that we want to achieve the following transformation:

NH, NH,

\i

NO,

This seems easy to do. Do you remember how to install a nitro group on an aromatic ring (Chapter 4)? We just used a mixture of nitric acid
and sulfuric acid. The amino group is an activator, so it will direct to the ortho and para positions, with a preference for para substitution
(for steric reasons). So, we propose the following:

NH> NH,

HNO;
H»S0,4

NO,

But when we try to perform this reaction, we find that it does not work. It is true that an amino group is a strong activator, but under
the strongly acidic reaction conditions, the amino group is protonated to give an ammonium ion, which is a strong deactivator (and a
meta-director). Under those conditions, any reaction that occurs will be undesired. So, how can we generate the desired product?

The way to do it is actually very clever. We first acylate the amino group:

A

Y

This converts the amino group into an amide group, which is a weaker base, because the lone pair is further delocalized into the carbonyl
group of the amide. As such, the nitrogen atom of the amide group is not protonated under acidic conditions. And since the amide group
is an activator, the ring will undergo nitration in the desired location:
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O

(6]
o I o I
N N
2
Ho
Oz

HNO;

Y

HSO4

Then, we remove the acyl group to obtain the desired product:

O remove this

H )k acyl group
N

¢
o ©

Y

NO
N
N

NO,

Think about what we just did. We used an acylation process as a way of temporarily modifying the electronics of the amino group,
so that it would not interfere with the desired reaction. This strategy is used all of the time by organic chemists. This idea of temporarily
modifying a functional group (and then converting it back later) is an idea that is used in many other situations as well (not just for acylation
of amines).

EXERCISE 9.23 Suppose we want to achieve the following transformation:

NHz NHz

Br

We try to perform this transformation using Br,, but we find that aniline is too reactive, and we get a mixture of mono-, di-, and tri-
brominated products. What can we do to obtain the desired product and avoid polybromination?

Answer The problem is the amino group. It is too strongly activating. To circumvent this obstacle, we use the strategy we have
developed in this section. We acylate the amino group, and that makes the ring less activated (temporarily):

Moderate
activator

Strong ! ' 1)
activator + NH2

,_______
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Now we are able to brominate:

0]
o I He
N N

Brg : ;

Br

and that installs one bromine atom in the para position. Finally, we remove the acyl group to obtain the desired product:

NH,
H30O* [ j
Br

PROBLEMS Propose an efficient synthesis for each of the following transformations:
HQN@ HZN@W(O

9.24 ¢}

9.25 cl

9.5 REACTIONS OF AMINES WITH NITROUS ACID

0]

NN
N

Y

In this section, we will begin to explore the reactions that take place between amines and nitrous acid. Compare the structures of nitrous
acid and nitric acid:

(0]
y y
“OH o~ ® oH
Nitrous acid Nitric acid

When nitrous acid reacts with amines, the products are very useful. We will soon see that these products can be used in a large number of
synthetic transformations. So, let’s make sure that you are comfortable with the reactions between amines and nitrous acid.
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Let’s start by looking at the source of nitrous acid. It turns out that nitrous acid is fairly unstable and, therefore, we cannot just store it
in a bottle. Rather, we have to make nitrous acid in the reaction flask. To do this, we use sodium nitrite (NaNO,) and HCI:

o o
I /—\ H—[él M
N o @ N

g: Na T NOH

Sodium nitrite Nitrous acid
Under these (acidic) conditions, nitrous acid is protonated again, to produce a positively charged intermediate:

o o
N N.@ H

7
.

oo |-

H

This intermediate can then lose water to give a highly reactive intermediate, called a nitrosonium ion:

/4
o:
®

- Hzo < O
N.® H 1 - > I
o7 N Ne
i
H Nitrosonium ion

This intermediate (the nitrosonium ion) is the intermediate we must focus on. Whenever we talk about an amine reacting with nitrous acid,
we really mean to say that the amine is reacting with a nitrosonium ion (NO*). You might notice the similarity between this intermediate
and the NO;r intermediate (that we used in nitration reactions). Do not confuse these two intermediates. NO* and NO;r are different
intermediates. In this section, we are only talking about the reactions of amines with the nitrosonium ion (NO*).

As we said a few moments ago, nitrosonium ions cannot be stored in a bottle. Instead, we must make them in the presence of an amine.
That way, as soon as the nitrosonium ion is formed, it will immediately react with the amine before it has a chance to do anything else.
This is called an in situ preparation.

So, now the question is: what happens when an amine reacts with a nitrosonium ion? Let’s begin by exploring secondary amines (and
then we will explore primary amines).

A secondary amine can attack a nitrosonium ion like this:

O o2

H o e H .

I./\tN_o-. I o:
. —_— —N—

N R=N—N.
R

Deprotonation then generates the product:

e G -

<l 7 H™ TH R >

RN-N. —————— :N—N.
NN, :N—N
R R

This product is called an N-nifroso amine. For short, chemists often call it a nitrosamine.
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This reaction is not very useful. But when a primary amine attacks a nitrosonium ion, the resulting reaction is extremely important.
The amine attacks, to initially form a nitrosamine:

i ———> H3N-N. —— N—N
R™ H @) A
R R

Because of this proton, the nitrosamine continues to react in the following way:

N
. _(—\H—.(?\® ®
H\ //O. Tautomerization . ./OH H /\ -/OH2 -H0 ®_
‘N—N., ~— —7— '/NZN. E—— '/NZI\{. —>» R—N=N:
R R R

Diazonium ion

This cation is called a diazonium ion. The term azo means nitrogen, so diazo means two nitrogen atoms. And, of course, onium means a
positive charge. That is what we have here: two nitrogen atoms connected to each other, and a positive charge; thus, the name diazonium.
Primary alkyl amines will give alkyl diazonium salts, and primary aryl amines will give aryl diazonium salts:

NaNO, ® 2N C)
~_-NHp > AN

HCI

Alkyl diazonium salt

N o

NH N
2 NaN02

HCI

Aryl diazonium salt
Alkyl diazonium salts are not terribly useful. They are very explosive, and as a result, they are very dangerous to prepare. But aryl diazonium

salts are much more stable, and they are incredibly useful, as we will see in the upcoming section. For now, let’s just make sure that we
know how to make diazonium salts:

EXERCISE 9.26 Predict the product of the following reaction:

NH,
Br Br

NaN02 9

HC .

Y

Br
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Answer Our starting material is a primary amine. These reagents (sodium nitrite and HCI) are used to form nitrous acid, which then
forms a nitrosonium ion. Primary amines react with a nitrosonium ion to give a diazonium salt. So, the product of this reaction is:

o
m cl
NH, N

Br Br Br Br
NaNO»

HCI

Y

Br Br

PROBLEMS  Predict the major product for each of the following reactions:

H2N \@\/\ NaN02
9.27 HCI
H2N O‘ NaN02
9.28 HCI
H
|
©/ N\© NaNO2
9.29 HCI
O O NaNO,
HCI
9.30 NH;

9.6 AROMATIC DIAZONIUM SALTS

In the previous section, we learned how to make aryl diazonium salts:

@z//N

N
Q

An aryl diazonium salt
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Now we will learn what we can do with aryl diazonium salts. Here are a just few reactions:

|
CuCl ©/ C
CuBr ©/ Br
CuCN ©/CN

In all of these reactions, we are using copper salts as the reagents. These reactions are called Sandmeyer reactions. They are useful,
because they allow us to achieve transformations that we could not otherwise achieve with the chemistry that we learned in Chapters 4
and 5 (electrophilic and nucleophilic aromatic substitution). As a case in point, we did not see how to install a cyano group on an aromatic
ring. This is our first way to do this.

~
|
Q

EXERCISE 9.31 What reagents would you use to achieve the following transformation:

NH2 Cl
Br Br

Br

Answer If we brominate aniline, we will find that the amino group is so activated that we will obtain a tribrominated product:

NH2 NH,

Br Br
Br2

Br

Then, we can convert the amino group into a chloro group. To do this, we make a diazonium salt, followed by a Sandmeyer reaction:

m
NH, N® Cl
Br Br NaNO, Br Br cucl Br Br
- —_—
HCI

Br Br Br
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PROBLEMS  What reagents would you use to achieve each of the following transformations:

NH, Br
NOg N02
9.32 i
NH, CN
9.33 % NO, NO,
NH; cl
9.34 \/©\N02 NO,
NH, Br
9.35 /©\
NH, CN
9.36 OO

So far, we have seen a few reactions that you can perform with aryl diazonium salts. Many instructors will cover additional reactions of
aryl diazonium salts. You should look through your lecture notes to see what you are responsible for. Your textbook will certainly show
you several more reactions that can be performed with aryl diazonium salts.

These reactions are very useful in synthesis problems. You will find that some problems will combine these reactions with elec-
trophilic aromatic substitution reactions. These problems can range in difficulty, and they can get really tough at times. You will find many
such problems in your textbook. As you go through some of the challenging problems in your textbook, I will leave you with a bit of
last-minute advice:

There are two important activities that you must do in order to master these types of problems.

1. You must review the reactions and principles from the entire course. Go through your textbook and your lecture notes again and
again and again. Make sure that you get to a point where you know all of the reactions cold (you should have a strong command
over all of the reactions).

2. You must do as many problems as possible. If you don’t get practice, you will find that even a very strong grasp of the reactions

will be insufficient. In order to truly master the art of problem solving, you must practice, practice, practice. I recommend that you
do as many problems as possible. You might even find that they can be fun, believe it or not.
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DIELS—ALDER REACTIONS

10.1 INTRODUCTION AND MECHANISM

During your organic chemistry course, you will encounter hundreds of reactions. Most (~95%) of these reactions can be characterized as
ionic reactions, because they involve the participation of ions as reactants, intermediates, or products. However, you will encounter some
reactions that do not involve ions. These reactions can generally be classified into one of two categories: radical reactions or pericyclic

reactions. In this chapter, we will discuss one type of pericyclic reaction, called a Diels—Alder reaction. Other pericyclic reactions will be
briefly introduced in the last section of this chapter.

The following reaction, between 1,3-butadiene and ethylene, is a Diels—Alder reaction:

( H Heat O
A

1,3-Butadiene Ethylene

+

Notice that there are two reactants, but only one product, because the two reactants join together to form a six-membered ring. Also notice
that the reactants have a total of three m bonds, while the product has only one & bond:

( H Heat @
NS

Two = bonds One & bond
\ N J One = bond
Three = bonds

+

The disappearance of two & bonds is accompanied by the appearance of two new ¢ bonds, which form the six-membered ring:

New o bond

Z

( H Heat @
AN

New ¢ bond

+

The yield of this reaction is actually quite poor (~20%). However, the yield is dramatically increased (making the reaction useful as a
synthetic technique) if we use a substituted ethylene, in which the substituent is an electron-withdrawing group (EWG):

— EWG EWG
Heat EWG = Electron-withdrawin
+ | - - = - g group
AN

282
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The following highlighted group is an example of an electron-withdrawing group:

O Electron-

(= withdrawing
H group

To rationalize why this group is electron withdrawing, we draw the resonance structures, and we focus specifically on the third resonance

structure shown below:
O> O@ O@
T @ T
| H | H ~ "H
®

Notice the position of the positive charge (highlighted) in the third resonance structure. The location of this charge indicates that the
substituent withdraws electron density from the electron-rich © bond. When this compound reacts with 1,3-butadiene in a Diels—Alder
reaction, the yield is observed to be very high (~100%):

= H Heat H
+ —_—
\

Other examples of electron-withdrawing groups are shown below (highlighted). Each of these compounds will react with 1,3-butadiene
in a Diels—Alder reaction to give a high yield of product:

O (6] O ICI)
®
NJ
H’kﬂ HJ\OR H‘kOH ||/ O@

To rationalize why each of these groups is electron withdrawing, resonance structures can be drawn (just as we did for the aldehyde group
a moment ago).

Diels—Alder reactions proceed via a mechanism that does NOT involve ions. Rather, these reactions occur via a single, concerted step,
in which the & electrons move in a ring, as shown by the following curved arrows:

/\/ Heat
@ o @

This process does not involve intermediates, because everything happens in one, concerted step. The electrons can be shown moving in a
clockwise fashion, as shown above, or in a counterclockwise fashion, as shown here:

= H
@\ ] e
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Depending on what textbook you are using, you may also see the curved arrows drawn like this (without dotted lines):

é \|| Heat @
XN~

When a monosubstituted ethylene is used in a Diels—Alder reaction, the product will contain a chiral center (highlighted below):

EWG EWG
= W Heat
N

racemic mixture

Since the reactants are achiral, the product is a racemic mixture. In other words, the product is a pair of enantiomers:

EWG WEWG
- O
. J
Y

Enantiomers

PROBLEMS  Predict the major product(s) for each of the following reactions:

NO
( |r 2 Heat
101 X

+

o)
( . Hj\o/ Heat
102 X
o}
( . HJ\OH Heat
103 X
0
( HH/ Heat
+ s
104 X
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10.2 THE DIENOPHILE

In a Diels—Alder reaction, we refer to the reactants as the diene and the dienophile:

( || Heat O
AN

Diene Dienophile

+

The former is called a diene because it has two © bonds, and the latter is called a dienophile because it reacts with the diene. In this section,
we will explore a variety of dienophiles in Diels—Alder reactions. The next section will focus on dienes.

When a 1,2-disubstituted ethylene is used as the dienophile in a Diels—Alder reaction, the configuration of the dienophile is preserved
in the product. For example, a cis-disubstituted dienophile will react with 1,3-butadiene to give a cis-disubstituted product:

CHO CHO

( [ = O: i
+ |l - $-cHo = §—/<

N CHO CHO H

cis cis
Similarly, a trans-disubstituted dienophile gives a frans-disubstituted product:

CHO CHO

= Heat )
+ J —— + enantiomer

OHC "“CHO
trans trans
In each of the previous examples, the configuration of the dienophile was retained in the product.

Thus far, we have only seen alkenes (substituted ethylenes) functioning as dienophiles. There are, however, other functional groups
that can function as dienophiles. The following example shows an alkyne functioning as a dienophile:

CHO
CHO

= l Heat
R

| CHO

CHO
Diene

Dienophile

In this case, the dienophile has an extra © bond (compared with an alkene). This extra © bond “comes along for the ride,” so to speak,
which explains the extra m bond in the product (in between the two electron-withdrawing groups). Notice also that the product has no
chiral centers:

sp?hybridized (not a chiral center)

ﬂ' CHO

: CHO

I

sp?hybridized (not a chiral center)

Therefore, we do not draw any wedges or dashes in this case.
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PROBLEMS  Predict the major product for each of the following reactions:

NO.
7 [ 2 Heat
™

i
10.5 NO,
(0]
= —0 / Heat
+ —_—
N o—
10.6 o
(0]
= . OH Heat
NN O
10.7 OH
(6]
= Heat
+ —_—
™
10.8 o
O OH
= Heat
T e
10.9 o) OH

10.3 THE DIENE

In the previous section, we focused on dienophiles for Diels—Alder reactions. Now let’s focus our attention on the other reactant in
Diels—Alder reactions: the diene. As its name indicates, a diene has two & bonds. There are several conditions that must be met in order
for a diene to react with a dienophile in a Diels—Alder reaction. First and foremost, the two  bonds of the diene must be conjugated:

NF

A conjugated diene

In a conjugated diene, the two © bonds are separated by exactly one sigma bond, highlighted here:

F
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A Diels—Alder reaction will NOT occur if the two & bonds of the diene are too close to each other (as in cumulated dienes) or too far apart
from each other (as in isolated dienes):

H,C=C=CH, N
A cumulated diene An isolated diene
(an allene)

Now let’s explore another important condition that must be met in order for a diene to react in a Diels—Alder reaction. Not only does it
have to be conjugated, but it must also be capable of adopting an s-cis conformation. To illustrate what this means, consider the following
two conformations of 1,3-butadiene:

NS ==/ \

s-trans S-Cis

In each of these conformations, all four p orbitals are aligned so that they can overlap to form a single, extended & system. An equilibrium
is established between these two conformations, although the s-frans conformation is favored because it is more stable. At any moment
in time, only 2% of the molecules are in an s-cis conformation. The Diels—Alder reaction only occurs when the diene is in an s-cis
conformation. When the compound adopts an s-trans conformation, the ends of the diene are too far apart to react with the dienophile.

Some dienes cannot adopt an s-cis conformation, and as a result, they cannot react with dienophiles in a Diels—Alder reaction. As an
example, consider the following compound:

The geometry of the six-membered ring effectively locks this diene (permanently) in an s-trans conformation, so this compound will not
react with a dienophile in a Diels—Alder reaction.
In contrast, a Diels—Alder reaction will be extremely rapid if the diene is permanently locked in an s-cis conformation, as in the

following example, called cyclopentadiene:

Cyclopentadiene

When cyclopentadiene is used as the diene in a Diels—Alder reaction, the reaction occurs very rapidly, because all of the molecules of the
diene spend 100% of the time (rather than just 2% of the time) in the conformation necessary for a Diels—Alder reaction.

Now let’s try to draw the product that we expect when cyclopentadiene is used as the diene in a Diels—Alder reaction. We expect the
extra carbon atom (highlighted below) to “come along for the ride,” so to speak. We expect the following:

=< ea

@ b” Heat

When cyclopentadiene is used as the diene, the product is bicyclic, and is more appropriately drawn in the following way:

3 - A
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This type of 3D drawing is very useful, and you should practice drawing it, using the following steps:

shallow roof.

line going up and to
the right. These two
new lines must be
parallel to each

of the two lines that
you just drew. But
only draw the right
side of this new roof.

bridge of our
structure, as shown.

with a broken line,
to indicate it is
behind the vertical
line.

STEP ONE STEP TWO STEP THREE STEP FOUR STEP FIVE STEP SIX
Draw two lines Starting at each end | Draw another roof Draw two new lines | Complete the Dont forget the
in the shape of a | of the roof, draw a that connects the tops | that will form the bicyclic structure pi bond.

‘We will connect the
other side last.

yy /

Practice these steps on a blank piece of paper, and repeat them until you feel comfortable drawing the skeleton without instructions. This
skeleton will be formed whenever cyclopentadiene is used as the diene in a Diels—Alder reaction. If substituents are present, then we must
place them in the correct locations, using the following numbering system:

other.

[~

4

3 5

7
2 1 7e

For example, consider the following reaction:
CHO Heat
ea
o - L, &

CHO

This is a Diels—Alder reaction involving cyclopentadiene, so we expect a bicyclic structure. To draw this bicyclic product, we must consider
where the two aldehyde groups will be connected in the product:

Heat 4
Co
7
1

CHO
Heat —— CHO groups
+ | L» 3 4 5 must be
/4 connected here
CHO 1

2 6

When we draw the product, we must place the aldehyde groups at positions C5 and C6, as shown above. When drawing these substituents
in the product, remember that the configuration of the dienophile must be preserved in the product. In this case, the dienophile has a cis
configuration, so the two aldehyde groups must be cis to each other in the product, as shown in each of the following two structures:



H CHO
A L / LcHo
CHO H
CHO H
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These are the two structures that we expect, however, the reaction does not actually produce both of them. In fact, one of these products

is highly favored—the structure in which both aldehyde groups occupy endo positions:

H
7 H

[
CHO <= endo position
CHO <= endo position

The endo position is defined as the position that is syn to the larger bridge, as illustrated here:

This bridge has
one carbon atom

/ (smaller bridge)
/ synto smaller bridge

/ Exo
This bridge has /
two carbon atoms

End
(larger bridge) nce

synto larger bridge

We observe a clear preference for the substituents (connected to the dienophile) to be located in endo positions in the bicyclic product,
rather than in exo positions. What is the source of this preference? During formation of the endo product, there is a stabilizing interaction
that occurs between the electron-withdrawing substituents (on the dienophile) and the developing n bond (on the diene). This stabilizing
effect is absent during formation of the exo product. As such, formation of the endo product has a lower-energy transition state (and

therefore a lower energy of activation) and so it occurs more rapidly than formation of the exo product.

If the dienophile is frans-disubstituted, then both substituents cannot occupy endo positions in the bicyclic product, because the trans

configuration of the dienophile must be preserved. Two products are obtained:

CHO
Heat CHO H
' | A H o+ /L CHO
| |
OHC H CHO
CHO H

In each product, one aldehyde group occupies an endo position and the other aldehyde group occupies an exo position. These two products
represent a pair of enantiomers. In order to see that they are enantiomers, imagine placing one in front of the other:
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This more clearly shows that they are mirror images (the plane of the mirror is in between the two compounds).
If the dienophile is a monosubstituted ethylene, as in the following case, then the following products are obtained:

CHO
Heat
+ | 4 + 74
CHO
CHO

Notice that the aldehyde group occupies an endo position in each product. And once again, we can see that these products represent a pair
of enantiomers (mirror images that are nonsuperimposable) if we place one compound in front of the other:

CHO

WORKED PROBLEM 10.10 Predict the products that are expected when cyclopentadiene is treated with nitroethylene:

Heat
D ?

Answer The reactants are a diene and a dienophile, so we expect a Diels—Alder reaction. The diene is cyclopentadiene, so we expect
a bicyclic skeleton, which we can draw using the following steps

STEP ONE STEP TWO STEP THREE STEP FOUR STEP FIVE STEP SIX
Draw two lines Starting at each end | Draw another roof Draw two new lines | Complete the Dont forget the
in the shape of a | of the roof, draw a that connects the tops | that will form the bicyclic structure pi bond.
shallow roof. line going up and to | of the two lines that bridge of our with a broken line,

the right. These two | you just drew. But structure, as shown. | to indicate it is

new lines must be only draw the right behind the vertical

parallel to each side of this new roof. line.

other. We will connect the

other side last.

o oy yy /
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The dienophile bears one substituent (a nitro group), which will end up in one of the following two locations:

@ r Heat
+ | —_—
5
Nitro group
goes here...
+ | He_at» ...or here
7 &

At each of these locations, we expect the nitro group to occupy an endo position, rather than an exo position, giving the following two

products:
Heat
+ ZNo, 7 +

These products represent a pair of enantiomers.

PROBLEMS  Predict the major product(s) for each of the following reactions:

Heat
O

10.11 NO,

Heat

—_—

+
10.12 OoN

2
w0is O
D

Hk
G

10.14 0

o]

OH Heat
OH Heat
(0]

H
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o]
2 ﬁ e
+
©)

O
Heat
@ + \)J\O/\ —_—

10.15

10.16

10.4 OTHER PERICYCLIC REACTIONS

Diels—Alder reactions belong to one category of pericyclic reactions, called cycloaddition reactions. However, there are two other major
categories of pericyclic reactions, called electrocyclic reactions and sigmatropic rearrangements. The three major categories of pericyclic
reactions are shown here:

" 2 Heat
Cycloaddition _ e
& A

Electrocyclic |‘5 § Heat
reaction N
=
Sigmatropic 8 § Heat =
rearrangement N ——
= A

The first category (cycloaddition) was introduced in this chapter. If we compare the other two categories to cycloaddition, we find some
similarities. In each case, the curved arrows are moving around in a ring, and the entire process occurs in one concerted step. Indeed,
these are some of the features that place these reactions under the larger umbrella of pericyclic reactions. But if we inspect the reactions
above more carefully, we will begin to see some important differences. For example, cycloaddition reactions require two reactants (an
intermolecular process), while electrocyclic and sigmatropic reactions have only one reactant (inframolecular processes). Also, if we count
the number of bonds being broken and formed in each category, we will see a key difference between the categories. In a cycloaddition
process, two & bonds are replaced with two new ¢ bonds. In an electrocyclic reaction, one & bond is replaced with one new ¢ bond. In
sigmatropic rearrangements, the number of © bonds and ¢ bonds does not change (only their locations change).

You should consult your textbook and/or lecture notes to see if you are responsible for any examples of electrocyclic reactions or
sigmatropic rearrangements (such as the Cope rearrangement or the Claisen rearrangement).
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CHAPTER 1

1.2 This compound is a disubstituted benzene, and it can be
named 1-methoxy-3-nitrobenzene. The methoxy group is assigned
the lower number because it comes first alphabetically.

We can also name the compound as a monosubstituted deriva-
tive of anisole. Since we are using a common name (anisole) as the
parent, we must assign numbers starting with the carbon atom con-
nected to the methoxy group. This means that the methoxy group
is connected to C1, by definition. In this case, we assign num-
bers in a clockwise fashion, so that the nitro group is at C3 rather
than CS5. Therefore, this compound can be named 3-nitroanisole or
meta-nitroanisole.

OMe
1
2

3
NO,

1.3 This compound is a trisubstituted benzene, and it can be
named 2-methyl-1,3-dinitrobenzene. When naming in this way, the
numbers are assigned to give the lowest possible numbers to all
three substitutents (C1, C2, and C3). In the name, the methyl group
appears first because “m” precedes “n”” alphabetically.

We can also name the compound as a disubstituted derivative
of toluene. Since we are using a common name (toluene) as the
parent, we must assign numbers starting with the carbon atom con-
nected to the methyl group. This means that the methyl group is
connected to C1, by definition. In this case, the numbers can be
assigned either clockwise or counterclockwise; either way, there
will be a nitro group at C2 and another nitro group at C6. Therefore,
this compound can be named 2,6-dinitrotoluene.

1.4 This compound is a disubstituted benzene, in which the two
substituents are para to each other. This compound can be called
1,4-dibromobenzene or para-dibromobenzene.

1.5 This compound can be named as a trisubstituted derivative of
benzoic acid. Since we are using a common name (benzoic acid) as
the parent, we must assign numbers starting with the carbon atom
connected to the carboxylic acid group. This means that the car-
boxylic acid group is connected to C1, by definition. In this case,
the numbers can be assigned either clockwise or counterclockwise;
either way, there will be three chloro substituents, at C2, C4, and
C6. Therefore, this compound can be named 2,4,6-trichlorobenzoic
acid.

1.6 This compound is a disubstituted benzene, and it can be named
1-chloro-2-hydroxybenzene. The chlorine substituent is assigned
the lower number because it comes first alphabetically.

Alternatively, we can name the compound as a monosubstituted
derivative of phenol. Since we are using a common name (phe-
nol) as the parent, we must assign numbers starting with the carbon
atom connected to the hydroxy group. This means that the hydroxy
group is connected to C1, by definition. In this case, we assign num-
bers in a counterclockwise fashion, so that the chloro substituent
is at C2 rather than C6. Therefore, this compound can be named
2-chlorophenol or ortho-chlorophenol.

OH
Cl o N

1.8 The first criterion for aromaticity is not satisfied, because
the ring contains an sp® hybridized carbon atom (highlighted).

S-1
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Since the ring lacks a continuous system of overlapping p orbitals,
this anion is nonaromatic.

14
;<2:lsp3
H H

1.9 Recall that a carbocation represents an empty p orbital.
Accordingly, the first criterion for aromaticity is satisfied (a ring
with a continuous system of overlapping p orbitals), and the second
criterion is also satisfied (there are 2 & electrons). Therefore, this

cation is aromatic.
[>@_

1.10 Recall that a carbocation represents an empty p orbital.
Accordingly, the first criterion for aromaticity is satisfied (a ring
with a continuous system of overlapping p orbitals), and the second
criterion is also satisfied (there are 6 & electrons). Therefore, this
cation is aromatic.

7\
NS

1.11 The first criterion for aromaticity is satisfied (a ring with a
continuous system of overlapping p orbitals), but the second crite-
rion is not satisfied (there are 8 & electrons in this case). As such,
this structure is antiaromatic and is therefore very unstable.

BN\
\

Perhaps some of the instability could be reduced if the lone pair
occupies an sp* hybridized orbital rather than a p orbital (thereby
disrupting the continuous system of overlapping p orbitals),
although this would render the lone pair localized (not stabilized by
resonance) because a lone pair only participates in resonance when
it occupies a p orbital. So, there is no way for this anion to be stable.
Indeed, this anion is very unstable and is classified as antiaromatic.

1.12 The first criterion for aromaticity is satisfied (a ring with a
continuous system of overlapping p orbitals), but the second crite-
rion is not satisfied (there are 4 & electrons in this case). As such,
this structure is antiaromatic.

1.13 The first criterion for aromaticity is not satisfied, because the
ring contains an sp® hybridized carbon atom (highlighted below).
Since the ring lacks a continuous system of overlapping p orbitals,
this structure is nonaromatic.

1.14 The lone pair highlighted here occupies a p orbital and is part
of the aromatic system. So this lone pair is not available to function
as a base:

f\:N—CH;.;
N</

In contrast, the other lone pair (highlighted below) occupies an
sp? hybridized orbital and is not part of the aromatic system, so it is
available to function as a base:

Can function
as a base

f\N—CH;;
N/

1.15 In the structure below, the sulfur atom has two lone pairs.
One of these lone pairs occupies a p orbital, giving a continuous
system of overlapping p orbitals with 6 & electrons. Therefore, this
structure (called thiophene) is aromatic:

In the other structure (with two sulfur atoms), if each sulfur atom
were to adopt sp? hybridization (and each were to place one lone
pair in a p orbital), then there would be eight & electrons, which
would be antiaromatic.
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2.1 Among the highlighted bonds, the C—H bond will produce
the signal with the highest wavenumber, because hydrogen has the
smallest mass. The other single bonds that are highlighted (C—O
and C—Cl) will produce signals with low wavenumbers because
they are single bonds. When comparing these two bonds to each
other, oxygen has a smaller mass than chlorine, so a C—O bond
will produce a signal with a higher wavenumber than a C—Cl bond.
Therefore, the C—Cl bond will produce the signal with the lowest
wavenumber, and the C—O bond will produce the signal with the
second-lowest wavenumber. Among the remaining two bonds that
are highlighted, the triple bond is stronger than the double bond and
will therefore produce a signal with a higher wavenumber. In sum-
mary, the highlighted bonds are ranked below in order of decreasing
wavenumber.

Cl

d
X
b \\/O\

e

a>d > b >e >c

2.2 This compound has a double bond, but it is tetrasubstituted,
so there are no C_,—H bonds. Since the compound lacks C, ,—H
and C;—H bonds, we do not expect there to be a signal above
3000cm™!.

2.3 This compound has no double or triple bonds. In fact, it does
not have any functional groups and is classified as an alkane. Since
the compound lacks C, ,—H and C, —H bonds, we do not expect

there to be a signal above 3000 cm™".

2.4 This compound is a terminal alkyne. Since it has a C, —H
bond (highlighted below), we expect there to be a signal above
3000 cm™!, likely near 3300 cm™".

—=o-n

2.5 This compound is a disubstituted alkene. Since ithas C ,—H
bonds (highlighted below), we expect there to be a signal above
3000 cm™', likely near 3100 cm™".

N
Ok
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2.6 The carbonyl group “a” below is part of an ester, which gener-
ally produces a signal at 1740 cm™'. The carbonyl group “b” below
is part of a ketone, which generally produces a signal at 1720 cm™".
The remaining carbonyl group is part of a conjugated unsaturated
ketone, which is expected to produce a signal at a lower wavenum-

ber than a saturated ketone (1680 cm™!, rather than 1720 cm™").

a >b > c

The conjugated unsaturated ketone (“c”) produces a signal at
a lower wavenumber than the saturated ketone (“b”), because of
an additional resonance structure (shown below) that gives addi-
tional single-bond character to the C=O0 bond (see the highlighted
bond below). This decreases the strength of the C=0 bond, thereby
resulting in a signal at a lower wavenumber.

R\HR@\/\HR/

2.7 The strongest signal will be produced by the C=C bond
with the greatest dipole moment. Among the three structures shown
in the problem statement, the structure below has the C=C bond
with the greatest dipole moment, because the two vinylic positions
(the two carbon atoms of the C—=C bond) are in different electronic

environments.
: Cl
Cl

One vinylic position (left) is electron-rich as a result of the
electron-donating methyl groups, while the other vinylic position
(right) is electron-poor as a result of the electron-withdrawing chlo-
rine atoms. This results in the C=C bond having a relatively strong
dipole moment for a C=C bond, giving rise to a relatively strong
signal in an IR spectrum.

In contrast, each of the other two compounds has a C=C bond
with no dipole moment, because in each case, both vinylic positions
occupy identical electronic environments.

2.8 We begin by drawing all resonance structures and consider-
ing the location of the partial positive charge in the last resonance
structure (highlighted).
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.. ..0 ..0
C‘O' - :0: - :0:
AT O /6\%

The last resonance structure contributes some of its character
to the overall resonance hybrid. As a result, the highlighted carbon
atom has partial positive character in the resonance hybrid, as shown
here:

P

3+

X 3+

Since the two vinylic carbon atoms (the two carbon atoms of
the C=C bond) occupy very different electronic environments, this
C=C bond will have a relatively strong dipole moment, and as a
result, this C=C bond will produce a relatively strong signal in
an IR spectrum (compared with the relatively weak signals that are
generally associated with C=C bonds).

2.9 This IR spectrum exhibits a broad signal between 3200 cm™

and 3600 cm™!. The presence of this signal in the IR spectrum is
consistent with the structure of an alcohol.

2.10 This IR spectrum does not have any signals above
3000cm™, so it is not consistent with the structure of an alcohol
or a carboxylic acid.

2.11 This IR spectrum exhibits an extremely broad signal
between 2200 cm™! and 3600 cm™!, as well as a strong signal just
above 1700 cm™'. The presence of these signals in the IR spectrum
is consistent with the structure of a carboxylic acid.

2.12 This IR spectrum exhibits a broad signal between 3200 cm™!
and 3600 cm™!. The presence of this signal in the IR spectrum is
consistent with the structure of an alcohol.

2.13 This IR spectrum exhibits an extremely broad signal
between 2200 cm™" and 3600 cm™', as well as a strong signal just
above 1700 cm™~!. The presence of these signals in the IR spectrum
is consistent with the structure of a carboxylic acid.

2.14 This IR spectrum does not have any signals above
3000cm™, so it is not consistent with the structure of an alcohol
or a carboxylic acid.

2.15 This IR spectrum exhibits a broad signal between 3200 cm™!
and 3600 cm™!. The presence of this signal in the IR spectrum is
consistent with the structure of an alcohol.

2.16 This IR spectrum exhibits an extremely broad signal
between 2200 cm™" and 3600 cm™', as well as a strong signal just
above 1700 cm™". The presence of these signals in the IR spectrum
is consistent with the structure of a carboxylic acid.

2.17 This IR spectrum exhibits a pair of signals at 3350 cm™' and
3450 cm~!. The presence of these signals in the IR spectrum is con-
sistent with the structure of a primary amine.

2.18 This IR spectrum exhibits a strong signal just above
1700 cm™!. The presence of this signal in the IR spectrum is consis-
tent with the structure of a ketone (the little bump at 3400 cm™' can
be ignored, as will be explained in the solution to Problem 2.21).

2.19 This IR spectrum exhibits a broad, weak signal at approxi-
mately 3400 cm™!. The presence of this signal in the IR spectrum is
consistent with the structure of a secondary amine.

2.20 This IR spectrum exhibits a broad signal between 3200 cm™!
and 3600 cm™!. The presence of this signal in the IR spectrum is
consistent with the structure of an alcohol.

2.22 Spectrum A exhibits a weak signal at around 1650 cm™!,

suggesting the presence of a C=C bond that is unsymmetrical.
There is also a signal just above 3000 cm™!, suggesting the pres-
ence of a C, ,—H bond. Both of these features are consistent with
the following structure, which has an unsymmetrical C=C bond
with at least one attached hydrogen atom:

O
A

Spectrum B exhibits an extremely broad signal between
2200 cm~! and 3600 cm™!, as well as a somewhat strong signal just
above 1700 cm™'. The presence of these signals in the IR spectrum
is consistent with the structure of a carboxylic acid. There is also a
signal at 1600 cm™' suggesting the presence of C=C bonds. These
features are consistent with the following structure:

0]
OH

MeO

Spectrum C exhibits a strong signal just above 1700 cm™'. The
presence of this signal in the IR spectrum is consistent with the

structure of a ketone (the C=0 overtone signal at 3400 cm~! can
be ignored, as was explained in the solution to Problem 2.21).
)(T\/\/
Spectrum D exhibits a pair of signals at 3350cm™' and

3450 cm™'. The presence of these signals in the IR spectrum is con-
sistent with the structure of a primary amine.



/\/\NHQ
D

Spectrum E exhibits a signal just above 2100 cm™, suggesting
the presence of a C=C bond that is unsymmetrical. There is also
a narrow signal at 3300 cm™', suggesting the presence of a C,—H
bond. Both of these features are consistent with the following struc-
ture, which is a terminal alkyne:
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Finally, spectrum F exhibits a broad signal between 3200 cm™!
and 3600 cm™'. The presence of this signal in the IR spectrum is
consistent with the structure of an alcohol.

H—on

CHAPTER 3

3.2 In this structure, all four methyl groups are interchangeable
via symmetry, so the protons of these methyl groups (highlighted)
are chemically equivalent:

Hac\ ICHa
H—C—C—H
HsC | CHs

The remaining two protons are interchangeable via symmetry
and are therefore chemically equivalent:

e g
H—C—C—H
HsC  CHg

so this compound will have a proton NMR spectrum with exactly
two signals.

3.3 In this structure, the three methyl groups highlighted below
are all chemically equivalent (in much the same way that the three
protons of a single methyl group are equivalent to each other):

HG  CHg
HiC—C—C—H
HeC ~ CHg

Furthermore, the remaining two methyl groups are interchange-
able via symmetry, so they are chemically equivalent to each other:

e (g
HaC—C—G—H
HsC | CHs

Note that there are a total of five methyl groups, and they are
NOT all equivalent to each other. Rather, the three methyl groups
on the left represent one type of proton, and the two methyl groups
on the right represent a different type of proton.

Finally, there is one more proton, highlighted here:

HaC\ ICHs
HeC—C—C—H
HsC  CHs

so this compound will have a proton NMR spectrum with exactly
three signals.

3.4 In this structure, the three methyl groups on the left side of the
structure are chemically equivalent (as we saw in the previous prob-
lem), and the three methyl groups on the right side of the structure
are also equivalent to each other (for the same reason).

e o
HsC—C—C—CHy
HC  CHs

In this case, there is additional symmetry that was absent in the
previous problem. Here, the methyl groups on the left side ARE
identical to the methyl groups on the right side, because they are
interchangeable via symmetry. Therefore, all six methyl groups are
chemically equivalent, so this compound will have a proton NMR
spectrum with only one signal.

3.5 Inthis structure, the two methyl groups (highlighted) are inter-
changeable via symmetry, so the protons of these methyl groups are
chemically equivalent:
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The remaining two methylene (CH,) groups are interchangeable
via symmetry, so all four of these protons (highlighted) are chemi-
cally equivalent:

In summary, this compound will have a proton NMR spectrum
with exactly two signals.

3.6 The three protons of the methyl group are all equivalent to
each other:

Furthermore, since this compound lacks a chiral center, the two
protons of this methylene (CH,) group are chemically equivalent to
each other:

For a similar reason, the following two protons are also equiva-
lent to each other:

T
I—(Ij—I
I—(Iﬁ—I
I—(IV—I
I—(Ij—I

o

L

and these two protons are also equivalent to each other:

I
I—(l)—I
I—(l)—I
I—(l)—I
I—(l)—I

o

i

Note that the three CH, groups are NOT all equivalent to each
other (they represent three different types of protons), because they
do NOT occupy identical electronic environments (they are not
interchangeable by symmetry). They differ from each other in their
proximity to the oxygen atom.

Finally, there is one more signal from the proton connected to
the oxygen atom:

TR
nTgTyTeTToT
HHHH

In summary, the proton NMR spectrum of this compound will
have exactly five signals.

3.7 The protons connected to the oxygen atoms are interchange-
able via symmetry and are therefore chemically equivalent:

T
H=0—-C—C—C—0=H
H H H

Furthermore, since this compound lacks a chiral center, the two
protons of the central methylene (CH, ) group are chemically equiv-
alent to each other:

T
H—O—(l)—(|3—C|)—O—H
H H H

Similarly, the following four protons are also chemically
equivalent to each other:

|
H—O—(l)—
H

|
~C—O—H
H

I—-0O—T

Note that the three CH, groups are NOT all equivalent to each
other (they represent two different types of protons, not one type of
proton), because they do NOT all occupy identical electronic envi-
ronments. Each of the outer two CH, groups is connected directly
to one of the oxygen atoms, while the central CH, group is NOT
connected directly to an oxygen atom.

In summary, the proton NMR spectrum of this compound will
have exactly three signals.

3.8 Each of the methyl groups produces its own signal:

H OH
> CHj,

H OH

> CHg

HsC HsC

These two methyl groups are not chemically equivalent to each
other, because they occupy different electronic environments. The
methyl group on the left is closer to the oxygen atom, while the
methyl group on the right is more distant from the oxygen atom.



There is also a proton connected directly to the oxygen atom,
and there is a CH proton (shown below), each of which produces its
own signal:

H OH

CH
H30/</ ¢

So far, we have counted four signals (CH,, CH;, OH, and CH).
Finally, we consider the methylene (CH,) group. In this case, the
structure contains a chiral center, and therefore, we expect the two
protons of the methylene group to be different (not chemically
equivalent):

H O—H

; CH
HsC s

In summary, the proton NMR spectrum of this compound will
have six signals.

In practice, depending on the type of NMR spectrometer that is
used, the two signals corresponding to the CH, protons could possi-
bly appear as one signal (rather than two), especially if the spectrum
is acquired with an NMR spectrometer that uses a relatively weak
magnetic field. With an NMR spectrometer that uses a strong mag-
netic field, the two signals corresponding to the CH, protons can be
easily distinguished.

3.9 The three protons of the methyl group produce one signal:

QO‘CHS

The five aromatic protons give rise to three distinct signals, cor-
responding to the highlighted protons shown here:

H Th|s proton gives

one signal
These two protons 9
These two protons give one signal

give one signal

In summary, the proton NMR spectrum of this compound will
have four signals.
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3.10 In this structure, all four methyl groups are interchangeable
via symmetry, so the protons of these methyl groups (highlighted)
are chemically equivalent:

G AT P
AN S A
H«C H H H [CHg

Similarly, the CH protons (highlighted below) are chemically
equivalent to each other:

W Y e
IABRRS.
HeC H H H CHsg

Furthermore, since this compound lacks a chiral center, the two
protons of the central methylene (CH,) group are chemically equiv-
alent to each other:

Similarly, the following four protons are also chemically
equivalent:

G T P
Wi b B
H«C H H H CHg

Note that the three CH, groups are NOT all equivalent to each
other (they represent two different types of protons, not just one
type of proton), because they do NOT all occupy identical electronic
environments.

In summary, the proton NMR spectrum of this compound will
have exactly four signals.

3.11 Both of the structures below have the molecular formula
CyH,¢, and in each case, all 18 protons are chemically equivalent.
In the first structure, all six methyl groups are chemically equivalent
(giving rise to just one signal); in the second structure, all nine CH,
groups are chemically equivalent (once again, giving rise to just one
signal).
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3.13 The proton NMR spectrum of this compound will have
three signals, corresponding to the groups of protons highlighted
below.

O

2.7ppm H O/CHS 3.9 ppm
HsC CHs
1.1 ppm

The methyl protons on the right side of the structure (benchmark
value = 0.9 ppm) are alpha to the oxygen atom of an ester, which
adds +3, so the predicted chemical shift = 0.9 + 3 = 3.9 ppm.

The methyl protons on the left side of the structure (benchmark
value = 0.9 ppm) are beta to a carbonyl group, which adds +0.2, so
the predicted chemical shift = 0.9 + 0.2 = 1.1 ppm.

And finally, the methine proton (benchmark value = 1.7 ppm) is
alpha to a carbonyl group, which adds +1.0, so the predicted chem-
ical shift =1.7 + 1 = 2.7 ppm.

3.14 The proton NMR spectrum of this compound will have three
signals, corresponding to the groups of protons highlighted below.

(6]
2.2 ppm H
O
H
2.0 ppm H
H
4.2 ppm

Starting at the top of the ring, and going counterclockwise
around the ring, the first methylene group should give a signal
near 2.3 ppm because a methylene group has a benchmark value
of 1.2 ppm, and this methylene group is alpha to a carbonyl group
(+1). Thus, 1.2 + 1 =2.2 ppm.

The next methylene group should give a signal near 2.0 ppm
because a methylene group has a benchmark value of 1.2 ppm, and
this methylene group is beta to a carbonyl group (40.2) and beta to
the oxygen of an ester (+0.6). Thus, 1.2 + 0.2 + 0.6 = 2.0 ppm.

And finally, the last methylene group should give a signal near
4.2 ppm because a methylene group has a benchmark value of
1.2 ppm, and this methylene group is alpha to the oxygen of an ester
(4+3). Thus, 1.2 + 3 = 4.2 ppm.

3.15 The proton NMR spectrum of this compound will have four
signals, corresponding to the groups of protons highlighted below.

3.9 ppm
HH O

3.4 ppm H;C
o CH3z 1.9 ppm

H H
2.7 ppm

The methyl protons on the left side of the structure (benchmark
value = 0.9 ppm) are alpha to the oxygen atom of an ether, which
adds +2.5, so the predicted chemical shift = 0.9 4+ 2.5 = 3.4 ppm.

The methyl protons on the right side of the structure (benchmark
value = 0.9 ppm) are alpha to a carbonyl group, which adds +1, so
the predicted chemical shift = 0.9 + 1 = 1.9 ppm.

There are two other signals, both corresponding to methylene
groups. Let’s begin with the methylene group on the left. The bench-
mark value for a methylene group is 1.2 ppm, but this methylene
group is alpha to the oxygen atom of an ether (+2.5) and beta to a
carbonyl group (+0.2), so the predicted chemical shift = 1.2 4 2.5
+ 0.2 =3.9 ppm.

For the remaining methylene group, the benchmark value is
1.2 ppm, but this methylene group is alpha to a carbonyl group (+1)
and beta to the oxygen atom of an ether (+0.5), so the predicted
chemical shift =1.2 4+ 1 + 0.5 = 2.7 ppm.

3.16 The proton NMR spectrum of this compound will have two
signals, corresponding to the groups of protons highlighted below.

H H
H : ( H 4.2 ppm

O O

HsC  CHsz 1.9 ppm

The methyl groups are chemically equivalent to each other, and
they collectively produce one signal. The benchmark value for a
methyl group is 0.9 ppm, and each of these methyl groups is beta
to two ether groups (+0.5 + 0.5), which should give a signal near
0.9+ 0.5+ 0.5=1.9 ppm.

The methylene groups are chemically equivalent to each other,
and they collectively produce one signal. The benchmark value for
a methylene group is 1.2 ppm, and each of these methylene groups
is alpha to one ether group (42.5) and beta to another ether group
(+0.5), which should give a signal near 1.2 + 2.5 + 0.5 = 4.2 ppm.

3.17 The proton NMR spectrum of this compound will have four
signals, corresponding to the groups of protons highlighted below.

1.9 ppm

Going counterclockwise around the ring, we first encounter two
equivalent methyl groups that collectively produce one signal. The
benchmark value for a methyl group is 0.9 ppm, and each of these



methyl groups is beta to an ether group (40.5), which should give
a signal near 0.9 + 0.5 = 1.4 ppm.

Moving counterclockwise through the structure, we next
encounter a methylene group, which should give a signal near
1.9 ppm because a methylene group has a benchmark value of
1.2 ppm, and this methylene group is beta to a carbonyl group (4+0.2)
and beta to the oxygen of an ether (4+0.5). Thus, 1.2 + 0.2 + 0.5 =
1.9 ppm.

Moving counterclockwise through the structure, we next
encounter a methylene group, which should give a signal near
2.2 ppm because a methylene group has a benchmark value of
1.2 ppm, and this methylene group is alpha to a carbonyl group (+1).
Thus, 1.2 + 1 =2.2 ppm.

And finally, the last methylene group should give a signal near
4.7 ppm because a methylene group has a benchmark value of
1.2 ppm, and this methylene group is alpha to the oxygen of an ether
(4+2.5) and alpha to a carbonyl group (+1). Thus, 1.2 4+25+1 =
4.7 ppm.

3.18 The proton NMR spectrum of this compound will have
five signals, corresponding to the groups of protons highlighted
below.

0.9 ppm
1.4 ppm HzC CHs
HsC (0]
H 2.2ppm

37ppmH HH H
3.7 ppm

Moving from left to right through structure, we first encounter a
methyl group (benchmark value = 0.9 ppm) that is beta to the oxy-
gen atom of an ether, which adds +0.5, so the predicted chemical
shift =0.9 + 0.5 = 1.4 ppm.

Next, we encounter a methylene group (benchmark value =
1.2 ppm) that is alpha to the oxygen atom of an ether, which adds
+2.5, so the predicted chemical shift = 1.2 + 2.5 = 3.7 ppm.

Next, we encounter another methylene group (benchmark value
= 1.2 ppm) that is also alpha to the oxygen atom of an ether, which
adds +2.5, so the predicted chemical shift = 1.2 + 2.5 = 3.7 ppm.
Notice that we predict that two of the signals should be very close
to each other, if not overlapping.

Next we encounter a methine proton (benchmark value =
1.7 ppm) that is beta to the oxygen atom of an ether, which adds
+0.5, so the predicted chemical shift = 1.7 + 0.5 = 2.2 ppm.

Finally, there are two equivalent methyl groups that should
appear at 0.9 ppm (all inductive effects are distant and practically
negligible).

3.19 The proton NMR spectrum of this compound will have nine
signals, corresponding to the groups of protons highlighted below.
The values for these signals can be found in the table that immedi-
ately precedes the problem statement.
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6.5 - 8 ppm

l 12 ppm
> 2.8 ppm 3.0 ppm

HHHOl

H H
H
O/
- %
x HsC o 2.2 ppm
2.5 ppm \H
/ b 2-5ppm
25ppm 10 ppm

3.21 We identify the smallest integration value (in this case, 9.1)
and we then divide all of the integration values by that number, giv-
ing the ratio 5:2:2:1. The molecular formula indicates that there
are a total of 10 protons, so the numbers 5:2:2:1 represent not
only relative values, but they also represent exact values (5 protons,
2 protons, 2 protons, and 1 proton).

3.22 We identify the smallest integration value (in this case,
10.8), and we then divide all of the integration values by that num-
ber, giving the ratio 1:6. The molecular formula indicates that there
are a total of 14 protons, so the values 1 and 6 are just relative num-
bers. They actually represent 2 protons and 12 protons, in order for
the total number of protons to be 14.

3.23 We identify the smallest integration value (in this case,
18.02), and we then divide all of the integration values by that
number, giving the approximate ratio 1:1:1. The molecular formula
indicates that there are a total of 6 protons, so the values 1, 1,
and 1 are just relative numbers. They actually represent 2 protons,
2 protons, and 2 protons, in order for the total number of protons
to be 6.

3.25 The proton NMR spectrum of this compound will have three
signals, corresponding to the groups of protons highlighted below.
In each case, the multiplicity is determined by the number of neigh-
boring protons, using the n + 1 rule.

O

septet H O/CHs singlet
HsC CHs
doublet

The methyl group on the right side of the structure has no neigh-
bors (n = 0), so it will give a singlet (n + 1 = 1).

The methine proton has six neighbors (n = 6), so it will give a
septet (n + 1 =7).

And the two equivalent methyl groups have one neighbor
(n=1), so they will give a doublet (n + 1 = 2).

3.26 The proton NMR spectrum of this compound will have three
signals, corresponding to the groups of protons highlighted below.
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In each case, the multiplicity is determined by the number of neigh-
boring protons, using the n + 1 rule.

. HaC
singlet HsC
o}
triplet H H
H
triplet

Moving counterclockwise around the structure, we first
encounter two equivalent methyl groups, both of which are con-
nected to a carbon atom that has no protons (n = 0). Therefore,
these methyl groups collectively give rise to a singlet (n + 1 = 1).

The methylene groups are nonequivalent (because of their prox-
imity to the oxygen atom), and they are neighboring each other, so
each methylene group has two neighbors (n = 2). Therefore, each
of these methylene groups will give rise to a triplet (n + 1 = 3).

3.27 The proton NMR spectrum of this compound will have four
signals, corresponding to the groups of protons highlighted below.
In each case, the multiplicity is determined by the number of neigh-
boring protons, using the n + 1 rule.

triplet
H O
oG - singlet
ok
w (0] CH3
— H H
singlet triplet

Moving from left to right, we first encounter a tert-butyl group,
which has three equivalent methyl groups, all connected to a car-
bon atom that has no protons (n = 0). Therefore, these three methyl
groups collectively give rise to a singlet (n + 1 = 1). This is charac-
teristic of a terz-butyl group.

The nonequivalent methylene groups are neighboring each
other, so each methylene group has two neighbors (n = 2). There-
fore, each of these methylene groups will give rise to a triplet
(n+1=3).

Finally, the methyl group on the right has no neighbors (n = 0),
giving rise to a singlet (n + 1 = 1).

3.28 The proton NMR spectrum of this compound will have two
signals, corresponding to the groups of protons highlighted below.
In each case, the multiplicity is determined by the number of neigh-
boring protons, using the n + 1 rule.

H O H

H y singlet
(0] (0]

HsC  CHs singlet

At the bottom of the structure, there are two equivalent methyl
groups, each of which is connected to a carbon atom that has no pro-
tons (n = 0). Therefore, these two methyl groups collectively give
rise to a singlet (n + 1 = 1).

The methylene groups are neighboring each other, but they don’t
split each other, because they are chemically equivalent protons.
Instead, they collectively give rise to a singlet (chemically equiva-
lent protons do NOT split each other).

3.29 The proton NMR spectrum of this compound will have four
signals, corresponding to the groups of protons highlighted below.
In each case, the multiplicity is determined by the number of neigh-
boring protons, using the n + 1 rule.

singlet
H3C

singlet HGC
3

triplet

triplet

Moving counterclockwise around the structure, we first
encounter two equivalent methyl groups, each of which is connected
to a carbon atom that has no protons (n = 0). Therefore, these two
methyl groups collectively give rise to a singlet (n + 1 = 1).

Next we encounter two nonequivalent methylene groups that are
neighboring each other, so each methylene group has two neighbors
(n = 2). Therefore, each of these methylene groups will give rise to
atriplet (n + 1 = 3).

Finally, the remaining methylene group has no neighbors
(n =0), giving rise to a singlet (n + 1 = 1).

3.30 The proton NMR spectrum of this compound will have four
signals, corresponding to the groups of protons highlighted below.
In each case, the multiplicity is determined by the number of neigh-
boring protons, using the n + 1 rule.

quartet

H H CHs

X /kCHs doublet
triplet H3C o}
riple 2 H septet

Moving from left to right, we first encounter a methyl group that
has two neighbors (n = 2), giving rise to a triplet (n + 1 = 3).

Next we encounter a methylene group with three neighbors
(n = 3), giving rise to a quartet (n + 1 =4).

There is also a methine proton with six neighbors (n = 6), giving
rise to a septet (n + 1 = 7).

Finally, there are two equivalent methyl groups, which are both
connected to a carbon atom bearing only one proton (n = 1), so these
methyl groups will collectively give rise to a doublet (n + 1 = 2).



3.31 This spectrum exhibits a septet with an integration of 1 and a
doublet with an integration of 6. These two signals are characteristic
of an isopropyl group.

3.32 We begin by identifying the smallest integration value (in
this case, 13.9), and we then divide all of the integration values by
that number, giving the ratio 1 : 1.5 : 1 : 1.5. There is no such thing
as half of a proton, so we multiply these numbers by 2, to give the
ratio 2 : 3 : 2 : 3. The molecular formula indicates that there are a
total of 10 protons, so these values represent the actual number of
protons giving rise to each signal (2 protons, 3 protons, 2 protons,
and 3 protons = 10 protons).

Now that we know the integration values, we can see that this
spectrum exhibits a quartet with an integration of 2, and a triplet
with an integration of 3. These two signals are characteristic of an
ethyl group.

3.33 We begin by identifying the smallest integration value (in
this case, 10.8), and we then divide all of the integration values by
that number, giving the ratio 1:6. Now that we know the integra-
tion values, we can see that this spectrum exhibits a septet with an
integration of 1 and a doublet with an integration of 6. These two
signals are characteristic of an isopropyl group.

The molecular formula indicates that there are a total of 14 pro-
tons, so the values 1 and 6 are just relative numbers. They actually
represent 2 protons and 12 protons, in order for the total number of
protons to be 14 (there are two equivalent isopropyl groups).

3.34 We begin by identifying the smallest integration value (in
this case, 9.1), and we then divide all of the integration values by that
number, giving the ratio 5:2:2:1. The molecular formula indicates
that there are a total of 10 protons, so the numbers 5:2:2:1 repre-
sent not only relative values, but they also represent exact values
(5 protons, 2 protons, 2 protons, and 1 proton).

Now that we know the integration values, we can see that this
spectrum does not contain the characteristic signals for an isopropyl
group, or an ethyl group, or a tert-butyl group. This structure does
not have any of these three groups.

3.36 For purposes of calculating degrees of unsaturation, we
inspect the molecular formula, and we can ignore the presence of
oxygen atoms. So a compound with the molecular formula C;H,,0,
has the same HDI as a compound with the molecular formula C H, .
To be fully saturated, a compound with 6 carbon atoms would need
to have 14 hydrogen atoms. This compound has only 10 hydrogen
atoms, so it is missing 4 hydrogen atoms. Therefore, this compound
has 2 degrees of unsaturation.

3.37 For purposes of calculating degrees of unsaturation, we
inspect the molecular formula, and we can subtract one hydrogen
atom for each nitrogen atom that is present. So a compound with the
molecular formula C;H, ;N has the same HDI as a compound with
the molecular formula C;H,,. To be fully saturated, a compound
with 7 carbon atoms would need to have 16 hydrogen atoms. But
the molecular formula C;H,, has 10 hydrogen atoms, so 6 hydro-
gen atoms are missing. Therefore, this compound has 3 degrees of
unsaturation.
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3.38 For purposes of calculating degrees of unsaturation, we
inspect the molecular formula, and we can ignore the presence of
oxygen atoms. So a compound with the molecular formula CgH,,0,
has the same HDI as a compound with the molecular formula C{H,,.
To be fully saturated, a compound with 8 carbon atoms would need
to have 18 hydrogen atoms. This compound has only 14 hydrogen
atoms, so it is missing 4 hydrogen atoms. Therefore, this compound
has 2 degrees of unsaturation.

3.39 For purposes of calculating degrees of unsaturation, we
inspect the molecular formula, and we can ignore the presence of
oxygen atoms. So a compound with the molecular formula C;H,,0,
has the same HDI as a compound with the molecular formula C;H,,.
To be fully saturated, a compound with 5 carbon atoms would need
to have 12 hydrogen atoms. This compound does have 12 hydro-
gen atoms, so it is not missing any hydrogen atoms. Therefore, this
compound is saturated and has 0 degrees of unsaturation.

3.40 For purposes of calculating degrees of unsaturation, we
inspect the molecular formula, and we can subtract one hydrogen
atom for each nitrogen atom that is present. So a compound with the
molecular formula C,H ;N has the same HDI as a compound with
the molecular formula C,H,,, which is fully saturated. Therefore,
this compound has 0 degrees of unsaturation.

3.41 For purposes of calculating degrees of unsaturation, we
inspect the molecular formula, and we can ignore the presence of
oxygen atoms. So a compound with the molecular formula C{H,,0
has the same HDI as a compound with the molecular formula CgH, .
To be fully saturated, a compound with 8 carbon atoms would need
to have 18 hydrogen atoms. This compound has only 10 hydrogen
atoms, so it is missing 8 hydrogen atoms. Therefore, this compound
has 4 degrees of unsaturation.

3.43 The first step is to calculate the HDI. With a molecular
formula of CsH,,O, this compound has 1 degree of unsaturation.
Therefore, the structure must contain either a ring or a double bond
(but not both).

The next step is to consider the number of signals and the inte-
gration value of each signal. This spectrum has four signals, and
we can determine the relative integration of each signal by dividing
all of the given integration values by the smallest integration value
(27.0). This process gives the following ratio:

1:15:1:15

There is no such thing as half of a proton, so we multiply these
numbers by two, giving the same ratio in whole numbers:

2:3:2:3

The total of these integration values is 10, and the molecu-
lar formula indicates the presence of 10 protons in the structure.
So these values are not only relative, but they also represent the
actual number of protons associated with each signal (2H, 3H, 2H,
and 3H).

The next step is to analyze each signal. Perhaps the easiest sig-
nal to analyze is the singlet just above 2 ppm. This signal has an
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integration of 3, which means that it is a methyl group, and the sin-
glet indicates that there are no neighboring protons. A methyl group
has a benchmark value of 0.9 ppm, but this signal has been shifted
downfield by a little more than 1 ppm. This suggests that this methyl
group is next to a carbonyl group:

0
HoC—C—

Note that the double bond accounts for the 1 degree of
unsaturation.

The signal at 2.4 ppm has an integration of 2, indicating that it is
a CH, group, and its chemical shift is shifted downfield by a little
more than 1 ppm (relative to the benchmark value of 1.2 ppm for a
CH, group) indicating that this CH, group is likely adjacent to the
carbonyl group. So we introduce a CH, group next to the carbonyl
group:

o H
I

HaC—C—?—é
H

Now let’s analyze the last two signals. One signal (at 0.9 ppm)
has an integration of 3, so this signal represents a methyl group. The
other signal has an integration of 2, representing a CH, group. If we
connect these pieces, we get the following structure:

ho | |
HgC—C—?—é §—9—§ §—c|:—H
H H H
O T o)

)K/\

Notice the multiplicity of the signal associated with the CH,
group that has neighbors on either side of it (the signal at 1.6 ppm).
This CH, group has three neighbors on the right and two neigh-
bors on the left, for a total of five neighbors. Since the J values are
expected to be similar, the multiplicity will appear as if this CH,
group has five equivalent neighboring protons, and according to the
n + 1 rule, this gives a sextet, which is exactly what we see.

b
HeC—C—C—C—C—H =
H H H

3.44 The first step is to calculate the HDI. With a molecular for-
mula of C;H,,0,, this compound has 1 degree of unsaturation.
Therefore, the structure must contain either a ring or a double bond
(but not both).

The next step is to consider the number of signals and the inte-
gration value of each signal. This spectrum has four signals, and

we can determine the relative integration of each signal by dividing
all of the given integration values by the smallest integration value
(33.2). This process gives the following ratio:

1:15:1:15

There is no such thing as half of a proton, so we multiply these
numbers by 2, giving the same ratio in whole numbers:

2:3:2:3

The total of these integration values is 10, and the molecular for-
mula indicates the presence of 10 protons in the structure. So these
values are not only relative, but they also represent the actual num-
ber of protons associated with each signal (2H, 3H, 2H, and 3H).

The next step is to analyze each signal. Perhaps the easiest sig-
nal to analyze is the singlet just above 2 ppm. This signal has an
integration of 3, which means that it is a methyl group, and the sin-
glet indicates that there are no neighboring protons. A methyl group
has a benchmark value of 0.9 ppm, but this signal has been shifted
downfield by a little more than 1 ppm. This suggests that this methyl
group is next to a carbonyl group:

0
HoC—C—

Note that the double bond accounts for the 1 degree of unsatu-
ration.

The signal at 4.0 ppm has an integration of 2, indicating that it is
a CH, group, and its chemical shift is shifted downfield by approxi-
mately 3 ppm (relative to the benchmark value of 1.2 ppm for a CH,
group) indicating that this CH, group is likely adjacent to an oxygen
atom:

Now let’s analyze the last two signals. One signal (at 0.9 ppm)
has an integration of 3, so this signal represents a methyl group.
The other signal has an integration of 2, representing a CH, group.
In summary, we have the following pieces:

okt podt ped il

There is more than one way to connect these fragments. To help
guide us, let’s consider which fragment to connect to the oxygen
atom:



We cannot connect either the CH, fragment or the CH, fragment
directly to this oxygen atom, because then we would expect another
signal around 4 ppm, and there is only one such signal. Therefore,
this oxygen atom must be connected to the carbonyl group. This
now gives only three fragments, which can only be connected in
one way:

no i i
|
HsC—C—0— c§ §—?—§ é—?—H
H H
T
HCCOCCCHE)J\
3 SRR O/\/
HoH OH

Notice the multiplicity of the signal associated with the CH,
group that has neighbors on either side of it (the signal at 1.6 ppm).
This CH, group has three neighbors on the right and two neigh-
bors on the left, for a total of five neighbors. Since the J values
are similar, which is usually the case, the multiplicity will appear
as if this CH, group has five equivalent neighboring protons, and
according to the n+1 rule, this gives a sextet, which is exactly what
we see.

3.45 The first step is to calculate the HDI. With a molecu-
lar formula of C,H,O,, this compound must have 2 degrees of
unsaturation.

The next step is to consider the number of signals and the inte-
gration value of each signal. This spectrum has three signals, and
we can determine the relative integration of each signal by dividing
all of the given integration values by the smallest integration value
(18.92). This process gives the following ratio:

1:1:1

The total of these relative integration values is 3, but the molec-
ular formula indicates the presence of 6 protons in the structure.
So we multiply all of the integration values by 2, to give the actual
number of protons associated with each signal (2H, 2H, and 2H). So
we conclude that each of the three signals is associated with a CH,
group. Note the multiplicities of these three signals (triplet, triplet,
and quintet). This indicates that all three CH, groups are connected
as follows:

660

I-O-T
|
I-O-T
|
I-O-T

The central CH, group has four neighbors, so the signal for this
CH, group is a quintet (n + 1 rule). And each of the other two
remaining CH, groups is a triplet, because each has two neighbors.
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Notice that one of the signals (4.3 ppm) appears shifted down-
field by approximately +3 ppm (relative to the benchmark value of
1.2 ppm for a CH, group). This CH, groups must be next to an oxy-
gen atom, likely of an ester group:

0 H H H

f6-0-¢-6-6-4
H H H

This accounts for one of the 2 degrees of unsaturation, but we
still need one more degree of unsaturation, and we have already
accounted for all atoms in the molecular formula (C,H,0O,). So the
remaining degree of unsaturation must be associated with a ring, so
we join the ends of the fragment above as follows:

I Ox /o\o’H
$~Cc-0-c-Cc-Cc—§ — \ T
| | | H/C C\H

HoH H I

H o H

If we consider the chemical shifts of the signals associated with
all CH, groups, they are all consistent with expected predictions.
The CH, group next to the carbonyl group is shifted a bit more than
+1 ppm from its benchmark value of 1.2 ppm. And the central CH,
group is beta to the carbonyl group (which adds +0.2 ppm) and also
beta to the oxygen atom (which adds +0.6 ppm), so its signal is
shifted downfield by almost +1 ppm.

3.46 The first step is to calculate the HDI. With a molecular for-
mula of C4H,,, this compound has 4 degrees of unsaturation, which
is strongly suggestive of an aromatic ring.

The next step is to consider the number of signals and the inte-
gration value of each signal. This spectrum has three signals, and
the integration values are SH, 1H, and 6H, respectively.

The signal just above 7 ppm is characteristic of an aromatic ring,
and the integration (SH) indicates that the ring is monosubstituted.

If we consider the other two signals, we will notice that these
two signals are the characteristic pattern of an isopropyl group:

CH
Y; 3
$—C—H
\
CHs
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These two fragments account for all of the atoms in the molec-
ular formula, and there is only one way to connect these fragments:

O+
N/

O

3.47 The first step is to calculate the HDI. With a molecular for-
mula of C,H,,0,, this compound has 1 degree of unsaturation.
Therefore, the structure must contain either a ring or a double bond
(but not both).

The next step is to consider the number of signals and the inte-
gration value of each signal. This spectrum has four signals, and the
integration values are 1H, 2H, 6H, and 3H, respectively.

Now we are ready to analyze each signal, one at a time, but in
this case, it might be more efficient to look for patterns of signals.
For example, the signal very far downfield (5 ppm) is a septet with
an integration of 1H, and there is also a doublet with an integra-
tion of 6H. These two signals together suggest the presence of an
isopropyl group:

Notice that the CH signal appears at 5ppm, which is sig-
nificantly downfield from the benchmark value for a CH group
(1.7 ppm). Indeed the shift is more than +3 ppm, so we conclude
that the CH group is connected directly to an oxygen atom (likely
of an ester):

/CH3
$—0—C—H
\
CHs
Now let’s consider the remaining two signals. We have a quartet

with an integration of 2H and a triplet with an integration of 3H.
These two signals together suggest the presence of an ethyl group:

§_

I-O-T
|
I-O—-T
|
T

Notice that the CH, group produces a signal at 2.3 ppm, which is
shifted approximately +1 ppm from the benchmark value for a CH,
group (1.2 ppm). This suggests that the CH, group is connected to
a carbonyl group:

So far, we have two fragments, and these two fragments account
for all of the atoms in the molecular formula. There is only one way
to connect these fragments, as shown:

HsC O H H
\ I
H—C—0—$ $—C—C—C—H
/ | |
HsC H H

T
5
S
5
5
5
T
I

LA

3.48 The first step is to calculate the HDI. With a molecular for-
mula of CgH,,O, this compound has 4 degrees of unsaturation,
which is strongly suggestive of an aromatic ring.

The next step is to consider the number of signals and the inte-
gration value of each signal. This spectrum has four signals, and the
integration values are 5H, 2H, 2H, and 1H, respectively.

The signal just above 7 ppm is characteristic of an aromatic ring,
and the integration (SH) indicates that the ring is monosubstituted.

There are also two triplets, each of which has an integration of
2H, indicating that there are two CH, groups connected to each
other (each being split into a triplet by the other):

e

I-O—-I
|
I-O—-I

These two fragments account for almost all of the atoms in the
molecular formula, with the exception of one oxygen atom and one
hydrogen atom. If we attached this hydrogen atom to either CH,
group, it would turn the CH, group into a CH, group, which is not
consistent with the spectrum. So the last proton must be connected
directly to the oxygen atom, which is consistent with the broad 1H



singlet around 2 ppm. This gives us three fragments, and there is
only one way to connect these fragments:

H H
T
H —C—C— —OH
e
H H
H H
H H
T on
H C—C—OH = ©/\/
H H
H H

3.50 This compound has 10 carbon atoms, but it also has symme-
try, so we expect fewer than 10 signals. Indeed, there are six differ-
ent types of carbon atoms in this compound (highlighted below), so
we expect a total of six signals in the '3C NMR spectrum. Any car-
bon atom that is NOT highlighted is chemically equivalent to one of
the highlighted carbon atoms. The expected location of each signal
is indicated below.

100-150
0-50 ppm

ppm % ﬂ y

0-50 /\@/\
ppm
A

100-150
ppm ﬁ
100-150
ppm

100-150
ppm

Notice that sp? hybridized carbon atoms are expected to pro-
duce signals between 100 and 150 ppm, while sp? hybridized car-
bon atoms are expected to produce signals in the range 0-50 ppm.
The signal corresponding to the benzylic position is expected to be
shifted downfield by its proximity to the aromatic ring, so perhaps
it will appear closer to 50 ppm.

3.51 This compound lacks symmetry, and we expect one signal
for each carbon atom, for a total of nine signals. The expected loca-
tion of each signal is indicated below:

100-150

100150  ,~ ppm
ppm 150-220
14 §.0%

0-50 o

ppm N H

50-100 & %

oo 100-150
@ ppm
100-150 %
ppm 100-150

m
100-150 PP
ppm
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Notice that sp? hybridized carbon atoms are expected to pro-
duce signals between 100 and 150 ppm, while the carbonyl group
is expected to produce a signal between 150 and 220 ppm. This
structure has two sp® hybridized carbon atoms on the left side of
the structure. One of them is connected to an oxygen atom and
is expected to appear between 50 and 100ppm. The other sp?
hybridized carbon atom is expected to produce a signal in the range
0-50 ppm.

3.52 This compound has six carbon atoms, but two of them (the
two methyl groups) are chemically equivalent (they occupy iden-
tical electronic environments), so we expect only five signals. The
expected location of each signal is indicated below:

100-150
ppm
0-50 ﬂ
ppm %)\/\ 100-150
ppm
050 S
ppm ﬁ
0-50
ppm

Notice that sp? hybridized carbon atoms are expected to pro-
duce signals between 100 and 150 ppm, while sp? hybridized carbon
atoms are expected to produce signals in the range 0-50 ppm.

3.53 This compound has five carbon atoms, and there is no sym-
metry here, so we expect five signals. All five carbon atoms are
sp® hybridized, although two of them are connected directly to the
oxygen atom. These two carbon atoms will each produce a signal
between 50 and 100 ppm (as a result of the electron-withdrawing
effect from the oxygen atom), while the other three carbon atoms
will produce signals between 0 and 50 ppm.

3.54 This compound has six carbon atoms, but there is symme-
try here (the right half reflects the left half of the molecule), so we
expect only three signals. The expected location of each signal is
indicated below:

0-50
ppm

0]
050 = P e N N

i

50-100
ppm

Notice that all three highlighted carbon atoms above are sp*
hybridized, but one of them is connected directly to the oxygen
atom. This carbon atom will produce a signal between 50 and
100 ppm (as a result of the electron-withdrawing effect from the

oxygen atom), while the other two carbon atoms will produce sig-
nals between 0 and 50 ppm.

3.55 This compound has six carbon atoms, but two of the car-
bon atoms (the two methyl groups on the left side of the struc-
ture) are chemically equivalent because they occupy identical
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electronic environments. Accordingly, we expect only five signals.
The expected location of each signal is indicated below:

Notice that all highlighted carbon atoms above are sp
hybridized, but two of them are connected directly to the oxygen
atom. These two carbon atoms will each produce a signal between
50 and 100 ppm (as a result of the electron-withdrawing effect from
the oxygen atom), while the other three carbon atoms will produce
signals between 0 and 50 ppm.

50-100
ppm
50-100
ppm % ﬂ
)\ (= 050
0-50 o/\/ ppm
ppm ﬁ
0-50
ppm
CHAPTER 4

4.2 (I, reacts with AICl, to generate a Lewis acid—Lewis base
complex:

|

Al Cl
/—C\|: ~cl .. ®. lo
:QI_QI_All_CI
Cl

This complex can then serve as a delivery agent of CI* (high-
lighted below):

Cl Cl
o ®.. | . o . |
:(.D.I—\/QI—/]\IQCI _Nue Nuc?:—g: :(_D.I—AI\IGLCI
Cl Cl

4.3 This mechanism has only two steps. In the first step,
the ring functions as a nucleophile and attacks the Lewis
acid—Lewis base complex (see the solution to the previous prob-
lem), thereby transferring C1* to the aromatic ring, and generating
a resonance-stabilized intermediate, called a sigma complex. In the
second (and final) step of the mechanism, AICl,~ removes a proton
from the sigma complex to restore aromaticity, as shown.

cl
Cly
AICl
cl
|

N @.. e) ?@
a4 d ClAI=ClI

cl &

Cl

H ClI H CI H
@ G)T
e -
(©]

4.4 This mechanism has only two steps. In the first step, the
ring functions as a nucleophile and attacks I*, thereby generat-
ing a resonance-stabilized intermediate, called a sigma complex.
In the second (and final) step of the mechanism, water functions
as a base and removes a proton from the sigma complex to restore
aromaticity.

1@
H,O
{0 "Sor H/
H 1 H I <H I
® ®
> >
®

4.5 A bromine atom can be installed on the ring by treating ben-
zene with Br, in the presence of a Lewis acid, such as AlBr;:

Bro
—_—
AlBrs
4.6 A nitro group can be installed on the ring by treating benzene
with a mixture of sulfuric acid and nitric acid:

»

Br

NO,

HNO;
—_—
HpSO4



DETAILED SOLUTIONS S-17

4.7 A chlorine atom can be installed on the ring by treating ben- | case, a tertiary carbocation is involved, and it cannot rearrange to
zene with Cl, in the presence of a Lewis acid, such as AICI: become more stable).

Cl
Cl
2 AlCl5
AICl, _—
4.10 This transformation requires the installation of a butyl

s
group, without any rearrangements. This cannot be accomplished
directly via a Friedel-Crafts alkylation, because that would produce =~ 4-13 This alkylation can be achieved directly via a Friedel-Crafts
a mixture of products (as the result of rearrangement). The desired alkylation process, without the concern of rearrangements (in this
transformation can be achieved via a Friedel-Crafts acylation, fol- = €as¢, a secondary carbocation is involved, and there is no way for it
lowed by a Clemmensen reduction, as shown here: to rearrange to become tertiary).

—_—

2) Zn(Hg), HCI, heat /O
cl

Zn(Hg),

i © HCI
Cl)k/\ heai 4.14 This transformation requires the installation of a primary

o)
)J\/\ AICI5
© 1) AlClg, Cl

alkyl group, without any rearrangements. This cannot be accom-
AICl3 plished directly via a Friedel-Crafts alkylation, because that would
produce a mixture of products (as the result of rearrangement). The
desired transformation can be achieved via a Friedel-Crafts acyla-

tion, followed by a Clemmensen reduction, as shown here:
4.11 This alkylation can be achieved directly via a Friedel-Crafts

alkylation process, without the concern of rearrangements (in this
case, a secondary carbocation is involved, and there is no way for it
to rearrange to become tertiary).

O

Cl

1) AlCl3,
© 2) Zn(Hg), HCI, heat ©/\©
AICl3
© \(\ (0] /Zn(Hg),
(6]

HCI,

Cl Cl heat

4.12 This alkylation can be achieved directly via a Friedel-Crafts @)b
alkylation process, without the concern of rearrangements (in this AlCl3
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4.15 This is a Friedel-Crafts alkylation process in which a primary alkyl chloride is used. The mechanism involves a primary carbocation
that can rearrange to a secondary carbocation, which can further rearrange to give a tertiary carbocation, as shown here:

Hydride Hydride
shift shift
—_— B —
® ®
®
Primary carbocation Secondary carbocation Tertiary carbocation

The aromatic ring can attack any one of the carbocations shown above, leading to a mixture of products:

OO O

4.16 The first step is formation of a Lewis acid—Lewis base complex:

Cl
\
Al—CI
/\/k of Cl:l /\)\
- __ ol @
o CI—AI—CI
:Cl | o
h Cl

This complex can then function “as if”” it were a primary carbocation:
(|3I
| ©
@cl: [ - CI—Pld—CI @\)\
Cl

The primary carbocation is very unstable, and it is unlikely that it is actually formed. Rather, the complex has the character of a primary
carbocation (it can be attacked by a nucleophile or it can undergo rearrangement). If it is attacked by a nucleophile, without first rearranging,
then a primary alkyl group is installed on the ring, as shown:

?I
|
| H H H CI—Pld@—CI
C
® ® cl
+ A|C|3
[©) + HCI
—AICly
®
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Now let’s consider what happens if rearrangement occurs prior to nucleophilic attack, giving a secondary carbocation:

CI

ol @

CI—AII
Cl

—AICl4
6\)\ - Z

e

H
H

Primary carbocation

Rearrangement Q\

®

Secondary
carbocation

This secondary carbocation can rearrange further, but if instead, it is first attacked by the aromatic ring, then a secondary alkyl group

is installed on the ring, as shown:

BN
© e

H H H
® o
®

?l
CI—All@—CI

cl + AlCl,
—_—

+ HCI

Now let’s consider what happens if the secondary carbocation rearranges to give a tertiary carbocation prior to nucleophilic attack:

=4
(©]

Secondary
carbocation

If this tertiary carbocation is attacked by the ring, then a tertiary alkyl group is installed on the ring, as shown:

[k

©_,

H H H
® o>
®

Cl)l
CI_AII@_ Cl

Cl + AICl3
_—

+ HCI

This product is likely the major product, although the exact product mixture is difficult to predict.

4.17 The first step is formation of the acylium ion, highlighted below:

AL

CI

/w)gm—m cl

Cl
CI—/-l\I—CI
Cl
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This acylium ion can function as an electrophile in an electrophilic aromatic substitution reaction, which has two steps. In the first step,
the aromatic ring functions as a nucleophile and attacks the acylium ion to give a resonance-stabilized sigma complex. Then, in the second
(and final) step, a proton is removed from the ring to restore aromaticity:

o) o) (|3| o
H H oAl
'y |
® Cl + AICl3
-~ -~ —_—  »
+ HCI
®

4.19 The desired transformation involves the installation of asul- | 4.22 The desired transformation involves removing a sulfonate
fonate group on the aromatic ring, which can be achieved with = group from the aromatic ring, which can be achieved with dilute

concentrated fuming sulfuric acid. sulfuric acid.
dilute
HZSO4 (jij
—_—
conc. fuming
H,SO
= SOgH
SO3H 4.23 The desired transformation involves the installation of a

bromine atom on the aromatic ring, which can be achieved with
Br, and a Lewis acid, such as AlBr;.

4.20 The desired transformation involves removing a sulfonate
group from the aromatic ring, which can be achieved with dilute Br

sulfuric acid.
Bro

B ——

AlBrg
Br Br
dilute H2804 . . . ) .
_— 4.24 The desired transformation involves the installation of a
nitro group on the aromatic ring, which can be achieved with a mix-

ture of nitric acid and sulfuric acid.

SO3zH
NO,
4.21 The desired transformation involves the installation of a sul- HNO3
fonate group on the aromatic ring, which can be achieved with —_—
concentrated fuming sulfuric acid. H2SO4
o o 4.25 The desired transformation involves the installation of a
chlorine atom on the aromatic ring, which can be achieved with CI,
~ )J\ ~ )k and a Lewis acid, such as AICI,.
N N 3
conc. fuming
H2S04 Cl
—_—
Cl,
—_—

SO4H AICl;



DETAILED SOLUTIONS  S-21

4.26 The desired transformation involves the installation of a | carbocation rearrangements), and then reduce the resulting ketone

methyl group on the aromatic ring, which can be achieved with a = with a Clemmensen reduction to give the desired product.
Friedel-Crafts alkylation.

O
& )J\/
1) AICl3, CI
CHsCl ) AlCls
_— 2) Zn(Hg), HCI, heat

AICl3
4.27 The desired transformation involves the installation of a pri- 0 0o Zn(Hg)
mary alkyl group on the aromatic ring. This cannot be achieved )K/ hol )
efficiently with a Friedel-Crafts alkylation, because the possibility cl heat
for carbocation rearrangement would generate a mixture of prod-

AICl3

ucts. Instead, we can perform a Friedel-Crafts acylation (without

4.28 Asindicated in the problem statement, this mechanism has three steps. In the first step of the mechanism, the aromatic ring functions
as a nucleophile and attacks SO, (an electrophile) to give a resonance-stabilized intermediate, called a sigma complex. This sigma complex
is then deprotonated (by water) to give a sulfonate anion, which is then protonated (under these acidic conditions) to give the product.

o .0
[6) :0: OH
o Oy i /—\ﬁ i
AN\ H o0 0=S=0 | 0=S=0
C ,7° ‘0" 0¥

[e) ®
-

4.29 As indicated in the problem statement, this mechanism can be drawn in two steps, as shown below. In the first step, the aromatic
ring is protonated to give a resonance-stabilized intermediate, called a sigma complex. This sigma complex is then deprotonated (by water)
to give the product, as shown.

B H H H<\_
0 0 )
?H N Oy ./ O\\</O
0=S8=0 H H SXg H S H S
Co HoN
(\H/@\H @ @ H/ \H O\\
- -~ + S=0

Y
5 e}

4.31 This ring bears a halogen substituent (Cl). Halogens are = 4.34 The problem statement indicates that the substituent in this
deactivators, but they are ortho—para directors. case is a deactivator. We have seen that all deactivators are meta
directors, with the exception of the halogens. This substituent is not
a halogen, so it is not an exception. If it is a deactivator, then it must
be a meta director.

4.32 Thisring bears a hydroxyl group (OH), which is an activator
and an ortho—para director.

4.33 This ring bears a nitro group (NO,), which is a deactivator = 4.35 The problem statement indicates that the substituent in this
and a meta director. case is an activator. We have seen that all activators are ortho—para
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directors. Therefore, this substituent must be an ortho—para
director.

4.36 The problem statement indicates that the substituent in this
case is a deactivator. We have seen that all deactivators are meta
directors, with the exception of the halogens. This substituent is not
a halogen, so it is not an exception. To be clear, this substituent does
indeed contain halogens (three chlorine atoms), but none of those
chlorine atoms are connected directly to the aromatic ring, so there
are no resonance effects here. There are only inductive effects here,
from each of the three chlorine atoms, which add together to give a
powerful electron-withdrawing effect. Since this substituent (CCl,)
is a deactivator, it must be a meta director.

4.37 The problem statement indicates that the substituent in this
case is an activator. We have seen that all activators are ortho—para
directors. Therefore, this substituent must be an ortho-para
director.

4.39 The reagents (nitric acid and sulfuric acid) indicate a nitra-
tion reaction, which means that a nitro group is installed on the
aromatic ring. In order to draw the product(s), we must consider
where the nitro group will be installed. That is, we must consider
the existing substituent and its directing effects. In this case, the
existing substituent is Br, which is an ortho—para director. There-
fore, we expect the nitration reaction to occur at either the ortho
position or the para position, giving two products, as shown:

Br Br Br
N
HNO; O
. +
HySO4
NO»

4.40 The reagents indicate a Friedel-Crafts alkylation reaction,
so a methyl group is installed on the aromatic ring. In order to draw
the product(s), we must consider where the methyl group will be
installed. That is, we must consider the existing substituent and its
directing effects. In this case, the existing substituent is a methyl
group, which is an ortho—para director. Therefore, we expect the
methylation reaction to occur at either the ortho position or the para
position, giving two products, as shown:

CHs CHs

CHs

CH3j

CH5CI
AICl3

CH3

4.41 The reagents indicate a Friedel-Crafts acylation reaction,
which means that an acyl group is installed on the aromatic ring. In
order to draw the product(s), we must consider where the acyl group

will be installed. That is, we must consider the existing substituent
and its directing effects. In this case, the existing substituent is Br,
which is an ortho—para director. Therefore, we expect the acylation
reaction to occur at either the ortho position or the para position,

giving two products, as shown:
Br O Br
+
o)

4.42 The reagents (nitric acid and sulfuric acid) indicate a nitra-
tion reaction, which means that a nitro group is installed on the
aromatic ring. In order to draw the product(s), we must consider
where the nitro group will be installed. That is, we must consider the
existing substituent and its directing effects. The problem statement
indicates that the existing substituent is a deactivator. Therefore, we
expect that a nitro group will be installed at the meta position:

Br

AICl3,

—_—_—
o
)J\CI

O o 0) NG

HNO;

HpSO,4 w
2

4.43 The reagents (Br, and AlBr;) indicate a bromination reac-
tion, which means that a bromine atom will be installed on the aro-
matic ring. In order to draw the product(s), we must consider where
the bromine atom will be installed. That is, we must consider the
existing substituent and its directing effects. The problem statement
indicates that the existing substituent is a deactivator. Therefore, we
expect that a bromine atom will be installed at the meta position:

O CNQ 0) SN

Bro

—_—
AlBr3
Br

4.44 The reagents (Cl, and AlCl,) indicate a chlorination reac-
tion, which means that a chlorine atom will be installed on the aro-
matic ring. In order to draw the product(s), we must consider where
the chlorine atom will be installed. That is, we must consider the
existing substituent and its directing effects. The problem statement
indicates that the existing substituent is an activator. Therefore, we
expect that a chlorine atom will be installed either at the ortho posi-
tion or at the para position:



—
AIClg

Cl

4.46 This aromatic ring has two groups: a strong deactivator and
a strong activator. The deactivator is a meta director, while the acti-
vator is an ortho-para director. When a deactivator competes with
an activator, the activator will control the directing effects. There-
fore, we expect the following directing effects (ortho and para to
the strong activator):

Strong
Deactivator

SN A

Strong
¢ Activator

4.47 This aromatic ring has two groups: a strong activator and a
weak activator. For electrophilic aromatic substitution reactions, the
directing effects are controlled by the strongest activator. Therefore,
we expect the directing effects to be ortho and para to the strong
activator. In this case, the para position (relative to the strong acti-
vator) is already occupied, so we expect the following two locations
to be the most reactive toward electrophilic aromatic substitution:
(Note that substitution at either position gives the same product.)

Strong l
Activator

7

Weak
Activator

4.48 This aromatic ring has two groups: a strong activator and
a strong deactivator. The activator is an ortho—para director, while
the deactivator is a meta director. When an activator competes with a
deactivator, the activator will control the directing effects (although
there is no competition in this case, since they both direct to the
same locations). Therefore, we expect the locations that are ortho
to the strong activator to be the most reactive toward electrophilic
aromatic substitution (the position that is para to the strong acti-
vator is already occupied). Note that substitution at either position
gives the same product.

DETAILED SOLUTIONS S-23
Strong i
Activator
7 Strong
Deactivator

4.49 This aromatic ring has two groups: a strong activator and
a strong deactivator. The activator is an ortho—para director, while
the deactivator is a meta director. When an activator competes with a
deactivator, the activator will control the directing effects (although
in this case, they are not competing with each other because they
both direct to the same locations). Therefore, we expect the loca-
tions that are ortho and para to the strong activator to be the most
reactive toward electrophilic aromatic substitution (one of the posi-
tions that is ortho to the strong activator is already occupied):

Strong
Activator

Strong
Sau Deactivator

4.50 This aromatic ring has two groups: a strong activator and
a weak activator. For electrophilic aromatic substitution reactions,
the directing effects are controlled by the strongest activator. There-
fore, we expect the directing effects to be ortho and para to the
strong activator. In this case, one of the ortho positions (relative to
the strong activator) is already occupied, so we expect the following
two locations to be the most reactive toward electrophilic aromatic
substitution:

Strong
Activator
Weak
Activator

N

4.51 This aromatic ring has two groups: a weak activator and a
strong deactivator. The activator is an ortho—para director, while the
deactivator is a meta director. When an activator competes with a
deactivator, the activator will control the directing effects (although
there is no competition in this case, since they both direct to the
same locations). Therefore, we expect the locations that are ortho
and para to the activator to be the most reactive toward electrophilic
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aromatic substitution (one of the positions that is ortho to the acti-
vator is already occupied):

Weak
Activator

Strong
\ Deactivator

4.53 1In this case, the substituent has a C=0 bond connected
directly to the aromatic ring, so this substituent is a moderate deac-
tivator. Moderate deactivators are meta directors, so we expect the
meta positions (indicated below) to be the most reactive toward
electrophilic aromatic substitution.

(o)

el AN

4.54 In this case, there is a halogen connected directly to the aro-
matic ring. We have seen that halogens are weak deactivators, but
nevertheless, they are ortho—para directors. Therefore, we expect
the ortho and para positions (indicated below) to be the most reac-
tive toward electrophilic aromatic substitution.

~
:

4.55 In this case, the substituent has a lone pair connected directly
to the aromatic ring. This substituent is a strong activator and an
ortho—para director. Therefore, we expect the ortho and para posi-
tions (indicated below) to be the most reactive toward electrophilic
aromatic substitution.

Me\N Me

NN

4.56 In this case, there is an alkyl group connected directly to
the aromatic ring. Alkyl groups are weak activators and ortho—para
directors. Therefore, we expect the ortho and para positions (indi-
cated below) to be the most reactive toward electrophilic aromatic

substitution.

4.57 Inthis case, the substituent has a lone pair connected directly
to the aromatic ring, but this lone pair is also participating in reso-
nance outside of the ring. Therefore, this substituent is a moderate
activator and an ortho—para director. As a result, we expect the
ortho and para positions (indicated below) to be the most reactive
toward electrophilic aromatic substitution.

- \g/
4

4.58 In this case, there is a nitro group connected directly to the
aromatic ring, and nitro groups are strong deactivators. Strong deac-
tivators are meta directors, so we expect the meta positions (indi-
cated below) to be the most reactive toward electrophilic aromatic
substitution.

NO,

el AN

4.59 In this case, there is a C=N bond connected directly to the
aromatic ring, so this substituent is a moderate deactivator. Moder-
ate deactivators are meta directors, so we expect the meta positions
(indicated below) to be the most reactive toward electrophilic aro-
matic substitution.



4.60 In this case, there is a C=N bond connected directly to the
aromatic ring, so this substituent is a moderate deactivator. Moder-
ate deactivators are meta directors, so we expect the meta positions
(indicated below) to be the most reactive toward electrophilic aro-
matic substitution.

e

4.61 In this case, there is a CBr, group connected directly to the
aromatic ring, and this group is a strong deactivator. Strong deac-
tivators are meta directors, so we expect the meta positions (indi-
cated below) to be the most reactive toward electrophilic aromatic
substitution.

AN

CBI’3

e

4.62 In this case, there is a C=O0 bond connected directly to the
aromatic ring, so this substituent is a moderate deactivator. Moder-
ate deactivators are meta directors, so we expect the meta positions
(indicated below) to be the most reactive toward electrophilic aro-
matic substitution.

AN

el AN

4.63 We begin by drawing the resonance structures for this
compound:

The resonance structures show that the lone pair on the nitrogen
atom is delocalized, and the electron density is donated throughout
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the ring, which makes the ring electron-rich. The effect is similar to
the effect observed when the lone pair is connected directly to the
ring, so this substituent is a strong activator.

4.65 The reagents indicate a bromination reaction, so a bromine
atom will be installed on the ring. The starting aromatic ring is
monosubstituted, and the substituent is an alkyl group, which is a
weak activator. Activators are ortho—para directors, so we expect
that the bromine atom will be installed either at the ortho position
or at the para position, giving the following products:

Br2
AlBrg

Br

4.66 The reagents indicate a Friedel-Crafts alkylation reaction,
so a methyl group will be installed on the ring. The starting aromatic
ring is monosubstituted, and the substituent is a halogen, which is
an ortho—para director. Therefore, we expect that the methyl group
will be installed either at the ortho position or at the para position,
giving the following products:

Br Br Br

CH4CI
—_—
AICl5

4.67 The reagents indicate a bromination reaction (a Lewis acid
is not necessary here because the aromatic ring is moderately acti-
vated toward bromination), so a bromine atom will be installed on
the ring. The starting aromatic ring is monosubstituted, and the sub-
stituent is an ortho—para director, so we expect that the bromine
atom will be installed either at the ortho position or at the para
position, giving the following products:

(]

A

(0] O
N G,
Br

Bro
—_— +
Br

4.68 The reagents indicate a Friedel-Crafts acylation reaction, so
an acyl group will be installed on the ring. The starting aromatic ring
is monosubstituted, and the substituent is an ethyl group, which is
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an ortho—para director. Therefore, we expect that the acyl group = 4.69 The reagents indicate a nitration reaction, so a nitro group
will be installed either at the ortho position or at the para position, = will be installed on the ring. The starting aromatic ring is mono-
giving the following products: substituted, and the substituent is a nitro group, which is a meta

director. Therefore, we expect that the nitro group will be installed

o at the meta position, giving just one product:
AICI5, NO, NO,
_ +
O HNO3
\)J\Cl
@)

HpSO,4 o
2

4.71 This aromatic ring has two substituents. The ester group is a moderate activator and an ortho—para director, while the methyl
group is a weak activator and an ortho—para director. When a moderate activator competes with a weak activator during an electrophilic
aromatic substitution, the more powerful activator (in this case, the moderate activator) controls the directing effects. The reagents indicate
a nitration reaction, so we expect that a nitro group will be installed either at the position that is ortho to the ester or at the position that is

para to the ester.
Y TH,S0, ﬁ/ *
OuN NO

4.72 This aromatic ring has two substituents. The fert-butyl group is a weak activator and an ortho—para director, while the nitro group
is a strong deactivator and a meta director. When an ortho—para director competes with a meta director during an electrophilic aromatic
substitution, the ortho—para director controls the directing effects. The reagents indicate a chlorination reaction, so we expect that a
chlorine atom will be installed either at a position that is ortho to the fert-butyl group (and there are two such positions) or at the position
that is para to the fert-butyl group. This should give three products shown below, although we will see in the next section that one of these
products (shown parenthetically) is actually a very minor product:

N cl cl
—>2 + +
AICl5
NO, NO, NO, NO,
cl

4.73 This aromatic ring has two substituents. The methoxy group is a moderate activator and an ortho—para director, while the chlorine
atom is a weak deactivator and an ortho—para director. Since they are both ortho—para directors, the directing effects will be controlled
by the more powerful activator (in this case, the methoxy group). The reagents indicate a Friedel-Crafts alkylation reaction, so we expect
that a methyl group will be installed either at the position that is ortho to the methoxy group or at the position that is para to the methoxy
group, giving the following two products:

OMe OMe
H3C Cl Cl
CH3CI .
AICI3
CH3
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4.74 This aromatic ring has two substituents. One group is an alkoxy group (OR), which is a moderate activator and an ortho—para
director. The other group is a carbonyl (C=0) group, which is a moderate deactivator and a meta director. The directing effects will be
controlled by the ortho—para director (although in this case, there is not really a competition, because both substituents direct to the same
two positions). The reagents indicate a Friedel-Crafts acylation reaction, so we expect that an acyl group will be installed either at the
position that is ortho to the alkoxy group or at the position that is para to the alkoxy group:

o)
© AICl5, © ©
+
o)
o} cl )J\ o) o) o}

4.76 The starting material is a monosubstituted aromatic ring, and the substituent is a moderate activator and an ortho—para director.
So, if we perform an electrophilic aromatic substitution reaction, we would expect the reaction to occur primarily at the para position.
The desired transformation involves installing a group at the ortho position, so a blocking group will be necessary. First, we perform
sulfonation to “block” the para position. Next, we perform the desired reaction (in this case, a nitration reaction), and finally, we remove
the blocking group with dilute sulfuric acid to give the desired product.

NO,
o} ) o}
Y 1) conc. fuming HySO, Y
o 2) HNOg3, HoSO4 o
i 3) dilute H,SO4
conc. fuming
H2SO4 dilute H,SO4

NO,
@) (¢}
Y HNO4 \n/
—_—
0 HySO4 o)
HO3S HO3S

4.77 The starting material is a monosubstituted aromatic ring, and the substituent (a nitro group) is a strong deactivator and a meta
director. So, if we perform an electrophilic aromatic substitution reaction, we would expect the reaction to occur primarily at the meta
position. The desired transformation involves installing a group at the meta position, so a blocking group is not useful here. The bromine
atom can be directly installed in the correct location by treating nitrobenzene with bromine and aluminum tribromide:

NO, NO,

BI’2

AlBrg
Br

4.78 The starting material is a monosubstituted aromatic ring, and the substituent (an alkoxy group) is a moderate activator and an
ortho—para director. So, if we perform an electrophilic aromatic substitution reaction, we would expect the reaction to occur primarily
at the para position. The desired transformation involves installing a group at the ortho position, so a blocking group will be necessary.
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First, we perform sulfonation to “block™ the para position. Next, we perform the desired reaction (in this case, a Friedel-Crafts acylation
reaction), and finally, we remove the blocking group with dilute sulfuric acid to give the desired product.

1) conc. fuming HoSO4

O

2) AlCl3, )k/ o)
Cl

3) dilute H,SO

o ) dilu 20Uy o
dilute )\
conc. fuming H2S04
HySO4
HO4S

4.79 The starting material is a monosubstituted aromatic ring,
and the substituent (an n-propyl group) is a weak activator and an
ortho—para director. So, if we perform an electrophilic aromatic
substitution reaction, we would expect the reaction to occur pri-
marily at the para position. The desired transformation involves
installing a group at the para position, so a blocking group is not
needed here. A methyl group can be installed directly in the correct
location via a Friedel-Crafts alkylation:

CH4CI
AICls

4.80 The starting material is a monosubstituted aromatic ring,
and the substituent (an n-propyl group) is a weak activator and an
ortho—para director. So, if we perform an electrophilic aromatic
substitution reaction, we would expect the reaction to occur pri-
marily at the para position. The desired transformation involves
installing a group at the ortho position, so a blocking group will
be necessary. First, we perform sulfonation to “block” the para
position. Next, we perform the desired reaction (in this case, chlo-
rination to install a chlorine atom at the ortho position), and finally,
we remove the blocking group with dilute sulfuric acid to give the
desired product.

0]
HO3S\<:6K/
)o\

1) conc. fuming HoSO4

2) Cly, AClg
3) dilute H2804

/dilute
HoSO4

conc.
fuming
HoSO4
Cl
Cly
—_—
AICl3
SOzH SOzH

4.82 The reagents (nitric acid and sulfuric acid) indicate that this
is a nitration reaction. The aromatic ring has one substituent (CI),
which is an ortho—para director. So we expect nitration to occur at
either the ortho position or the para position, to give two products.
Because of steric factors, the para product is the major product.

Cl Cl

HNO;
HoS0,

NO,
Major product



4.83 The reagents (nitric acid and sulfuric acid) indicate that
this is a nitration reaction. The aromatic ring has one substituent,
which is an ortho—para director. So we expect nitration to occur at
either the ortho position or the para position, to give two products.
Because of steric factors, the para product is the major product.

o

NO,
Major product

4.84 The reagents (Cl, and AICl,) indicate that a chlorine atom
will be installed. The aromatic ring has two substituents, both of
which are weak activators and ortho—para directors. So chlorina-
tion is favored at all positions (either ortho to the methyl group
or ortho to the isopropyl group). Both products are expected, but
because of steric factors, the major product results from chlorina-
tion at the position that is ortho to the methyl group. That position is
more accessible than the position that is ortho to the larger isopropyl
group.

b cl

AICl,

Major product

4.85 The reagent (concentrated fuming sulfuric acid) indicates a
sulfonation reaction. The aromatic ring has two substituents, both
of which are weak activators and ortho—para directors. Both groups
direct to the same three locations.

N Ve

When we compare these locations, the location directly between
the alkyl groups is sterically less accessible, so the reaction does not
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occur there rapidly. The reaction can occur at either of the other two
locations, giving rise to two products. Because of steric factors, the
major product results from sulfonation at the position that is ortho to
the methyl group (as shown below). That position is more accessible
than the position that is ortho to the larger isopropyl group.

conc.
fuming

HaS0. HO4S

Major product

4.86 The reagents indicate a Friedel-Crafts alkylation reaction,
so we expect that a methyl group will be installed. The aromatic ring
has two substituents. One group is a carbonyl (C=0) group, which
is a moderate deactivator and a meta director. The other group is an
ester group, which is a moderate activator and an ortho—para direc-
tor. The directing effects will be controlled by the ortho—para
director, although in this case, there is not really a competition,
because both substituents direct to the same two positions:

o O

PN

The reaction will occur more rapidly at the position on the left
because it is sterically more accessible than the position on the right.
Therefore, we expect the following major product:

O O 0] 0}

o) CH4CI o)
—_—
AIClg

Major product

4.87 The reagents (Br, and AlBr;) indicate that a bromine atom
will be installed on the ring. This aromatic ring has four substituents,
all of which are weak activators and ortho—para directors. These
groups direct to the two available positions on the ring:
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product results from bromination at the more sterically accessible
position:
Bro
—_—
T AlBrg

Br

The upper position is sterically hindered (because of the methyl
Major product

groups), while the lower position is more accessible. The major

4.89 We must install an isopropyl group and a chlorine atom on the aromatic ring. The isopropyl group can be installed via a
Friedel-Crafts alkylation, and the chlorine atom can be installed by treating the aromatic ring with Cl, in the presence of catalytic AICl,.

Now that we know how to install each substituent individually, we must consider the order of events. Both substituents are ortho—para
directors, so theoretically, either one can be installed first. But consider the fact that an isopropyl group is an activator, while chlorine is a
deactivator. To maximize the efficiency of our synthesis, it makes more sense to install the isopropyl group first, so that we can then take
advantage of the enhanced reactivity of isopropyl benzene (relative to benzene) to install Cl.

If we use the strategy described above (install the isopropyl group first and then try to install the chlorine atom next), we would
expect to obtain both ortho and para products, although the reaction will occur primarily at the para position because of steric effects.
The desired transformation involves installing a group at an ortho position, so a blocking group will be necessary here. After installing
the isopropyl group, we perform sulfonation to “block™ the para position. Next, we perform the desired reaction (installing Cl in the
position that is ortho to the isopropyl group), and finally, we remove the blocking group with dilute sulfuric acid to give the desired
product:

Cl

Pe :
1) AlCI5,

2) conc. fuming HoSO4
3) Clp, AICI3

4) dilute HoSO4

A|C|3)\ dllute
HQSO4

conc.
fuming
HZSO4 CI2, AICl3
SO3zH SOzH

4.90 We must install a nitro group and a bromine atom on the aromatic ring. The nitro group can be installed with nitric acid and sulfuric
acid, while the bromine atom can be installed with Br, in the presence of catalytic AlBr;.

Now that we know how to install each substituent individually, we must consider the order of events. Nitro groups are meta directors,
while Br is an ortho—para director. Since the two substituents must be installed so that they are ortho to each other, we conclude that we
must install Br first, followed by the nitro group.

If we use the strategy described above (install Br first and then try to install the nitro group next), we would expect to obtain both ortho
and para products, although the reaction will occur primarily at the para position because of steric effects. The desired transformation
involves installing a group at an ortho position, so a blocking group will be necessary here. After installing the bromine atom, we perform
sulfonation to “block” the para position. Next, we perform the desired reaction (installing a nitro group in the position that is ortho to Br),
and finally, we remove the blocking group with dilute sulfuric acid to give the desired product:
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NO,
1) Bro, AIBr3 Br
2) conc. fuming HoSO4
3) HNOg3, HoSO4
4) dilute HoSO4
Brs, dilute
A|BI’3 HQSO4
conc. NO,
fuming

Br Br Br
HySO4 HNO3,
—_— —_—
H>SOy4
HO3S HO3S

4.91 We mustinstall a fert-butyl group and a methyl group on the aromatic ring. Each of these groups can be installed via a Friedel-Crafts
alkylation.

Now that we know how to install each substituent individually, we must consider the order of events. Both substituents are ortho—para
directors, so theoretically, either one can be installed first. But consider steric effects. If we install the methyl group first, any reaction
we performed next will produce a mixture of products. The methyl group is not large enough to clearly favor one position over the other
(ortho vs. para), and a mixture of products is undesirable. However, if we install the fert-butyl group first, there is a clear preference for
the next reaction to occur at the para position, and we will exploit that preference to obtain the desired regiochemical outcome.

We first install the fers-butyl group, and we then use its steric bulk to perform sulfonation at the para position, thereby blocking that
position. Next, we install Cl in the position that is ortho to the tert-butyl group, and finally, we remove the blocking group with dilute
sulfuric acid to give the desired product:

cl
1) AIClg, X

2) conc. fuming HoSO4

3) CH4Cl, AIClg
4) dilute H2804

C

dilute
HoSO4
conc.
fuming
H2304 CHgCI
AICI3
SOzH SOzH

4.92 We must install an n-propyl group and a nitro group on the
aromatic ring. A nitro group can be installed with nitric acid and sul-
furic acid. The n-propyl group requires more than one step because
it cannot be installed directly via a Friedel-Crafts alkylation, as that
would produce a mixture of products (because of rearrangement).
To install an n-propyl group, we must first perform a Friedel-Crafts
acylation, and then reduce the resulting ketone with a Clemmensen
reduction.

Now that we know how to install each substituent individually,
we must consider the order of events. The nitro group is a meta
director, while the n-propyl group is an ortho—para director, so we
must install the n-propyl group first. If we try to install the nitro
group first, it would direct the next reaction to the meta position,
which is not the correct location.

If we use the strategy described above (install the n-propyl group
first and then install the nitro group next), we would expect to obtain
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both ortho and para products, although the reaction will occur pri-
marily at the para position because of steric effects. This is the
desired product, so a blocking group is not needed here. The syn-
thesis is summarized below. We perform a Friedel-Crafts acylation,
followed by a Clemmensen reduction, followed by nitration:

®

o}
1) AIClg, \)km

3) Zn(Hg), HCI, heat
4) HNO3, HySOy4

NO,
AICl3,
CH3CH,COCI HNO,
H.SO4

HCI
heat

4.93 We must install a fert-butyl group and a nitro group on
the aromatic ring. The fert-butyl group can be installed via a
Friedel-Crafts alkylation, while the nitro group can be installed
with nitric acid and sulfuric acid.

Now that we know how to install each substituent individually,
we must consider the order of events. The tert-butyl group is an
ortho—para director, while the nitro group is a meta director, so we
must install the rerz-butyl group first. If we try to install the nitro
group first, it would direct the next reaction to the meta position,
which is not the correct location.

If we use the strategy described above (install the ferz-butyl
group first and then install the nitro group next), we would expect
to obtain primarily the para product because of steric effects. This
is the desired product, so a blocking group is not needed here. The
synthesis is summarized below. We perform a Friedel-Crafts alky-
lation, followed by nitration:

1) AlCI5, XC,
2) HNO3, H,SO4
AICl5,

(CHg)3CCl

NO,

HNO3

HpS0,

4.94 We must install an n-butyl group and a bromine atom on the
aromatic ring. The bromine atom can be installed in one step by
treating an aromatic ring with Br, and AlBr,. But the n-butyl group
cannot be installed directly via a Friedel-Crafts alkylation, as that
would produce a mixture of products (because of rearrangement).
To install an n-butyl group, we must first perform a Friedel-Crafts
acylation, and then reduce the resulting ketone with a Clemmensen
reduction.

Now that we know how to install each substituent individu-
ally, we must consider the order of events. An n-butyl group is
an ortho—para director, and a bromine atom is also an ortho—para
director. This is an issue, because we need to install the substituents
so that they are ultimately meta to each other. How do we accom-
plish this?

Notice that the n-butyl group is installed in two steps, and if
we pause after the first step (after acylation), we can capitalize on
the meta-directing effects of the carbonyl group before we reduce
it. This allows us to install the bromine atom at the meta position.
This strategy gives the desired product, as shown below:

1) AICl3,
O
)J\/\ Br
Cl
2) Bro, AlBr3
3) Zn(Hg), HCI, heat
AICl5, Zn(Hg),
CH3CH,CH,COCI HCI, heat
o

BI’Z
—_—
AlBr,

4.95 We must install a tert-butyl group and a bromine atom
on the aromatic ring. A fert-butyl group can be installed via a
Friedel-Crafts alkylation, and a bromine atom can be installed with
Br, and AlBr;.

Now that we know how to install each substituent individu-
ally, we must consider the order of events. Both substituents are
ortho—para directors, so theoretically, either one can be installed
first. But consider the fact that a fers-butyl group is an activator,
while bromine is a deactivator. To maximize the efficiency of our
synthesis, it makes more sense to install the a tert-butyl group first,
so that we can then take advantage of the enhanced reactivity of
tert-butylbenzene (relative to benzene) to install Br. Furthermore,
the bulky fert-butyl group creates a large distinction between the
ortho and para positions, which will now be exploited.



We first install the zert-butyl group, and we then use its steric bulk
to perform sulfonation at the para position, thereby blocking that

position. Next, we install Br in the position that is ortho to the
Cl
1) AICI3, X
4) dilute HoSO4 [ dilute

tert-butyl group, and finally, we remove the blocking group with
2) conc. fuming HoSO4
AICI, H2804

dilute sulfuric acid to give the desired product:
Br
3) Bro, AlBrs ©><

Br

conc.
fuming
HoSO4

HO,S

4.96 We must install a nitro group and a bromine atom on the
aromatic ring. The nitro group can be installed with nitric acid and
sulfuric acid, while the bromine atom can be installed with Br, in
the presence of catalytic AlBr;.

Now that we know how to install each substituent individu-
ally, we must consider the order of events. Nitro groups are meta
directors, while Br is an ortho—para director. Since the two sub-
stituents must be installed so that they are mefa to each other,
we conclude that we must install the nitro group first, followed

by Br:

1) HNOg3, H2SO4
2) BI’Q, A|B|'3

NO,

HNO;
HoSO4

4.97 We must install an n-propyl group and a chlorine atom on
the aromatic ring. A chlorine atom can be installed with Cl, and
AICl,. The n-propyl group requires more than one step because it
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cannot be installed directly via a Friedel-Crafts alkylation, as that
would produce a mixture of products (because of rearrangement).
To install an n-propyl group, we must first perform a Friedel-Crafts
acylation, and then reduce the resulting ketone with a Clemmensen
reduction.

Now that we know how to install each substituent individu-
ally, we must consider the order of events. Both substituents are
ortho—para directors, so theoretically, either one can be installed
first. But consider the fact that an n-propyl group is an activator,
while chlorine is a deactivator. To maximize the efficiency of our
synthesis, it makes more sense to install the n-propyl group first,
so that we can then take advantage of the enhanced reactivity of
n-propylbenzene (relative to benzene) to install Cl.

If we use the strategy described above (install the n-propyl
group first and then install the chlorine atom next), we would
expect to obtain both ortho and para products, although the reac-
tion will occur primarily at the para position because of steric
effects. The desired transformation involves installing a group
at an ortho position, so a blocking group will be necessary
here. After installing the n-propyl group via Friedel-Crafts acy-
lation followed by a Clemmensen reduction, we perform sul-
fonation to “block™ the para position. Next, we perform the
desired reaction (installing a chlorine atom in the position that
is ortho to the n-propyl group), and finally, we remove the
blocking group with dilute sulfuric acid to give the desired
product:

o}
1) AIClg, \)kq

Cl
2) Zn(Hg), HCI, heat
3) conc. fuming HoSO4
4) Cl, , AICI3
dilute H
5) dilute HzSO4 dilute
AlICl3, H.SO4
CH3CH,COCI
o Cl
Zn(Hg), Clz
HCI, AlCly / SOzH
heat
conc.
fuming
HoSOy4

SO3H
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CHAPTER 5

5.2 This compound meets all three criteria for a nucleophilic aro-
matic substitution reaction: 1) it has an electron-withdrawing group
(anitro group), 2) it has a leaving group (bromide), and 3) the leav-
ing group is ortho to the electron-withdrawing group. Therefore,
this compound can serve as an electrophile in a nucleophilic aro-
matic substitution reaction.

NO,
Br

5.3 This compound has an electron-withdrawing group (a nitro
group) and a leaving group (chloride), but the leaving group is meta
to the electron-withdrawing group. Therefore, this compound will
NOT serve as a suitable electrophile in a nucleophilic aromatic sub-
stitution reaction.

NO,

Cl

5.4 This compound has an electron-withdrawing group (a nitro
group) and a leaving group (a sulfonate group), but the leaving
group is meta to the electron-withdrawing group. Therefore, this
compound will NOT serve as a suitable electrophile in a nucle-
ophilic aromatic substitution reaction.

NO,

O—S—CHjs

5.5 This compound meets all three criteria for a nucleophilic aro-
matic substitution reaction: 1) it has an electron-withdrawing group
(anitro group), 2) it has a leaving group (a sulfonate group), and 3)
the leaving group is para to the electron-withdrawing group. There-
fore, this compound can serve as an electrophile in a nucleophilic
aromatic substitution reaction.

2

5.6 This compound has an electron-withdrawing group (a nitro
group) but does NOT have a leaving group. The rert-butyl group
cannot function as a leaving group, because a negative charge on a
carbon atom is very unstable. Therefore, this compound will NOT
serve as a suitable electrophile in a nucleophilic aromatic substitu-
tion reaction.

NO,

5.7 This compound has an electron-withdrawing group (a nitro
group) but does NOT have a leaving group. Alkyl groups cannot
function as leaving groups, because a negative charge on a carbon
atom is very unstable. Therefore, this compound will NOT serve
as a suitable electrophile in a nucleophilic aromatic substitution
reaction.

NO,

5.9 The reagent in the first step is a strong nucleophile (hydroxide), and the starting compound meets all three criteria for an SyAr
mechanism: an electron-withdrawing group (NO,) and a leaving group (iodide) that are ortho to each other. In a nucleophilic aromatic
substitution reaction, the nucleophile (hydroxide) attacks at the position bearing the leaving group, and electrons are pushed up into the
reservoir. The resulting intermediate is a Meisenheimer complex, and it has resonance structures that should be drawn. Then, in the second
step of the mechanism, the leaving group is expelled to give the product:
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NaOH

@. . . .@ .0 .0 .. ..0
o\@,o o\\ﬁ),o 6,06

N

ﬁ> s e
OH _ OH _ OH

This might appear to be a complete mechanism. But remember that under basic conditions, the product is deprotonated.

2 '.O{]H/E):\QH

And that is why an acid source is necessary after the reaction is complete:

H

I NO,
R @ ..
_Q(:@\‘HY:Q\H o

5.10 The reagent in the first step is a strong nucleophile (hydroxide), and the starting compound meets all three criteria for an SyAr
mechanism: an electron-withdrawing group (NO,) and a leaving group (a sulfonate) that are para to each other. In a nucleophilic aromatic
substitution reaction, the nucleophile (hydroxide) attacks at the position bearing the leaving group, and electrons are pushed up into the
reservoir. The resulting intermediate is a Meisenheimer complex, and it has resonance structures that should be drawn. Then, in the second
step of the mechanism, the leaving group is expelled to give the product:

s
0=5=0
0 HO
\@\ NaOH
¥ B: 5:
~, . 7, .
o oN”
:0: o :0;
HE, ) ~CH5S0S o
[ CHs CH, CHy CHs ]
0=S8=0 0=S8=0 0=5=0 0=S8=0
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This might appear to be a complete mechanism. But remember that under basic conditions, the product is deprotonated.

’ A
| ) O..
N02 N02

And that is why an acid source is necessary after the reaction is complete:

i
of T we .
Q9 HQQ\H HO

: NO : NO,

2

5.11 The reagent in the first step is a strong nucleophile (hydroxide), and the starting compound meets all three criteria for an Sy Ar
mechanism: an electron-withdrawing group (NO,) and a leaving group (chloride) that are ortho to each other. In a nucleophilic aromatic
substitution reaction, the nucleophile (hydroxide) attacks at the position bearing the leaving group, and electrons are pushed up into the
reservoir. The resulting intermediate is a Meisenheimer complex, and it has resonance structures that should be drawn. Then, in the second

step of the mechanism, the leaving group is expelled to give the product:

NaOH

N

< e N e cl @]
OH OH OH OH
(o o o —
(A

O/lﬁ) O@ :O\@/Q:@ :O\\ﬁ)/gz@ :O\\ﬁ)/Q:@

This might appear to be a complete mechanism. But remember that under basic conditions, the product is deprotonated.

N02 N02
"O?H/G%H i ety

And that is why an acid source is necessary after the reaction is complete:

NO H
2

! )
t /QCG)\‘H/Q\H

2

NO
"O"\ ]
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5.13 This compound has a leaving group, but it lacks a powerful electron-withdrawing group (such as a nitro group), so the reaction
does NOT proceed via an Sy Ar mechanism. Rather, the reaction must proceed via an elimination—addition process, as indicated by the
high temperature. The reaction is expected to involve a benzyne intermediate (shown below), which can be attacked by hydroxide in either
of two locations, leading to the two products shown.

Cl OH

OH
1) NaOH, 350 °C
e ———

2) HgO*

N\ N/

Benzyne intermediate
(not isolated)

5.14 This compound has a powerful electron-withdrawing group (a nitro group) and a leaving group (chloride), BUT they are not ortho
or para to each other. They are meta to each other, so the reaction does NOT proceed via an SyAr mechanism. Rather, the reaction must
proceed via an elimination—addition process. The reaction is expected to involve one of two possible benzyne intermediates (shown below),

which can be attacked by H,N~ to give one of the three products shown.
cl NH,
NH,
- X
N02 NOZ

HoN
T -
NO,
2.
or
NO,

1) NaNH,, NHj (/ig.)
2) HzO*

NO,

©\

NO

Benzyne intermediate Benzyne intermediate
(not isolated) (not isolated)

2

5.15 The reagent in the first step is a strong nucleophile (hydroxide), and the starting compound meets all three criteria for an SyAr
mechanism: an electron-withdrawing group (NO,) and a leaving group (chloride) that are ortho to each other. We therefore expect an Sy Ar
reaction, in which the leaving group is replaced with a hydroxyl group:

Cl OH

N02 N02
1) NaOH, 80 °C

2) H3O*
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5.16 This compound has a leaving group, but it lacks a powerful electron-withdrawing group (such as a nitro group), so the reaction does
NOT proceed via an SyAr mechanism. Rather, the reaction must proceed via an elimination—addition process, as indicated by the high
temperature. The reaction is expected to involve a benzyne intermediate (shown below). In this case, there is only one possible benzyne
intermediate (there is only one hydrogen atom that is ortho to the leaving group). This benzyne intermediate is then attacked by hydroxide
in either of two locations, leading to the two products shown.

Cl OH
HO
1) NaOH, 350 °C .
©/ 2) H3O* ©/ \©/
T

Benzyne intermediate
(not isolated)

5.17 This compound has a leaving group but lacks a powerful electron-withdrawing group (such as a nitro group). Therefore, the reaction
does NOT proceed via an SyAr mechanism. Rather, the reaction must proceed via an elimination—addition process, as indicated by the
high temperature. The reaction is expected to involve one of two possible benzyne intermediates (shown below), which can be attacked
by hydroxide to give one of the three products shown.

OH
0
\ _O
/\s\/ 1) NaOH, 350 °C HO
HaC™ N e +
* o 2) HyO* "
HO
/

or

Benzyne intermediate Benzyne intermediate
(not isolated) (not isolated)

5.18 The reagent in the first step is a strong nucleophile (hydroxide), and the starting compound meets all three criteria for an SyAr
mechanism: an electron-withdrawing group (NO,) and a leaving group (bromide) that are para to each other. We therefore expect an
S\Ar reaction, in which the leaving group is replaced with a hydroxyl group:

Br HO
1) NaOH, 80 °C
—_—_—
2) HzO*
NO NO.

2 2
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5.20 In this reaction, all three criteria for Sy Ar have been met. For the mechanism, see the solution to Problem 5.11.

5.21 The reagent is a strong nucleophile (hydroxide), so we can rule out an electrophilic aromatic substitution reaction. The starting
compound does NOT have all three criteria for an Sy Ar mechanism. This compound has a leaving group (bromide), but it lacks a pow-
erful electron-withdrawing group (such as a nitro group), so the reaction is NOT an SyAr mechanism. Rather, the reaction must be an
elimination—addition process (via a benzyne intermediate), as indicated by the high temperature.

OH
NaOH
20 /
H<A H
Co
B é O ©/OH

This might appear to be a complete mechanism. But remember that under basic conditions, the product is deprotonated.

o/]/\
@ -

And that is why an acid source is necessary after the reaction is complete:

F\ Y‘o@
o -0
5.22 The reagent in the first step is a strong nucleophile (hydroxide), and the starting compound meets all three criteria for an SyAr
mechanism: an electron-withdrawing group (NO,) and a leaving group (a sulfonate) that are para to each other. In a nucleophilic aromatic
substitution reaction, the nucleophile (hydroxide) attacks at the position bearing the leaving group, and electrons are pushed up into the

reservoir. The resulting intermediate is a Meisenheimer complex, and it has resonance structures that should be drawn. Then, in the second
step of the mechanism, the leaving group is expelled to give the product:

Cl HO
NaOH
2 25 \©\ 2O
NS N

5 %
N, 08 PC) :
HO@ © Cl T €]
cl cl. 7
AN -
HO .. HO .. HO ..
’7N TNz (/9; Nz N2
| 1© 1®
:0: :0: :0: :0:
25 25 25 25
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This might appear to be a complete mechanism. But remember that under basic conditions, the product is deprotonated.

And that is why an acid source is necessary after the reaction is complete:

/\ ﬁl
. @
o5 $o?

: \©\ H H H§\©\
NO. NO

2

2

5.23 The reagent is a strong nucleophile (H,N"), so we can rule out an electrophilic aromatic substitution reaction. This compound has
a leaving group (chloride), but it lacks a powerful electron-withdrawing group (such as a nitro group), so the reaction is NOT an Sy Ar
mechanism. Rather, the reaction must be an elimination—addition process (via a benzyne intermediate).

NH»

NaNH,
> NHs H ©/
NH2
Qe G
Ej"@ < 2

This might appear to be a complete mechanism. But, as we saw with phenol, aniline is deprotonated under these basic conditions:

And that is why an acid source is necessary after the reaction is complete:




CHAPTER 6

6.2 When an alkene undergoes ozonolysis, the C=C bond is
cleaved and is replaced by two C=0 bonds. This compound has
two C=C bonds, and both are cleaved, as shown.

H H
. 0O o
2) DMS -

H H o 0

6.3 A secondary alcohol is converted into a ketone upon treatment

with the Jones reagent:
&

CTO3

Aqueous acetone
Heat

x

6.4 A secondary alcohol is converted into a ketone upon treatment

with sodium dichromate and sulfuric acid:
Sh

6.5 When an alkene undergoes ozonolysis, the C=C bond is
cleaved and is replaced by two C=O0 bonds.

s C

6.6 A primary alcohol is converted into a carboxylic acid upon
treatment with sodium dichromate and sulfuric acid:

OH NaQCr207 OH
S
H2S04, HoO 5

Na,Cr,0O7
—_—

OH H2S04, H0

1) Og

—_—

2) DMS
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6.7 A primary alcohol is converted into an aldehyde upon treat-
ment with PCC:

OH PCC H
—_—
0]

6.9 A primary alcohol can be converted into an aldehyde upon
treatment with the mild oxidizing agent PCC.

\(\/OH PCC WO
—_—
H

Treating this alcohol with a stronger oxidizing reagent would
produce a carboxylic acid, not an aldehyde.

6.10 A primary alcohol can be converted into a carboxylic acid
via a chromic acid oxidation, using either sodium dichromate and

sulfuric acid, or the Jones reagent.
OH OH

\r\/ W
CrOs /

Aqueous acetone
Heat

NaZCr207
HoSO4, HO

6.11 An alkene can be cleaved to give ketones via ozonolysis:

1) O3
2) DMS ©+0

6.12 A secondary alcohol can be converted into a ketone with an
oxidizing agent, such as sodium dichromate and sulfuric acid, or the
Jones reagent, or even with PCC.

Na20r207
HpSO4, H,O \

CrOs

Aqueous acetone
Heat

PCC /

[ )—on [ o
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6.14 LiAlH, is a hydride reducing agent that will reduce a ketone H

. ) |
to give a secondary alcohol: He AI@ H

)L«J*l'

1) LiAH,
O)b O)\O This alkoxide ion is then protonated upon treatment with a pro-
H20 ton source, such as H,O:

6.15 NaBH, is a hydride reducing agent that will reduce an alde- @_(—\ Cos ..
hyde to give a primary alcohol: O><H H\4 H HO: H
H H H H
(0]
NaBH4 6.21 NaBH, attacks the carbonyl group and functions as a “de-
H MeOH . " S S S
livery agent” of a hydride ion, resulting in an alkoxide ion:
6.16 PCC is a mild oxidizing agent that will oxidize a primary He B H G)o H

alcohol to give an aldehyde, without further oxidizing the aldehyde
to a carboxylic acid:

CH30H
PCC /\)L This alkoxide ion is then protonated by the proton source that is
NS OH H present in the reaction flask (in this case, CH;OH):
6.17 NaBH, is a hydride reducing agent that will reduce an alde- ol .
hyde to give a primary alcohol: ‘0 H . . HO: H
PLOS
HJ ~CHs

_NaBH, _

\/\)OL MeOH ™ \/\)

6.18 Ozonolysis of the alkene gives two equivalents of a ketone.
This ketone is then reduced upon treatment with LiAIH, to give a
secondary alcohol: H

.'O'. C.'O"./ | .'O'.
1) Os //M\\//u\\ ot

6.22 LiAlH, attacks one of the carbonyl groups and functions as
a “delivery agent” of a hydride ion, resulting in an alkoxide ion:

2) DMS OH H
_—
3) LiAlH4
4) H.0 and then another equivalent of LiAlH, attacks the other carbonyl
1) LiAIH, group:
1) Os 2) H,0
2) DMS :}::o o::<i

6.20 LiAlH, attacks the carbonyl group and functions as a
“delivery agent” of a hydride ion, resulting in an alkoxide ion:
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When the reaction is complete, the dianion above must be treated And here are the curved arrows for protonation of the other oxy-
with a proton source, such as water. When water is introduced into | gen atom:
the reaction flask, each of the oxygen atoms is protonated. Make

sure to draw each protonation step separately, and it doesn’t matter
which one is shown first. Here are the curved arrows for protonation 6—\ . o
P ;07 :OH ‘HpH  :OH :OH

of one of the oxygen atoms: )\)\

6.24 This mechanism has seven steps, described and shown below. Notice that the first three steps produce a hemiacetal, while the last
four steps convert the hemiacetal into an acetal.

. The ketone is protonated, thereby rendering the carbonyl group even more electrophilic.
. The protonated carbonyl is then attacked by ethanol, giving a tetrahedral intermediate.

. This intermediate is then deprotonated (by ethanol) to give a hemiacetal.

The hemiacetal is then protonated to generate an excellent leaving group (H,0O).

. The leaving group (H,O) is then expelled to regenerate the carbonyl group.

. The carbonyl group is then attacked by ethanol to give an oxonium ion.

T T O

. The oxonium ion is deprotonated (by ethanol) to give the product (an acetal):

H

. — \..
= SOY . _H Tl H o-
O H ®© Et o Et” TH HO (oth Et

/™M

O\ \ O\ .. Et

6.25 This mechanism has seven steps, described and shown below. Notice that the first three steps produce a hemiacetal, while the last
four steps convert the hemiacetal into an acetal.

. The ketone is protonated, thereby rendering the carbonyl group even more electrophilic.
. The protonated carbonyl is then attacked by methanol, giving a tetrahedral intermediate.
. This intermediate is then deprotonated (by methanol) to give a hemiacetal.

The hemiacetal is then protonated to generate an excellent leaving group (H,0O).

. The leaving group (H,O) is then expelled to regenerate the carbonyl group.

. The carbonyl group is then attacked by methanol to give an oxonium ion.

T T R N

. The oxonium ion is deprotonated (by methanol) to give the product (an acetal):
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6.26 This mechanism has seven steps, described and then shown below. Notice that the first three steps produce a hemiacetal, while the
last four steps convert the hemiacetal into an acetal.

. The ketone is protonated, thereby rendering the carbonyl group even more electrophilic.
. The protonated carbonyl is then attacked by the OH group (in an intramolecular fashion), giving a tetrahedral intermediate.

. This intermediate is then deprotonated (by ethanol) to give a hemiacetal.

. The leaving group (H,O) is then expelled to regenerate the carbonyl group.

1
2
3
4. The hemiacetal is then protonated to generate an excellent leaving group (H,0).
5
6. The carbonyl group is then attacked by ethanol to give an oxonium ion.

7

. The oxonium ion is deprotonated (by ethanol) to give the product (an acetal):

H
|
.. 0: ® _H @/
'O'r\H/G)\Et r\:o/b 02 o-H
HOV\)J\/\ - HO D lX/\

\/—\
@%Q/'G)_i — ©<)i\
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6.27 This process has seven steps, described and shown below. Notice that the order of the intermediates is the exact opposite order that
we would expect for the reverse process (acetal formation).

1. The acetal is protonated, thereby converting the OEt group into a better leaving group (EtOH) that is consistent with acidic conditions
(we cannot expel EtO™ in acidic conditions).

2. The leaving group (EtOH) is then expelled to generate a C=0O bond.
3. The C=0 bond is then attacked by water to give an oxonium ion.
4. The oxonium ion is deprotonated (by ethanol) to give a hemiacetal.
5. The hemiacetal is then protonated to convert the OEt group into a better leaving group (EtOH).
6. The leaving group is expelled to give a protonated ketone.
7. The protonated ketone is deprotonated (by ethanol) to give the product (a ketone):
i
. H . . H
AN B Eti..@ HON . \®
Eo :Oet 1 @ H EtO::0—Et  —EtOH 0 H"H  Et—0: :0-H
Et Et” TH
L H Je
‘o PN Hago . .. 2Q~ Lo
/\)OK/\ - /\jl/\_EtOH Et—£§:OH nun N Vad

6.29 A cyclic acetal is obtained when a ketone is treated with

ethylene glycol under acidic conditions and with removal of water
via a Dean—Stark trap:
[H+]
Dean-Stark
O)k H+] ©>< 6.32 Each carbonyl group is converted into an acetal when treated

Dean—Stark . .1 . .

ean—Sta with excess alcohol under acidic conditions and with removal of
water via a Dean—Stark trap:

6.30 An acetal is obtained when a ketone is treated with excess

alcohol under acidic conditions and with removal of water via a
EtO OEt EtO OEt

Dean—Stark trap: Excess
EtOH
o EtO OEt H+]
Excess Dean-Stark
EtOH
+
[H°] 6.33 A ketone is converted into a cyclic thioacetal when treated

Dean-Stark . . o -
with ethylene thioglycol under acidic conditions:

6.31 A ketone is converted into a cyclic acetal when treated with /\
ethylene glycol under acidic conditions and with removal of water 0 HS SH /[ \

via a Dean—Stark trap. Note that the C=0 bond of the ester is not \)J\/ N S S
reactive under these conditions. [H*] \></
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6.34 A ketone is converted into a cyclic thioacetal when treated
with ethylene thioglycol under acidic conditions:

O M O

6.35 An aldehyde is converted into a cyclic thioacetal when
treated with ethylene thioglycol under acidic conditions:

[H*]

S [

o Hs S_ S
_— >
MH \/\><H

H*]
6.36 When a ketone is treated with ethylene thioglycol under
acidic conditions, followed by Raney nickel, the carbonyl group is
reduced to give a methylene (CH,) group.
o 1) [H*], HSCH,CH,SH
2) Raney Nickel
Raney
E><Sj Nickel /
S

\—>
HS SH

(H]

6.37 When an aldehyde is treated with ethylene thioglycol under
acidic conditions, followed by Raney nickel, the carbonyl group is

reduced to give a methyl group, as shown:

o 1) [H*], HSCH>CH,SH
2) Raney Nickel
Raney
S Nickel
H

[H]
6.38 When a ketone is treated with ethylene thioglycol under
acidic conditions, followed by Raney nickel, the carbonyl group is

reduced to give a methylene (CH,) group.
Raney
Nickel

1) [H*],
HSCH,CH,SH

—_—

2) Raney Nickel

HS SH S/z
] %

6.39 The starting material is propylene thioglycol
(HSCH,CH,CH,SH). This compound can be converted into the
desired cyclic thioacetal upon treatment with formaldehyde under

acidic conditions, as shown:
m ] m

—_—
SH SH (0] S S

HJ\H "?<H

Hs™ >"sH

6.40 The desired transformation involves the reduction of the car-
bonyl group of a ketone to give a methylene (CH,) group. This can
be accomplished by converting the ketone into a cyclic thioacetal,
and then reducing the cyclic thioacetal with Raney nickel, as shown
below. Alternatively, the same transformation can be achieved with

a Clemmensen reduction.
Raney
Nickel

|—
6.41 The desired transformation involves the complete reduc-

[H]
tion of the carbonyl group of an aldehyde to give a methyl group.
This can be accomplished by converting the aldehyde into a cyclic
thioacetal, and then reducing the cyclic thioacetal with Raney
nickel, as shown below. Alternatively, the same transformation can

be achieved with a Clemmensen reduction.
2) Raney Nickel O/

/ \ /_\ Raney

HS Nickel
(H]

1) [H,
HSCH,CH,SH

—_—

2) Raney Nickel

i

1) [H*], HSCH,CH,SH

6.42 The desired transformation involves the complete reduction
of the carbonyl group of an aldehyde to give an alkane. This can be
accomplished by converting the aldehyde into a cyclic thioacetal,
and then reducing the cyclic thioacetal with Raney nickel, as shown
below. Alternatively, the same transformation can be achieved with
a Clemmensen reduction.



) [H*],

HSCHZCHZSH
2 e /\)\/\
Nickel

Raney
H Nickel

[H]

6.43 Aketone can be converted into a cyclic thioacetal upon treat-
ment with ethylene thioglycol under acidic conditions, as shown

O = O

6.44 An aldehyde can be converted into a cyclic thioacetal upon
treatment with propylene thioglycol under acidic conditions, as
shown here:

[H*]

HS _~_SH
/\/\[r'* BTN /\/\(SJ
(e} S

6.45 The desired transformation involves the reduction of the car-
bonyl group of a ketone to give a methylene (CH,) group. This can
be accomplished by converting the ketone into a cyclic thioacetal,
and then reducing the cyclic thioacetal with Raney nickel, as shown
below. Alternatively, the same transformation can be achieved with
a Clemmensen reduction.

“&
S S Raney
Nickel
HY \/\é

6.46 The desired transformation involves the complete reduction
of the carbonyl group of an aldehyde to give an alkane. This can be
accomplished by converting the aldehyde into a cyclic thioacetal,
and then reducing the cyclic thioacetal with Raney nickel, as shown

1) [H*],
_ HSCH,CH,SH_

2) Raney
Nickel
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below. Alternatively, the same transformation can be achieved with
a Clemmensen reduction.

1) [H],
o HSCH,CH,SH

_—
H 2) Raney
Nickel

\r\/

/_\ Raney

HS SH s Nickel

6.48 When a symmetrical ketone is treated with a primary amine
under acidic conditions (and with removal of water), the ketone is
converted into an imine:

G N

\)K/

/\/ NH
-H,0

6.49 When a symmetrical ketone is treated with a secondary
amine under acidic conditions (and with removal of water), the
ketone is converted into an enamine:

] SO
Dean-Stark N
\/\ N

6.50 The starting material is a ketone, and the reagents indicate a
Wolff-Kishner reduction. The net result of this process is to reduce
the carbonyl group to give a methylene (CH,) group:

1) [ H*], HoN-NHz

2) KOH / H,0
100 - 200 °C

6.51 The reagent is hydroxylamine, and the starting material is an
unsymmetrical ketone. Under these conditions, an unsymmetrical
ketone is converted into a mixture of diastereomeric oximes:
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NHzOH « HCI

HO _OH

N N

6.52 The starting material is a ketone, and the reagent is a sec-
ondary amine. A ketone is converted into an enamine upon treat-
ment with a secondary amine under acidic conditions (and with
removal of water). In this case, the ketone is unsymmetrical, so
we expect a mixture of enamines, with the less-substituted enamine
being favored:

. L 0 O

N N N
' +
—>
[HY]
Dean-Stark
Major Minor

6.53 The starting material is a ketone, and the reagent is a primary
amine. A ketone is converted into an imine upon treatment with a
primary amine under acidic conditions (and with removal of water).
In this case, the ketone is unsymmetrical, so we expect a mixture of
diastereomeric imines:

0 E>7
[H*,

Dean-Stark

A0

%N
6.54 The starting material is a symmetrical ketone, and the

reagent is hydrazine (H,N-NH,). A ketone is converted into a
hydrazone upon treatment with hydrazine under acidic conditions.

NH,

[H*]
HQN_NHZ

6.55 The starting material is a symmetrical ketone, and the
reagent is hydroxylamine (NH,OH). A ketone is converted into an
oxime upon treatment with hydroxylamine under acidic conditions.

OH

b

NH20H « HCI

6.56 The starting material is a symmetrical ketone, and the
reagent is a secondary amine. When a symmetrical ketone is treated
with a secondary amine under acidic conditions (and with removal
of water), the ketone is converted into an enamine:

0 CN_H O
- > N
)J\ Deg:—]Stark /&

6.57 The starting material is a hydrazone, and the reagents indi-
cate a Wolff—Kishner reduction, which gives an alkane (or in this

case, a cycloalkane):

KOH / HyO

100 - 200 °C

N/NHZ

6.58 The starting material has both a primary amine and a ketone
tethered together in the same molecule, allowing for an intramolec-
ular reaction. Under acidic conditions (and with removal of water),
a primary amine will react with a ketone to give an imine, as shown:

[H4
—_— N
Dean-Stark /)

6.59 The starting material has both a secondary amine and an
aldehyde tethered together in the same molecule, allowing for an
intramolecular reaction. Under acidic conditions (and with removal
of water), a secondary amine will react with an aldehyde to give an
enamine (via the iminium ion intermediate shown):



i = C{)
_—
o H Dean-Stark . N\
H

— |k

An iminium ion

6.60 The starting material has both a secondary amine and a
ketone tethered together in the same molecule, allowing for an
intramolecular reaction. Under acidic conditions (and with removal
of water), a secondary amine will react with a ketone to give the
less-substituted enamine (via the iminium ion intermediate shown):

& e

[H*]

Dean—Stark

An iminium ion

6.62 When an aldehyde is treated with a Grignard reagent, fol-
lowed by water, the aldehyde is reduced to an alcohol, accompanied
by the installation of an R group from the Grignard reagent. In this
case, the Grignard reagent is PhMgBr, so a phenyl group (Ph) is
installed, as follows:

j\ 1) PhMgBr OH OH
_1) PhMgBr _ _
H™ SH 2 HO H+H

Ph

6.63 LiAlH, is a reducing agent. When an aldehyde is treated
with LiAlH,, followed by aqueous work-up (H,0O), the aldehyde is
reduced to give an alcohol:

i 1) LIAIH, OH
H H 2) H,O H /E H
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6.64 When a ketone is treated with a Grignard reagent, followed
by water, the ketone is reduced to an alcohol, accompanied by the
installation of an R group from the Grignard reagent. In this case,
the Grignard reagent is cyclohexyl magnesium bromide, so a cyclo-
hexyl group is installed, as follows:

2) H,0

6.65 When a ketone is treated with a Grignard reagent, followed
by water, the ketone is reduced to an alcohol, accompanied by the
installation of an R group from the Grignard reagent. In this case,
the Grignard reagent is PhMgBr, so a phenyl group (Ph) is installed,
as follows:

j\ 1) PhMgBr HO_ Ph
B — e
Ph Ph  2)H0 Ph Ph

6.67 A ketone will react with a Wittig reagent to give an alkene.
In this case, the Wittig reagent does not have any R groups (the car-
bon atom bearing the negative charge is connected to two hydrogen
atoms and no R groups), so a methylene (CH,) group is installed in
place of the oxygen atom.

o PR o H
Ph—P—C:0
/ \
PH H

6.68 An aldehyde will react with a Wittig reagent to give an
alkene. In this case, the Wittig reagent does not have any R groups
(the carbon atom bearing the negative charge is connected to two
hydrogen atoms and no R groups), so a methylene (CH,) group is
installed in place of the oxygen atom.

PR
Ph—P=C:0

0
P H
H
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6.69 A ketone will react with a Wittig reagent to give an alkene.
In this case, the Wittig reagent does not have any R groups (the car-
bon atom bearing the negative charge is connected to two hydrogen
atoms and no R groups), so a methylene (CH,) group is installed in
place of the oxygen atom.

o Ph o H
Ph—P—C:©
/ \
Ph H

6.71 The starting material is a ketone, and the reagent is a sulfur
ylide, which will convert the ketone into an epoxide, as shown:

6.72 The starting material is an aldehyde, and the reagent is a
sulfur ylide, which will convert the aldehyde into an epoxide, as

shown:
0
O}(H

H CH3
\ /
0:C—S:®
/ \
H CH3

—_—

H CHjs
\ /
0:C—S:®
/ \
H CHs

O
O)J\ H
6.73 The starting material is formaldehyde, and the reagent is a

sulfur ylide, which will convert formaldehyde into an epoxide, as
shown:

H CHs
\ /
0:C—S:®
/ \

X, e 32
_—
H H H H

6.75 An aldehyde is being treated with a peroxy acid, so we
expect a Baeyer—Villiger reaction to occur. Under these conditions,
the aldehyde is oxidized to give a carboxylic acid:

0 o}
y H  CF3COsH ©)J\OH
—_—

6.76 A ketone is being treated with a peroxy acid, so we expect
a Baeyer—Villiger reaction to occur. We look closely at the starting
ketone, and we see that it is unsymmetrical. So, we must predict
where the oxygen atom will be inserted. We look at both sides, and
we see that the left side is a phenyl group and the right side is tertiary
(the carbon atom to the right of the carbonyl group is connected
to three alkyl groups). Tertiary groups migrate faster than phenyl
groups, so the oxygen atom will be inserted on the right side of the
carbonyl group:

o} O

Ph)J><\ MEFEA Ph)l\o></

6.77 A ketone is being treated with a peroxy acid, so we expect
a Baeyer—Villiger reaction to occur. The starting ketone is symmet-
rical, so we don’t need to decide where the oxygen atom inserts
itself (the left side generates the same product as the right side).
The product is a cyclic ester:

0 o 0

CN
)J\o/ H o}

6.78 AXketoneis being treated with a peroxy acid (RCO,H), so we
expect a Baeyer—Villiger reaction to occur. We look closely at the
starting ketone, and we see that it is unsymmetrical. So, we must
predict where the oxygen atom will be inserted. We look at both
sides of the carbonyl group. The carbon atom to the left of the car-
bonyl group is connected to one alkyl group, while the carbon atom
to the right of the carbonyl group is connected to two alkyl groups.
The more-substituted group migrates faster, so the oxygen atom will
be inserted on the right side of the carbonyl group:

/\/\)H/\ M\
A

6.79 An aldehyde is being treated with a peroxy acid (RCO,H),
so we expect a Baeyer—Villiger reaction to occur. Under these con-
ditions, the aldehyde is oxidized to give a carboxylic acid:

O O
O)kH CH5COzH G)kOH



6.81 A ketone can be converted into an alkene (with the installa-
tion of a CH, group) via a Wittig reaction. This is achieved by treat-
ing the ketone with a phosphorus ylide (a Wittig reagent), shown
here:

PR H

Ph—P—C:0
/ \

H

PH
o — CHp

6.82 A symmetrical ketone can be converted into an ester (in
this case, a cyclic ester) via a Baeyer—Villiger oxidation. This is
achieved by treating the ketone with a peroxy acid, such as MCPBA:

MCPBA

_ o

D= =

6.83 A secondary alcohol is oxidized to give a ketone upon treat-
ment with a variety of oxidizing agents, including sodium dichro-
mate, the Jones reagent, or even PCC:

Na20r207
HpSO4, HoO \

CrOs

Aqueous acetone
Heat

PCC /

6.84 An acetal can be hydrolyzed to give a ketone upon treatment
with water in the presence of an acid catalyst.

X - Do -
o H,0 *

HO

[ )—on [ o

6.85 The starting material is a thioacetal (there is a carbon atom
connected to two SR groups). This thioacetal can be reduced with
Raney nickel to give the desired product:

SCHs ,
SCHs

6.86 A ketone can be converted into an enamine upon treatment
with a secondary amine and an acid catalyst (and with removal of
water):
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H
|
- N ~ /
o " N
[H"] \
Dean—Stark

6.87 Aketone can be converted into a cyclic thioacetal upon treat-
ment with ethylene thioglycol and an acid catalyst:

HS SH S
D= L O
[H'] S

6.88 A primary alcohol is oxidized to give an aldehyde upon

treatment with PCC:
E>_/OH PCC wo
—_—
H

6.89 The starting material is a ketone and the product is an alco-
hol. That is, the carbonyl group is reduced, but together with the
installation of a methyl group. This can be achieved by treating the
ketone with a Grignard reagent (methyl magnesium bromide) fol-

lowed by water:
E>: E><OH
(0]
CHs

6.90 A ketone can be reduced to give a secondary alcohol upon
treatment with lithium aluminum hydride, followed by water. Alter-
natively, sodium borohydride can be used (note that sodium boro-
hydride is shown together with the proton source, not as a separate
1) LiAIH,4
_—

step):
(e} OH
2) H,O
\ NaBH, /

CH4OH

1) CH3zMgBr
—_—
2) H,O

6.91 The starting material is a cyclic thioacetal, which can be
reduced with Raney nickel to give the desired product:

P

Raney

o
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6.92 A symmetrical ketone can be converted into an imine upon
treatment with a primary amine and an acid catalyst (and with
removal of water):

H
|

N\
HC”™ H LHs
o ——  » N
[H]

Dean-Stark

6.93 A symmetrical ketone can be converted into an oxime upon
treatment with hydroxyl amine and an acid catalyst:

6.94 The starting material is a cyclic thioacetal, which can be
reduced with Raney nickel to give the desired product:

E><Sj Raney Ni E>
RN —
S

6.95 The starting material is a hydrazone, which can undergo a
Wolff-Kishner reduction to give the desired product:

N

6.96 An aldehyde can be oxidized to give a carboxylic acid upon
treatment with a strong oxidizing agent, such as sodium dichromate

or the Jones reagent:
(0] (0]
: H : OH

oo/

Aqueous acetone
Heat

[H]
B —
NH,OH

KOH / HgO
100 - 200 °C

Na,Cr,0O7
—_—
H»SO4, HO

Alternatively, an aldehyde can be oxidized to give a carboxylic
acid upon treatment with a peroxy acid (such as MCPBA), via a

Baeyer—Villiger oxidation:
wo MCPBA wo
H OH

—_—

6.97 A ketone can be converted into a cyclic acetal upon treat-
ment with ethylene glycol and an acid catalyst (and with removal

of water):

HO
O —»
[H]
6.98 A ketone can be converted into an epoxide upon treatment

Dean-Stark
with a sulfur ylide:

6.99 The starting material is an unsymmetrical ketone, and the
product is an ester. The difference between the starting material
and the product is an oxygen atom, which needs to be inserted
between the aromatic ring and the carbonyl group. This can be
accomplished via a Baeyer—Villiger oxidation reaction. Treating the
starting ketone with a peroxy acid, such as MCPBA, will give the
desired product.

0
o
MCPBA w/
o

6.100 A symmetrical ketone can be converted into a hydrazone
upon treatment with hydrazine and an acid catalyst:

o

6.103 The starting material is an aldehyde, and the desired prod-
uctis an alcohol. Notice also that we must install two methyl groups.
We can use a Grignard reaction (with MeMgBr) to convert the
aldehyde into an alcohol and simultaneously install one methyl
group. The resulting alcohol is similar in structure to the desired
product, but we are missing a methyl group. In order to install
another methyl group, we need to oxidize the alcohol to a ketone,
and then we can treat the ketone with another Grignard reagent,
thereby installing another methyl group, as shown in the following
synthesis:

[H+] /NH2
— N

HaN—NH,



o} OH
1) MeMgBr
H 2) H,O
—_—
3) NaQCr207,
H.SO4, H,O
4) MeMgBr
1) MeMgBr 5)) o g 1) MeMgBr
2) H,0 z 2) H,0
OH o]
Na,Cr,07

B
HpSO., HoO

6.104 The starting material is an alcohol, and the desired prod-
uct is an ester. We have not yet seen many ways to make esters,
but we have seen that an ester can be made from a ketone via a
Baeyer—Villiger oxidation process. So the last step of our synthesis
might be a Baeyer—Villiger oxidation process, in which the product
is made from the following ketone:

Baeyer-Villiger
oxidation

\)J\/—>\)k

This ketone can be made directly from the starting material via
oxidation. In summary, we have developed a two-step synthesis for
the desired product. In the first step, the alcohol is treated with an
oxidizing agent to give a ketone, and then the ketone is treated with
a peroxy acid (such as MCPBA) to give the desired ester:

1 ) Na20r207,
OH HoS04, H,0
—_—_—

\)\/ 2) MCPBA
Na,Cr,07,

HpS04, Hy0

O
\)ko/\
\)CJ)\/ MCPBA

6.105 The starting material is an acetal, and the desired product
is an epoxide. We have not yet seen many ways to make epoxides.
But in this chapter, we have seen that an epoxide can be made by
treating a ketone with a sulfur ylide. So the last step of our synthe-
sis might be the conversion of the following ketone into the desired
epoxide:

O

\)J\/

Sulfur ylide

—_—

S
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This ketone can be made directly from the starting acetal upon
treatment with aqueous acid. In summary, we have developed a
two-step synthesis for the desired product. In the first step, the acetal
is treated with water and an acid catalyst to give a ketone, and then
the ketone is treated with a sulfur ylide to give the desired epoxide:

/\ 1) HO*
o. 0 S o
X H CHs
\ /
2) ©0:C—S:®
/ \
H CHs
H;0* H\ /CH3
o ©:c—S:0
CHs

NP

6.106 The starting material is an alkene, and the desired product
is an alkane (actually, a cycloalkane). We have not seen any direct
ways to remove a methylene (CH,) group. But in this chapter, we
have seen more than one way to convert a ketone into an alkane. For
example, the following transformation can be achieved by convert-
ing the ketone below into a thioacetal, followed by desulfurization
with Raney nickel:

S S
— 00— 0
This ketone can be made directly from the starting alkene via
ozonolysis. In summary, we have developed the following synthe-
sis for the desired product. First, the alkene undergoes ozonolysis,

and the resulting ketone is converted to a cyclic thioacetal, followed
by desulfurization with Raney nickel, to give the desired product:

0]

1) O3

2) DMS

3) [H*], HSCH,CH,SH

4) Raney Ni
1) O3 / Raney
2) DMS Ni

S S
[H']
HS SH

Alternatively, the ketone can be reduced to a CH, group via a
Clemmensen reduction or via a Wolff—Kishner reduction.
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6.107 The starting material is an alkene, and the desired prod-
uct is an alcohol. We have not seen any direct ways to achieve
this transformation. But in this chapter, we have seen that the
desired alcohol can be made via reduction of the corresponding
ketone:

Reduction

—_—

This ketone can be made directly from the starting alkene
via ozonolysis. In summary, we have developed the following
synthesis for the desired product. First, ozonolysis is performed
to convert the alkene into a ketone, and this ketone is then
reduced to give the desired product. The reduction step can be
achieved either with lithium aluminum hydride (as shown) or with
NaBH,:

OH
1) O3
2) DMS
3) LiAIH,
4) H,O
(0]
1) O 1) LiAIH,
2) DMS 2) H,0

6.108 The starting material is an aldehyde, and the desired
product is an alkene. We have not seen any direct ways to
achieve this transformation. But in this chapter, we have seen that
the desired alkene can be made via from a ketone via a Wittig reac-
tion:

O
O)J\/ Wittig reaction O)J\/
_—

This ketone can be made from the starting aldehyde via a
two-step process: 1) a Grignard reaction, followed by 2) oxida-
tion. In summary, we have developed the following synthesis for the
desired product. The starting aldehyde is treated with ethyl magne-
sium bromide, followed by water, to give an alcohol, which is then
oxidized to give a ketone. And finally, the ketone is treated with a
Wittig reagent to give the desired product:

1) EtMgBr
o) 2) Hy0
3) NagCr207,
H H2S04, HO
—_—
4) Ph H
\ /
Ph—P—C:0 Ph H
1) EtMgBr Ph H N
2) H,0 Ph—P C\-@
P H
OH o}
Na,Cr,0O7
—_—
HoSO04, HoO

6.109 The starting material is an alkene, and the product is a car-
boxylic acid. Notice also that the product has one less carbon atom
than the starting material. Removing a carbon atom requires break-
ing a bond between carbon atoms, and that can be accomplished via
ozonolysis. The resulting aldehyde can then be oxidized to give the
desired carboxylic acid:

(6]
1) Og
X 2)DMs -
—_—_—
3) NagCr207,
HoSQOy4, H,O
O

1) Oz H  NaxCr07
2) DMS HaSO4, HaO

6.110 The starting material is an aldehyde, and the desired prod-
uct is an ester. We have not yet seen many ways to make esters,
but we have seen that an ester can be made from a ketone via a
Baeyer—Villiger oxidation process. So the last step of our synthesis
might be a Baeyer—Villiger oxidation process, in which the product
is made from the following ketone:

(0]
Baeyer-Villiger

OX|dat|on O/ Y\

This ketone can be made from the starting aldehyde via a
two-step process: 1) a Grignard reaction, followed by 2) oxida-
tion. In summary, we have developed the following synthesis for the
desired product. The starting aldehyde is treated with ethyl magne-
sium bromide, followed by water, to give an alcohol, which is then
oxidized to give a ketone. And finally, the ketone is treated with a
peroxy acid (such as MCPBA) to give the desired ester:



O
1) EtMgBr
H 2)HO0 \H/\
3) Na,Cr,07,

H2SOy4, HO
1)EtMgar 4 MCPBA
2) H,0 MCPBA
OH
Na20r207
" H,S04 H,O

6.111 The starting material is a acetal, and the desired prod-
uct is an ester. We have not yet seen many ways to make esters,
but we have seen that an ester can be made from a ketone via a
Baeyer—Villiger oxidation process. So the last step of our synthesis
might be a Baeyer—Villiger oxidation process, in which the product

is made from the following ketone:

Baeyer—
Villiger
oxidation

‘)OJ\‘
This ketone can be made directly from the starting acetal upon
treatment with aqueous acid. In summary, we have developed a
two-step synthesis for the desired product. In the first step, the acetal
is treated with water and an acid catalyst to give a ketone, and the

ketone is then treated with a peroxy acid (such as MCPBA) to give
the desired ester:

HsCO OCHz  1)Ha0* 0
B — e
Ph” Ph 2) MCPBA Ph/ﬂ\O/Ph
HyO* i MCPBA

Ph Ph

6.112 The desired product is an enamine, and we have only seen
one way to make an enamine (from the reaction between a ketone
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and a secondary amine), so the last step of our synthesis must be the
following:

\
H NN
B ——
[H'],
Dean-Stark

Now let’s work our way forward, beginning with the starting
material, which is a primary alcohol. We need to introduce a cyclo-
hexyl group into the compound, which means that we need to make
a C—C bond. This can be accomplished by the reaction between a
Grignard reagent and a carbonyl group, so we first oxidize the alco-
hol with PCC to give an aldehyde, and then treat that aldehyde with
cyclohexyl magnesium bromide, followed by water. The resulting
alcohol can then be oxidized to give the ketone above, which can be
converted into the desired product as shown above.

The entire synthesis is summarized here:

1) PCC

MgBr / \
OH 2) O/ N

3) H,O

_—
4) NayCry07,
H,SOy4, HO
5) [H+], Dean-Stark [H*]

{ > Dean-Stark
O
| ()
H H N
|
H

MgBr o)
(T

NaQCr207,
H>S04, H,O

lPCC

CHAPTER 7

7.2 An acid halide is being treated with an excess of Grignard reagent. First, a Grignard reagent attacks the carbonyl group of the acid
halide, giving a tetrahedral intermediate, which then re-forms the carbonyl group by expelling chloride as a leaving group. The resulting
ketone is then attacked by another equivalent of the Grignard reagent to give an alkoxide ion. This alkoxide ion cannot re-form the carbonyl
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group because it has no leaving groups, so this is the end of the reaction. After the reaction is complete, water is added to the reaction
flask, thereby protonating the alkoxide ion to give an alcohol:

Cl CH3CH, MgBr O)ég _c| CH,CHs

VAENC]
CH3%H2 MgBr

o)
HO CHyCH3 L. ﬂ: CH,CH3
201

CH,CHs H 4/ H CHyCHa

7.3 An acid halide is being treated with an alcohol in the presence of pyridine. First, the alcohol attacks the carbonyl group of the acid
halide, giving a tetrahedral intermediate. This intermediate then re-forms the carbonyl group by expelling chloride as a leaving group. And
finally, the resulting cation is then deprotonated by pyridine to give an ester:

COMH & :\C;C: —CI @ /O

7.4 An acid halide is being treated with excess amine. First, the amine attacks the carbonyl group of the acid halide, giving a tetrahedral
intermediate. This intermediate then re-forms the carbonyl group by expelling chloride as a leaving group. And finally, the resulting cation
is then deprotonated by a second equivalent of the amine to give an amide:

H
@ H\/

Cﬁk GX H/; o~

7.5 An acid halide is converted into a carboxylic acid upon treatment with thionyl chloride. First, the carboxylic acid functions as a
nucleophile and attacks the S=O bond. The S=O0 bond is then re-formed (by expelling a chloride ion), followed by a proton transfer
step. The net result of these first three steps is the conversion of an OH group into a better leaving group. A chloride ion (formed in the
second step) then attacks the carbonyl group, giving a tetrahedral intermediate, which can then re-form the carbonyl group by expelling
SO, gas and a chloride ion. The product is an acid halide:
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b.@
: Cl 0 (0]
() \ I I
Il) /S\ /S /S\
o) PN oo C e o7 o~ cl
cl cl —cl
OH ?@ @?) CIG) 0
" ) &>

802+ CI@ v M MCI
Cl
<o

7.6 An acid halide is being treated with an excess of LiAlH,, which is a hydride reducing agent. First, LiIAIH, functions as a delivery
agent of hydride (H™) and attacks the carbonyl group of the acid halide, giving a tetrahedral intermediate, which then re-forms the carbonyl
group by expelling chloride as a leaving group. The resulting aldehyde is then attacked by another equivalent of LiAlH, to give an alkoxide
ion. This alkoxide ion cannot re-form the carbonyl group because it has no leaving groups, so this is the end of the reaction. After the
reaction is complete, water is added to the reaction flask, thereby protonating the alkoxide ion to give an alcohol:

7.8 Upon treatment with thionyl chloride (SOCL,), a carboxylic = 7.9 Upon treatment with thionyl chloride (SOCI,), a carboxylic
acid is converted into an acid halide. When this acid halide is treated = acid is converted into an acid halide. When this acid halide is treated
with an excess of ethyl magnesium bromide (a Grignard reagent), = with lithium diethyl cuprate (a tame carbon nucleophile), the acid
followed by water, the acid halide reacts with two equivalents of the = halide reacts with only one equivalent of the nucleophile to give a
Grignard reagent to give an alcohol. Notice that two ethyl groups are = ketone.

installed.

(0]
MOH 2) Excess 2) Et,CulLi

EtMgBr

(6]
3) H20 /41) Excess
2
Cl
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7.10 Upon treatment with excess ammonia (NH,), a carboxylic

acid is converted into an amide.

\/\)OJ\ xS NHg
Cl
7.11 When an acid halide is treated with an excess of a hydride

reducing agent, such as NaBH, or LiAlH,,, the acid halide will react
with two equivalents of the reducing agent to give an alcohol.

7.12 An acid halide is converted into an ester upon treatment with
an alcohol in the presence of pyridine.

o) 0
o] EtOH o
B ——
py

7.14 The desired ester can be made from an acid halide, which can
be made from the starting carboxylic acid. This gives the following

two-step synthesis:
o}
(T G*
o
cl EtOH
py

xs NaBH,4

MeOH SN oH

_1)SOC;
"2) EtOH, py

SOCl,

7.15 The desired ketone can be made by treating an acid halide
with lithium dimethyl cuprate. The acid halide can be made from
the starting carboxylic acid. This gives the following two-step syn-

thesis:
(0]
©)J\OH ©)J\
(0]
SOCl, Cl Me,CulLi

1) SOCl,
2) Me,CulLi

7.16 The starting material is a carboxylic acid, and the product is
an alcohol. In making the alcohol, we must install one ethyl and one
methyl group. This cannot be achieved by treating an acid halide
with an excess of a Grignard reagent, because we need to install
two different alkyl groups. Rather, the desired transformation can
be achieved by converting the carboxylic acid into an acid halide,
and then treating the acid halide with a lithium dialkyl cuprate. This
results in the installation of only one alkyl group to give a ketone.
And this ketone can then be treated with a Grignard reagent.

(0]

1) SOCl,
OH 2) MeoCuli
3) EtMgBr
4) H,O
SOCl 1) EtMgBr
2) H,O
(0]

o)
Cl Me,Culi (j)L Me
—_—

In the synthesis shown, we used Me,CuLi followed by EtMgBr.
Alternatively, we could have used Et,CuLi, followed by MeMgBr,
which would have accomplished the same goal.

7.17 The starting material is a carboxylic acid, and the product
is an alcohol. In making the alcohol, we must install one ethyl.
This can be achieved by converting the carboxylic acid into an acid
halide, and then treating the acid halide with lithium diethyl cuprate.
This results in the installation of only one alkyl group to give a
ketone. And this ketone can then be treated with a reducing agent
to give the desired alcohol.

1) SOCl,

/\)?\ 2) Et,Culi OH
—_—_—
OH 3) LiAlH,4 /\)\/
4) H,0
1) LiAIH4
\sool2 ‘ 2) HyO
Et,CulLi

/\)J\—>/\)J\/

7.18 An acid halide can be converted directly into an acid anhy-
dride upon treatment with a carboxylic acid in the presence of pyri-
dine. The carboxylic acid functions as a nucleophile that attacks the
carbonyl group of the acid halide, and pyridine functions as a base
to remove the acidic protons generated during this process.
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o 7.21 An anhydride is converted into an alcohol when treated with
excess reducing agent:

o) HO o O
Cl g O)H/ 1) xs LiAlH,
w)J\ y YJ\ \)k )K/ DHO T N Son

7.20 Ananhydride is converted into an amide upon treatment with = 7.22 An anhydride is converted into a carboxylic acid when
excess ammonia: treated with aqueous acid:

O O O

/\)k )k/\ o I \)J\ )J\/ e \)J\
—_—
NH, 0 OH

7.23 This is an intramolecular Fischer esterification process, and the mechanism should have six steps, like any Fischer esterification.
There are two core steps (attack the carbonyl group, and re-form the carbonyl group), both highlighted below, and the remaining four
steps are proton transfer steps that occur in order to facilitate the two core steps. In the first step of the mechanism, the carbonyl group
is protonated, rendering it more electrophilic and subject to attack by a weak nucleophile. In this case, the nucleophile is an alcohol that
is tethered to the carbonyl group (in the same molecule), allowing for an intramolecular attack. The resulting cyclic oxonium ion is then
deprotonated by water and protonated by a hydronium ion, to give an intermediate that can re-form the carbonyl group via expulsion of a
leaving group (H,O). The resulting intermediate is then deprotonated by water to give the product:

Attack

H ..
BY; HO: OH
(_\ H—0® H.o ® carbonyl
o} N ,O: .. H
H Z 0:5 /—j
M M @ -0
\ HO :OH

Re-form . H\ ®
[Y carbonyl HO:> O—H
3 H
-H,0 :
2 O /O
H

7.25 The desired ester can be made via a Fischer esterification o o
process, which enables us to make the following bond:
oH M1 o
—_—
O @
2 g
HO

The required starting materials (a carboxylic acid and an = 7.26 The desired ester can be made via a Fischer esterification
alcohol) are shown: process, which enables us to make the following bond:
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O o)

O
/\ +
S o
(0]
OH
The required starting materials (a carboxylic acid and an alco-
hol) are shown below: 7.28 The desired ester can be made via an intramolecular
Fischer esterification process, which enables us to make the follow-

0 [H] o ing bond:
_— /\
OH (0]
% HO™ 0

7.27 The desired ester can be made via an intramolecular Fischer
esterification process, which enables us to make the following bond:
The required starting material (which is both a carboxylic acid

0 and an alcohol) is shown below:

(0] OH
HO 0
[H"]
The required starting material (which is both a carboxylic acid
and an alcohol) is shown:

7.30 Under aqueous acidic conditions, an ester can be hydrolyzed to give a carboxylic acid and an alcohol. This process is the reverse of
a Fischer esterification process, and the mechanism should have six steps. There are two core steps (attack the carbonyl group, and re-form
the carbonyl group), both highlighted below, and the remaining four steps are proton transfer steps that occur in order to facilitate the two
core steps. In the first step of the mechanism, the carbonyl group is protonated, rendering it more electrophilic and subject to attack by a
weak nucleophile (H,0). Water attacks the carbonyl group to give a tetrahedral intermediate. This intermediate is then deprotonated by
water and then protonated by a hydronium ion, to give an intermediate that can re-form the carbonyl group via expulsion of a leaving
group (ROH). Notice that after the leaving group leaves, the alcohol and the carboxylic acid are tethered to each other in one molecule
(because the starting ester was cyclic). The resulting intermediate is then deprotonated by water to give the product:

Attack
carbonyl H
di

- .._H
o7 N N CG)O/ HO ®0LH<" ) HO  OH

H —,Q\@ /\/ o ] o7 ] )
0 H 0 H™ H o o:w
/-

® H
H—0 >
H
_.O.‘/\H\ o Re-form HO!7 OH
O IS 40: carbonyl .._H
O
(-9
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7.31 Under aqueous acidic conditions, an ester can be hydrolyzed to give a carboxylic acid and an alcohol. This process is the reverse of
a Fischer esterification process, and the mechanism should have six steps. There are two core steps (attack the carbonyl group, and re-form
the carbonyl group), both highlighted below, and the remaining four steps are proton transfer steps that occur in order to facilitate the two
core steps. In the first step of the mechanism, the carbonyl group is protonated, rendering it more electrophilic and subject to attack by a
weak nucleophile (H,0). Water attacks the carbonyl group to give a tetrahedral intermediate. This intermediate is then deprotonated by
water and then protonated by a hydronium ion, to give an intermediate that can re-form the carbonyl group via expulsion of a leaving
group (EtOH). The resulting intermediate is then deprotonated by water to give a carboxylic acid:

Attack
carbonyl H
.. H \
'o-r\ Y 05" HO ®o',1H‘/—7 HO OH
H-0® & f ' ‘0"
*\ H P H A
OEt H ©)J\ H OEt OFt
@/
H—0>
H
Re-form .
carbonyl HO'? OH

.._H
_EoH_ £5%
Et

7.33 Upon treatment with aqueous acid (H;O"), an ester is hydrolyzed to give a carboxylic acid and an alcohol. This is the reverse of a

Fischer esterification:
O HsO* o}
—_— + CH3OH
OCHj3 OH

7.34 Upon treatment with hydroxide, followed by a proton source, an ester is hydrolyzed to give a carboxylic acid and an alcohol. This

process is called saponification:
0
)
_1)NaOH
2 HO"

7.35 Upon treatment with an alcohol in the presence of catalytic acid, a carboxylic acid is converted to an ester. This process is called
Fischer esterification:

[H°]

(0] O
\)J\ \)k
OH EtOH O/\
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7.36 Upon treatment with hydroxide, followed by a proton source, an ester is hydrolyzed to give a carboxylic acid and an alcohol. This
process is called saponification:

7.37 In the first step of the mechanism, hydroxide functions as a nucleophile and attacks the cyano group. The resulting anion is then
protonated by water, followed by a deprotonation step to give a resonance-stabilized anion. This anion can receive a proton (from water,
because there are no stronger acids present) to give the product:

N e e .. _H .._H
) H RN, 0 N~ 5 N7
o = eI ] €

R .07 R™ 07

R

cor T o)\_H

NH, H'{/H

R O

7.39 An amide is hydrolyzed under aqueous acidic conditions. This process is similar to the acid-catalyzed hydrolysis of an ester, and the
mechanism should have six steps. There are two core steps (attack the carbonyl group, and re-form the carbonyl group), both highlighted
below, and the remaining four steps are proton transfer steps that occur in order to facilitate the two core steps. In the first step of the
mechanism, the carbonyl group is protonated, rendering it more electrophilic and subject to attack by a weak nucleophile (H,O). Water
attacks the carbonyl group to give a tetrahedral intermediate. This intermediate is then deprotonated by water and then protonated by a
hydronium ion, to give an intermediate that can re-form the carbonyl group via expulsion of a leaving group (R,NH). Notice that after the
leaving group leaves, the amine and the carboxylic acid are tethered to each other in one molecule (because the starting amide was cyclic).
The resulting intermediate is then deprotonated by water to give the product:

Attack
f\ (\ H carbonyl H
.. / .. H v
‘0" H-0® C@o/ :o:  HO: @OQH/_\:O-. HO  OH
H H/ \H ‘ P

N—CHa N—CHa N—CHa NC%
@/H
H—0<
H
Ho o
o . .o Re-form HO.;) OH
H/'O'\H carbonyl ®,CHa
OH OH ~
H
/N_CH3 :/N_CH3
H H

7.40 In the first step of the mechanism, hydroxide functions as a nucleophile and attacks the cyano group. The resulting anion is then
protonated by water, followed by a deprotonation step to give a resonance-stabilized anion. This anion can receive a proton (from water,
because there are no stronger acids present) to give the product:
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. .'N.. N e N -
G/ 0 o~ \J No) = (/O
_— _— _ > o

NH
: S0z, pd

(0] HVH O:

7.41 Hydroxide will attack the carbonyl group of an amide to give a tetrahedral intermediate, which can then re-form the carbonyl group.
Under these basic conditions, the resulting anion then undergoes two proton transfer steps, giving a carboxylate ion:

o8 6 :OH 0"
ﬁ/@m Q»é O, S o
N9 N O: |
T T N\/v M{\ H = /N\/\)J\é:@
N 0

7.42 Under acidic conditions, the carbonyl group is first protonated, which renders it more electrophilic. Water then attacks the carbonyl
group, giving a tetrahedral intermediate. In order to re-form the carbonyl group and break a C—N bond, we must first protonate a nitrogen
atom (so that it is a better leaving group), and we can only do this after first removing a proton (we must avoid drawing an intermediate
with two positive charges). So, the intermediate undergoes two successive proton transfer steps. Then, the carbonyl group is re-formed by
breaking a C—N bond, and the resulting cation is then deprotonated. In order to break the other C—N bond, the nitrogen atom must first be
protonated, rendering it a better leaving group. Finally, deprotonation (and loss of carbon dioxide) gives the products. Note that this final
step can be alternatively drawn as two separate steps: 1) deprotonation to make the carboxylate ion, followed by 2) expulsion of the amine
and carbon dioxide.
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7.44 The starting material is an amide, and the reagent is aqueous
acid. We expect the amide to undergo acid-catalyzed hydrolysis to
give a carboxylic acid and an amine:

(0] H30* (0]
—_—
HaC L )J\/\/\ )W
l}l HO
H + CHaNH,

Actually, under these acidic conditions, the amine is protonated
to give an ammonium ion, CH;NH,*, (the reason will be explored
in Chapter 9).

7.45 The starting material is a primary (benzylic) halide, and the
cyanide is a good nucleophile that can replace bromide in an Sy 2
reaction. The resulting nitrile will then react with hydroxide to give

an amide, as shown:

NaCN ©/\C\\\N NaOH

7.46 The starting material is a cyclic amide, and the reagent
is aqueous acid. We expect the amide to undergo acid-catalyzed
hydrolysis to give a carboxylic acid and an amine:

NaCN
2) NaOH

o 0]

N HaO* OH

Actually, under these acidic conditions, the amine is proto-
nated to give an ammonium ion (the reason will be explored in
Chapter 9):

OH

oN~H

7.48 We must convert an ester into an acid halide, but we have not
learned a way to do this directly in one step (esters are less reactive
than acid halides). Instead, we can first convert the ester into a car-
boxylic acid, and then we can convert the carboxylic acid into the
desired acid halide. To achieve this transformation, we can use the
following reagents:

O o}

OMe 1) HyO* cl
—_—
2) SOCl,

Hz0* OH  SOCl,

7.49 An acid chloride is more reactive than an ester, so an acid
halide can be converted directly into an ester. This transformation
can be achieved with an alcohol and pyridine. In this case, the
desired product is an ethyl ester, so we use ethanol as the alcohol:

O

O o

Cl EtOH

—_—

pyridine

OEt

7.50 We must convert an amide into an acid halide, but we have
not learned a way to do this directly in one step (amides are less
reactive than acid halides). Instead, we can first convert the amide
into a carboxylic acid, and then we can convert the carboxylic acid
into the desired acid halide. To achieve this transformation, we can
use the following reagents:

o} o)
NH, 1) HzO* cl
2) SOCl,
o)
HsO* OH  SOCl

7.51 We must convert an ester into an acid anhydride, but we
have not learned a way to do this directly in one step (esters are



less reactive than acid anhydrides). Instead, we can first convert the
ester into a carboxylic acid, and then convert the carboxylic acid
into an acid halide. Finally, the acid halide can be converted into
the desired acid anhydride. To achieve this transformation, we can
use the following reagents:

0 o o
OMe  1)HgO* o)k
2) SOCl,
3 O

k O
Hy0™ HO )K
HO
0

O

SOCl, cl

—_—

OH

7.52 We must convert an amide into an ester, but we have not
learned a way to do this directly in one step (amides are less reactive
than esters). Instead, we can first convert the amide into a carboxylic
acid, and then we can convert the carboxylic acid into the desired
methyl ester. To achieve this transformation, we can use the follow-
ing reagents:

O (6]
M 1) H3O* \/\)J\
NT 2, o~
| xs MeOH
[H*],
HgO* o xs MeOH
(~CH3NHp) \/\)]\OH

7.54 The product is an acetal, which can be made from the corre-
sponding ketone, as shown here:
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then converted into the ketone upon treatment with lithium diethyl
cuprate. Finally, the ketone is converted into the desired acetal upon
treatment with ethylene glycol in the presence of an acid catalyst
(with removal of water):

[\

o}
1) SOCl, 0._°©°
OH 2) Et,CulLi
3) [H*], Dean-Stark
OH
HO™ [H]
SOCl, Dean-Stark
OH
HO™ N
o O
©)J\CI Et,CulLi ©)J\/

7.55 The product is an imine, which can be made from the corre-
sponding aldehyde, as shown here:

o

d H

This can be the last step of our synthesis, if we can convert the
starting material (an acid halide) into the aldehyde above. Indeed,
this aldehyde can be made in two steps from the starting acid halide.
The acid halide is first reduced to an alcohol upon treatment with
excess reducing agent (such as LiAIH, or NaBH,)), and this alco-
hol is then oxidized to give the aldehyde upon treatment with PCC.
Finally, the aldehyde is converted into the desired imine upon treat-

ment with methyl amine in the presence of an acid catalyst (with
removal of water):

(H'],
CH3NH,,

—_—
Dean-Stark

Sa

-
0] N
o o 0 1) excess LiAlH,4 |
Cl 2) H,0
H*],
[H'] 3) PCC
Dean-Stark 4) CH3NHy, [H],
Ho/\/OH 1) xs LiAlH, Dean-Stark
2) H,0 (H]
This can be the last step of our synthesis, if we can convert the OH o CH3NHy,
starting material (a carboxylic acid) into the ketone above. Indeed, Dean-Stark
this ketone can be made in two steps from the starting carboxylic PCC H
—_—

acid. The carboxylic acid is first converted into an acid halide upon
treatment with thionyl chloride (SOCI,), and this acid halide is
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7.56 The product is an acid halide, which can be made from the
corresponding carboxylic acid, as shown here:

o SOCl, o

HO)J\/\ - CI)J\/\

This can be the last step of our synthesis, if we can convert the
starting material (a ketone) into the carboxylic acid above. Indeed,
this carboxylic acid can be made in two steps from the starting
ketone, as shown below. The ketone is converted into an ester upon
treatment with a peroxy acid, such as MCPBA, and this ester is then
hydrolyzed with aqueous acid to give the carboxylic acid. Finally,
the carboxylic acid is converted into the desired acid halide upon
treatment with thionyl chloride (SOCIL,):

O o}

1) MCPBA )J\/\
cl

2) HzO*
3) SOCl,
\MCPBA / SOCl,
A S e
)J\/\ )J\/\
(0] HO
7.57 The product is an acid halide, which can be made from the
corresponding carboxylic acid, as shown here:

) O
©)J\OH ©)J\CI
This can be the last step of our synthesis, if we can convert the
starting material (an alcohol) into the carboxylic acid above. Indeed,
this carboxylic acid can be made directly from the starting alcohol

upon treatment with a strong oxidizing agent, giving the following
synthesis:

SOCl,

—_—

OH
1) NagCr207, H2804, Hgo Cl
2) SOCl,
NaZCr207, SOClg
H,SO0,,
O OH

7.58 The product is an enamine, which can be made from the cor-
responding ketone, as shown here:

[H*], ~
0 (CH3)oNH, N

\)J\/ Dean-Stark \)\/

This can be the last step of our synthesis, if we can convert
the starting material (an amide) into the ketone above. Indeed, this
ketone can be made in a few steps from the starting amide. The
amide is first hydrolyzed to a carboxylic acid upon treatment with
aqueous acid. This acid is then converted into an acid halide, which
is then converted into ketone above upon treatment with lithium
diethyl cuprate. Finally, the ketone is converted into the desired
enamine upon treatment with dimethyl amine in the presence of an
acid catalyst (with removal of water):

0 1) H3O*

)
\)k 2) SOCl,
NH 3) EtoCulLi
)

2
H.O* Dean-Stark [H*],
° (CHg)oNH,
Dean-Stark

0]

Cl
7.59 The product is a cyclic thioacetal, which can be made from
the corresponding aldehyde, as shown here:

N

[\
s

o [H*] g

/\)kH N\

HS SH

This can be the last step of our synthesis, if we can convert the
starting material (an ester) into the aldehyde above. Indeed, this
aldehyde can be made in two steps from the starting ester. The ester
is first reduced to an alcohol upon treatment with excess LiAlH,,
and this alcohol is then oxidized to an aldehyde upon treatment
with PCC. Finally, the aldehyde is converted into the desired thioac-
etal upon treatment with ethylene thioglycol (HSCH,CH,SH) in the
presence of an acid catalyst:
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1) excess LiAlH, The synthesis can be completed if we can convert the carboxylic
9 2) H,0 S/> acid into the ketone:
_——
/\)J\ OMe 3; PCC M S

4) [H*], o
xs HSCH,CH,SH \/\)J\ - . \/\)J\/
LiAIH,4 [H] OMe
/ \ €] @’Dh
" poo O "HS  SH \H30+ / HoC—R—Ph

/\) T /\)J\H Ph
0 ? o}
\/\)%H o~

This can be accomplished in just two steps. The carboxylic acid
is first converted into an acid halide, which is then converted into
the ketone upon treatment with lithium diethyl cuprate.

The entire synthesis is shown here:

1) H30*
1) Nas,Cr,07 SOC|2
H2804, H>0 \/\)J\ EthuLl \/\)J\/
MCPBA Ph
o ®/ Ph

7.60 The starting material is an alcohol, and it can be oxidized
upon treatment with an oxidizing agent. The resulting ketone can
then be converted into the desired carboxylic acid in just two steps.
The ketone is first oxidized via a Baeyer—Villiger oxidation to give
an ester, and the ester is then hydrolyzed with aqueous acid to give
the desired product:

3) HzO*
4) H,C—R—Ph o @/
Na,Cr,07 \ H30+ \Ph H,C— P\_ Ph
H2S04, Ho0 H,0" -
O
o \/\)J\ \/\)J\/
MCPBA m \(
R ——
o} o) / _
SOC|2 O EthULI
CI

7.61 The product is an alkene, which can be made from a

ket i Witti tion. Thi be the last st f
clone via a Withg reacton 18 cail be the fast step of our 7.62 The product is a cyclic acetal, which can be made from the

synthesis: .
syntnesis corresponding aldehyde, as shown here:
Ph
Q @ O [H*] O/w
H,C—R—Ph E>_( - Q%o
H /~\ H
HO OH

Dean-Stark

The starting material is an ester, so the first step of our synthesis

‘ > e This can be the last step of our synthesis, if we can convert
could be hydrolysis of the ester to give a carboxylic acid:

the starting material (a carboxylic acid) into the aldehyde above.
Indeed, this aldehyde can be made in just a few steps from the
starting carboxylic acid. The carboxylic acid is first converted
into an acid halide, which is then reduced to an alcohol upon

(0]
HsO*
\/\)J\ B . \/\)J\ treatment with excess LiAlH,. This alcohol is then oxidized to
OM . . .

an aldehyde upon treatment with PCC. Finally, the aldehyde is
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converted into the desired acetal upon treatment with ethylene gly-
col (HOCH,CH,OH) in the presence of an acid catalyst (with
removal of water):

)
E>_/<O 3) H,0
4) PCC

OH 5

[H*], HOCH,CH,OH

D~

Dean-Stark
H+]
SOCl,
Dean-Stark
Cl
1) xs LiAIH4
2) H,O

7.63 The product is an acid halide, which can be made from the
corresponding carboxylic acid, so this can be the last step of our
synthesis:

o SOCl, o

\)J\OH \)km

And the starting material is an alcohol, so the first step of our
synthesis might be oxidation to give a ketone:

W \)?\/

We can complete the synthesis if we can find a way to convert
the ketone into a carboxylic acid:

L
NaZCr207
H»S0O4, H,O

\)]\/

Na20r207
H2804, H>O

Conversion of the ketone into the carboxylic acid above
can be accomplished in two steps. First the ketone is treated with
a peroxy acid to give an ester (via a Baeyer—Villiger oxidation),
and this ester is then hydrolyzed with aqueous acid to give the car-
boxylic acid.

The entire synthesis is shown here:

OH 1) NasCr,07 0
HxSOy4, H-O \)J\
2) MCPBA cl
H +
oo 94
HpSO4, Ho0 2 T SOCl,
o 0

%

WBA ]
\)J\O/\

7.64 The product is an amide, which can be made from the corre-
sponding acid halide, as shown here:

o 0]
excess

Cl (CHa)NH -
—_—

—Z=Z

This can be the last step of our synthesis, if we can convert the
starting material (an alcohol) into the acid halide above. Indeed, this
acid halide can be made from the starting alcohol in just two steps.
First the alcohol is oxidized to give a carboxylic acid, which is then
converted into an acid halide upon treatment with thionyl chloride
(SOCl,). Finally, the acid halide is converted into the desired amide
upon treatment with excess dimethyl amine:

OH O
1) NayCr,07 _
H2S04, HO N
2) SOCl, |

3) excess (CHgz)oNH

Na,Cr,0O7

excess
HsSO4, H>O (CH3 2NH

O (0]
©)ko|.| SOCl, @)J\d
— =




CHAPTER 8

8.2 This compound has only one alpha carbon atom (to the right
of the carbonyl group), and that carbon atom is connected to one
alpha proton (highlighted below). Note that the proton to the left
of the carbonyl group is not an alpha proton, because it is not con-
nected to an alpha carbon (it is connected directly to the carbonyl

group):

H CHs

8.3 This compound has two alpha carbon atoms. The alpha carbon
atom to the right of the carbonyl group is not connected directly to
any protons. The alpha carbon atom to the left of the carbonyl group
is connected to one alpha proton (highlighted below).

T

8.4 This compound has two alpha carbon atoms, but neither of
them is connected to any protons, so this compound has no alpha
protons.
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8.5 This compound has two alpha carbon atoms. The alpha
carbon atom to the right of the carbonyl group is connected to
three alpha protons (highlighted), and the alpha carbon atom to
the left of the carbonyl group is connected to one alpha proton

(highlighted).
(0]
H
H
or:

8.6 This compound has two alpha carbon atoms. The alpha carbon
atom to the right of the carbonyl group is connected to two alpha
protons (highlighted), while the alpha carbon atom to the left of the
carbonyl group is not connected to any alpha protons.

(0]
HsC H
HaC H
8.7 This compound does not have any alpha carbon atoms,
because the carbonyl group is not connected to any carbon atoms.

Therefore, this compound (called formaldehyde) does not have any
alpha protons.

O

J

H” “H

8.9 In this case, a ketone is converted into an enol, so this is a keto-enol tautomerization, which has two steps (both of which are
proton transfer steps). Under basic conditions (hydroxide), we first show deprotonation to give a resonance-stabilized anion, and then
we show protonation to give the product. Notice that hydroxide (rather than H,O) functions as the base during the deprotonation step,
and water (rather than H;O*) must be shown as the proton source during the protonation step, in order to stay consistent with basic
conditions:

"o

:OH
\ 0 . o

4

<_,<_,
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8.10 In this case, a ketone is converted into an enol, so this is a keto-enol tautomerization, which has two steps (both of which are
proton transfer steps). Under acidic conditions (H;O%), we first show protonation to give a resonance-stabilized cation, and then we show
deprotonation to give the product. Notice that H;O" functions as the acid during the protonation step, and water (rather than hydroxide)
must be shown as the base during the deprotonation step, in order to stay consistent with acidic conditions:

(TO: [H50*] (jOH
H

H—O\@
H H\..o. M
O6H @ OH OH OH
<} ® b b
B S B B S
S~ H
8.11 In this case, an enol is converted into a ketone, so this :OH

(0]
is a keto-enol tautomerization, which has two steps (both of )\/\/ [H307] )J\/\/
which are proton transfer steps). Under basic conditions (hydrox- X

ide), we first show deprotonation to give a resonance-stabilized

enolate anion, and then we show protonation to give the H
product. Notice that hydroxide (rather than H,O) functions H—O/b H\‘o( H
as the base during the deprotonation step, and water (rather \H /
than H,O%) must be shown as the proton source during

H

the protonation step, in order to stay consistent with basic -5H

@ AP
conditions: <> 99
)@\/\/ M

8.13 In this case, an enol is converted into a ketone, so this is
a keto-enol tautomerization, which has two steps (both of which
are proton transfer steps). Under acidic conditions (H;O"), we first
show protonation to give a resonance-stabilized cation (notice that
this intermediate has three resonance structures), and then we show
deprotonation to give the product. Notice that H;O* functions as the
acid during the protonation step, and water (rather than hydroxide)
must be shown as the base during the deprotonation step, in order
to stay consistent with acidic conditions:

:OH [H30%] 0
_—

= PN
8.12 In this case, an enol is converted into a Ketone, so this H
is a keto-enol tautomerization, which has two steps (both of H O/b H\O/H
which are proton transfer steps). Under acidic conditions (H;0%), ® \H T
we first show protonation to give a resonance-stabilized cation,
and then we show deprotonation to give the product. Notice H

. .o . .o @- 2
that H,O* functions as the acid during the protonation step, and ‘OH - QOH 0

-
water (rather than hydroxide) must be shown as the base dur- N4 @ )@\/\/ )W

ing the deprotonation step, in order to stay consistent with acidic
conditions:



8.15 The starting material is a ketone, and the reagents are Br,
and a mild acid. Under these conditions, a ketone will undergo alpha
halogenation. This ketone has two alpha positions, but only one of
these positions has protons, so the reaction occurs at this location.
One of the alpha protons is replaced with Br:

(0] (0]
Br
Br2
_—
% CH3COOH %/

8.16 The starting material is a carboxylic acid, and the reagents
indicate a Hell-Volhard—Zelinsky reaction. The result of this reac-
tion is to install Br at the alpha position:

o

8.17 The starting material is a carboxylic acid, and the reagents
indicate a Hell-Volhard—Zelinsky reaction. The result of this reac-

tion is to install Br at the alpha position:

BI’Q, PBI’3
H20

(o]
1) Bl'g, PBI’3

OH "m0
8.18 The starting material is a ketone, and the reagents are Br,
and H;O". Under these conditions, a ketone will undergo alpha
halogenation. This ketone has two alpha positions, but only one of

these positions has protons, so the reaction occurs at this location.
One of the alpha protons is replaced with Br:

(0]
H30+ Br

8.20 Hydroxide is a strong base, and it will remove a proton from
the position in between the two carbonyl groups (this is where the

most acidic proton is), to give an enolate:

H

Sl
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This enolate is highly stabilized by resonance. The negative
charge is delocalized over two oxygen atoms:

6 X 6 B {5° 9% 5
TV —"17r

8.21 Hydroxide is a strong base, and it will remove a proton from
the position in between the two carbonyl groups (this is where the
most acidic proton is), to give an enolate:

This enolate is highly stabilized by resonance. The negative
charge is delocalized over two oxygen atoms:

- )

‘0% o 0

> Z P

\OMO/ - \O)J\’/\/ko/
€]

/
%: o
\O)\)]\o/

8.22 Hydroxide is a strong base, and it will remove a proton from
an alpha position, resulting in an enolate ion. In this case, the start-
ing ketone is symmetrical, so the two alpha positions are the same
(deprotonation at either location leads to the same enolate):

Enolate ions are stabilized by resonance:

Hox :6:@
€]
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8.23 Hydroxide is a strong base, and it will remove a proton
from an alpha position, resulting in an enolate ion. In this case,
the starting ketone is symmetrical, so the two alpha positions
are the same (deprotonation at either location leads to the same
enolate):

dp iy

Enolate ions are stabilized by resonance:

8.25 The starting material is a methyl ketone, and the reagents
indicate a haloform reaction. Under these conditions, the methyl
ketone is converted into a carboxylic acid, and bromoform is pro-

duced as a by-product:
)
(j)k (j)kOH + CHBrg

8.26 The starting material is a methyl ketone, and the reagents
indicate a haloform reaction. Under these conditions, the methyl
ketone is converted into a carboxylic acid, and bromoform is pro-

duced as a by-product:
0

1) NaOH, Br,
2) H30*

) NaOH, Br2
Hao‘r

8.27 Hydroxide is a strong base, and it will deprotonate the alpha position to give an enolate ion. This enolate ion then functions
as a nucleophile and attacks Br,, thereby installing a bromine atom at the alpha position. These two steps (deprotonation, followed by
nucleophilic attack) are repeated two more times, thereby installing three bromine atoms at the alpha position. Thus far, the methyl (CH,)
group has been converted into a tribromomethyl (CBr,) group. Hydroxide now functions as a nucleophile and attacks the carbonyl group,
giving a tetrahedral intermediate, which expels Br;C™ as a leaving group to give a carboxylic acid. Under these conditions, the carboxylic

acid is deprotonated to give a carboxylate ion.

Br,C:0  + H\‘%' BrsCH  +

O
Br< o
b
lzézrﬁs:r:
Br—BrW OF\H A
Br Br

%

After the reaction above is complete, an acid is introduced into the reaction flask to protonate the carboxylate ion, and the carboxylic

acid is obtained:




8.29 The starting material is an unsymmetrical ketone, and when
treated with LDA, this ketone is deprotonated at the less-substituted
position to give the kinetic enolate, shown here:

0 o°®
e — (0
This enolate will react with methyl iodide in an Sy2 reaction,
thereby installing a methyl group at the less-substituted alpha car-

bon, to give the product shown:

8.30 The starting material has only one alpha proton. Upon treat-
ment with LDA, the starting material is deprotonated to give an
enolate, shown here:

0 o°
Qe
e
This enolate will react with ethyl bromide in an Sy2 reaction,
thereby installing an ethyl group, to give the product shown:

ok e

8.31 The starting material is an unsymmetrical ketone, and when
treated with LDA, this ketone is deprotonated at the less-substituted
position to give the kinetic enolate, shown here:

ot

This enolate will react with n-propyl chloride in an Sy 2 reac-
tion, thereby installing a propyl group at the less-substituted alpha
carbon, to give the product shown:

_DLDA THF
2)MeI

1) LDA, THF
2) /\BI’
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O)J\ O)OJ\/\/
8.32 The starting material is an unsymmetrical ketone, and when

treated with LDA, this ketone is deprotonated at the less-substituted
position to give the kinetic enolate, shown here:

o - O

This enolate will react with methyl iodide in an S2 reaction,
thereby installing a methyl group at the less-substituted alpha car-

bon, to give the product shown:

_1)LDA, THF _
2) O

_1DLDATHF
2) Mel

L

8.34 If we look at the difference between the starting material and
the product, we see that there is an extra methyl group that was intro-
duced at an alpha position. This methyl group was installed at the
less-substituted alpha position, which can be achieved by treating
the ketone with LDA followed by methyl iodide:

O)O%
8.35 If we look at the difference between the starting material
and the product, we see that there is an extra n-propyl group that was
introduced at an alpha position. This n-propyl group was installed at

the less-substituted alpha position, which can be achieved by treat-
ing the ketone with LDA followed by n-propyl iodide:

¢] ¢]
1) LDA, THF
2) /\/I

8.36 If we look at the difference between the starting material
and the product, we see that there is an extra alkyl group that
was introduced at an alpha position. This alkyl group was installed
at the less-substituted alpha position, which can be achieved by

_1)LDA, THF _
oMel
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treating the ketone with LDA followed by an alkyl halide, shown

below:
O O
1) LDA, THF
—_—

2) C

Br
8.38 We start by drawing two molecules of the ketone, so that
the oxygen atom of one ketone is pointing directly at the alpha pro-
tons of the other ketone. Then, we erase the two alpha protons and
the oxygen atom (highlighted), and we push the fragments together,
connecting them with a double bond. This is NOT a mechanism, but

it is a useful method for drawing the product of an aldol condensa-
tion.

8.39 We start by drawing two molecules of the ketone, so that
the oxygen atom of one ketone is pointing directly at the alpha pro-
tons of the other ketone. Then, we erase the two alpha protons and
the oxygen atom (highlighted), and we push the fragments together,
connecting them with a double bond. This is NOT a mechanism, but
it is a useful method for drawing the product of an aldol condensa-
tion.

0
0
i @ on
SéH

8.40 We start by drawing two molecules of the aldehyde, so that
the oxygen atom of one aldehyde is pointing directly at the alpha
protons of the other aldehyde. Then, we erase the two alpha pro-
tons and the oxygen atom (highlighted), and we push the fragments
together, connecting them with a double bond. In this case, two
stereoisomeric products are obtained, and the first one shown is
likely the major product (the aldehydic group has lone pairs and
is likely larger than a methyl group, so that aldehydic group will be
trans to the ethyl group).

(0] Major

8.42 Below is a retrosynthetic analysis for the desired product,
showing the C=C bond that is made during an aldol condensation.
To draw the starting materials for this aldol condensation, consider
the C=C bond in the product (the alpha and beta positions). The
alpha position must have originally been the location of two alpha
protons, and the beta position must have originally been the location
of a carbonyl group, as shown here:

u§x© :%EHOJ\Q

Upon treatment with NaOH, these starting materials will react
with each other via an Aldol condensation to give the desired
product.

8.43 Below is a retrosynthetic analysis for the desired product,
showing the C=C bond that is made during an aldol condensation.
To draw the starting materials for this aldol condensation, consider
the C=C bond in the product (the alpha and beta positions). The
alpha position must have originally been the location of two addi-
tional alpha protons, and the beta position must have originally been
the location of a carbonyl group, as shown here:

O

Upon treatment with NaOH, these starting materials will react
with each other via an Aldol condensation to give the desired
product.

8.44 Below is a retrosynthetic analysis for the desired product,
showing the C=C bond that is made during an aldol condensation.
To draw the starting materials for this aldol condensation, consider
the C=C bond in the product (the alpha and beta positions). The
alpha position must have originally been the location of two alpha
protons, and the beta position must have originally been the location
of a carbonyl group, as shown here:
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H the C=C bond in the product (the alpha and beta positions). The
o) H alpha position must have originally been the location of two alpha
3 O (0] protons, and the beta position must have originally been the location
; H H of a carbonyl group, as shown here:
0] H 0] H
. . . . o B f— H O%\
Upon treatment with NaOH, these starting materials will react H H H
with each other via an Aldol condensation to give the desired
product.
8.45 Below is a retrosynthetic analysis for the desired product, Upon treatment with NaOH, these starting materials will react

showing the C=C bond that is made during an aldol condensation. = with each other via an Aldol condensation to give the desired
To draw the starting materials for this aldol condensation, consider = product.

8.47 In the first step, hydroxide functions as a base and removes an alpha proton from the ketone. The resulting enolate ion then functions
as a nucleophile and attacks the carbonyl group of formaldehyde. The resulting alkoxide ion is then protonated by H, O (this is the proton
source that is present under these conditions) to give a B-hydroxy ketone. Under these conditions, the f-hydroxy ketone can undergo
elimination to give an a,p-unsaturated ketone. This elimination process occurs via two steps. First, hydroxide functions as a base and
removes an alpha proton, and then hydroxide is expelled as a leaving group to give the product:

o o)

I "
NaOH H

.. /

i .gH\‘H%}T\H i 'OHH O6H i :glj
0 N\
H — . H -
A O L,

8.48 In the first step, hydroxide functions as a base and removes an alpha proton from the ketone bearing alpha protons. The resulting
enolate ion then functions as a nucleophile and attacks the carbonyl group of the other ketone. The resulting alkoxide ion is then protonated
by H, O (this is the proton source that is present under these conditions) to give a 8-hydroxy ketone. Under these conditions, the f-hydroxy
ketone can undergo elimination to give an a,p-unsaturated ketone. This elimination process occurs via two steps. First, hydroxide functions
as a base and removes an alpha proton, and then hydroxide is expelled as a leaving group to give the product:

o)

M o

Ph Ph
NaOH
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8.49 In the first step, hydroxide functions as a base and removes an alpha proton from the ketone. The resulting enolate ion then
functions as a nucleophile and attacks the carbonyl group of another molecule of the same ketone. The resulting alkoxide ion is
then protonated by H,O (this is the proton source that is present under these conditions) to give a p-hydroxy ketone. Under these
conditions, the B-hydroxy ketone can undergo elimination to give an o,fB-unsaturated ketone. This elimination process occurs via two
steps. First, hydroxide functions as a base and removes an alpha proton, and then hydroxide is expelled as a leaving group to give
the product:

0
\)Sé NaOH

8.50 In the first step, hydroxide functions as a base and removes an alpha proton from the ketone bearing alpha protons. The
resulting enolate ion then functions as a nucleophile and attacks the carbonyl group of the aldehyde. The resulting alkoxide ion is
then protonated by H,O (this is the proton source that is present under these conditions) to give a p-hydroxy ketone. Under these
conditions, the B-hydroxy ketone can undergo elimination to give an «,f-unsaturated ketone. This elimination process occurs via two
steps. First, hydroxide functions as a base and removes an alpha proton, and then hydroxide is expelled as a leaving group to give
the product:

(6]
Ph” TH
> NaOH




8.52 To draw the product of this Claisen condensation, we start
by drawing two molecules of the ester, so that the alkoxy of one ester
is pointing directly at the alpha protons of the other ester. Then, we
erase the alkoxy group and one of the alpha protons, and we push
the fragments together, as follows:

8.53 To draw the product of this Claisen condensation, we start
by drawing two molecules of the ester, so that the alkoxy of one
ester is pointing directly at an alpha proton of the other ester. Then,
we erase the alkoxy group and the alpha proton, and we push the
fragments together, as follows:

o)
- 0
o
1) MeO° o
—_—
2 H*
;

8.54 To draw the product of this Claisen condensation, we start
by drawing two molecules of the ester, so that the alkoxy of one ester
is pointing directly at the alpha protons of the other ester. Then, we
erase the alkoxy group and one of the alpha protons, and we push
the fragments together, as follows:
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8.55 To draw the product of this Claisen condensation, we start
by drawing two molecules of the ester, so that the alkoxy of one ester
is pointing directly at the alpha protons of the other ester. Then, we
erase the alkoxy group and one of the alpha protons, and we push
the fragments together, as follows:

M-*

8.57 Below is a retrosynthetic analysis for the desired product,
showing the C—C bond that is made during a Claisen condensa-
tion. To draw the starting materials for this Claisen condensation,
consider the C—C bond in the product (between the alpha and beta
positions). The alpha position must have originally been the location
of an additional alpha proton, and the beta position must have orig-
inally been connected to an alkoxy group (specifically, a methoxy
group, so that both esters have the same alkoxy group), as shown
here:

oMl o o) o)
p— +
MeO” B ph MeO)H MeO)J\ Ph

The two esters above can be used to make the desired product
via a Claisen condensation reaction, as shown below. Notice that we
use methoxide as our base (to avoid transesterification):

8.58 Below is a retrosynthetic analysis for the desired product,
showing the C-C bond that is made during a Claisen condensa-
tion. To draw the starting materials for this Claisen condensation,
consider the C—C bond in the product (between the alpha and beta
positions). The alpha position must have originally been the location
of an additional alpha proton, and the beta position must have orig-
inally been connected to an alkoxy group (specifically, an ethoxy

group, so that both esters have the same alkoxy group), as shown
here:

1) MeO

pn D eo Ph
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o o o) o)
— +
to)% Ph Eto)j\ EtO)J\ Ph

The two esters above can be used to make the desired product
via a Claisen condensation reaction, as shown below. Notice that we
use ethoxide as our base (to avoid transesterification):

J\ NEO” Et0°
)j\ T e

8.59 Below is a retrosynthetic analysis for the desired product,
showing the C—C bond that is made during a Claisen condensa-
tion. To draw the starting materials for this Claisen condensation,
consider the C—C bond in the product (between the alpha and beta
positions). The alpha position must have originally been the location
of an additional alpha proton, and the beta position must have orig-
inally been connected to an alkoxy group (specifically, a methoxy
group, so that both esters have the same alkoxy group), as shown
here:

(@) (0] O (6]
o p— +
eO B MeO MeO

The two esters above can be used to make the desired product
via a Claisen condensation reaction, as shown below. Notice that we
use methoxide as our base (to avoid transesterification):

A AL
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EtO Ph

1) MeO
2) H*

8.60 Below is a retrosynthetic analysis for the desired product,
showing the C—C bond that is made during a Claisen condensa-
tion. To draw the starting materials for this Claisen condensation,
consider the C—C bond in the product (between the alpha and beta
positions). The alpha position must have originally been the location
of an additional alpha proton, and the beta position must have orig-
inally been connected to an alkoxy group (specifically, a methoxy
group, so that both esters have the same alkoxy group), as shown
here:

Notice that, in this case, the two esters are identical. This ester
can be used to make the desired product via a Claisen condensation
reaction, as shown below. Notice that we use methoxide as our base
(to avoid transesterification):

MeO 0 0]

BYSE-)

2) H‘r

8.62 Ethoxide functions as a base and removes a proton from the alpha position of the starting ester, giving an enolate ion. This enolate ion
then functions as a nucleophile and attacks another molecule of the ester (that has not been deprotonated) to give a tetrahedral intermediate.
This intermediate then re-forms the carbonyl group by expelling an ethoxide ion. The resulting product (which is our desired product) is
deprotonated under these basic conditions to give a stabilized enolate ion. The formation of this particularly stable anion is a driving force
for the reaction. When the reaction is complete, we must then introduce a source of protons (H;O%) into the reaction flask to protonate the

anion and regenerate the desired product.
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]
1) EtO
EtO < 2) H30* EtO

8.63 Methoxide functions as a base and removes a proton from the alpha position of the starting ester, giving an enolate ion. This
enolate ion then functions as a nucleophile and attacks another molecule of the ester (that has not been deprotonated) to give a tetrahedral
intermediate. This intermediate then re-forms the carbonyl group by expelling a methoxide ion. The resulting product (which is our desired
product) is deprotonated under these basic conditions to give a stabilized enolate ion. The formation of this particularly stable anion is a
driving force for the reaction. When the reaction is complete, we must then introduce a source of protons (H,O%) into the reaction flask to
protonate the anion and regenerate the desired product.

1) M O@
Ph ) Me Ph
MeO o 2) H3O* MeO

8.64 Let’s begin by redrawing the starting diester:

2 H
(¢} 0
RO, o
= RO H
RO OR
H H
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In the first step of the mechanism, an alkoxide ion functions as a base and removes a proton from one of the alpha positions of the starting
diester, giving an enolate ion. This enolate ion then functions as a nucleophile and attacks the other carbonyl group (in an intramolecular
fashion) to give a tetrahedral intermediate. This intermediate then re-forms the carbonyl group by expelling an alkoxide ion. The resulting
product (which is our desired product) is deprotonated under these basic conditions to give a stabilized enolate ion. The formation of this
particularly stable anion is a driving force for the reaction. When the reaction is complete, we must then introduce a source of protons
(H,0™) into the reaction flask to protonate the anion and regenerate the desired product.

RO

i
RO
= o o
RO H 1) RO
2) HgO*
lRQ?

..O
o O Ro :0:
H RO R\&O f/ 4)

8.66 We begin by identifying an alkyl halide that can be used to
make the desired product via an acetoacetic ester synthesis:

(6]
S — g

Now we can draw the forward process. In the first step, ethyl
acetoacetate is treated with sodium ethoxide followed by n-propyl
bromide, thereby installing an n-propyl group at the alpha position.
The ester group is then hydrolyzed, and the resulting f-ketoacid is
then heated to give a decarboxylation reaction, affording the desired

product.

heat

1) NaOEt
2) /\/Br

3) H30*
4) heat

(0] O
)J\/U\C)Et

1) NaOEt
2)/\/8r
O (e}

oet _HO"

8.67 We begin by identifying an alkyl halide that can be used to

make the desired product via an acetoacetic ester synthesis:

—»RO

M Sa/\(

Now we can draw the forward process. In the first step, ethyl
acetoacetate is treated with sodium ethoxide followed by isobutyl
bromide, thereby installing an isobutyl group at the alpha position.
The ester group is then hydrolyzed, and the resulting f-ketoacid is
then heated to give a decarboxylation reaction, affording the desired
product.

1) NaOEt
O
2) Br
)UJ\ 3) H30+
4) heat
1) NaOEt
2) heat
Br
(0] (6]
"
ogt _HO"



8.68 We begin by identifying an alkyl halide that can be used to
make the desired product via an acetoacetic ester synthesis:

Br
/\©

Now we can draw the forward process. In the first step, ethyl
acetoacetate is treated with sodium ethoxide followed by benzyl
bromide, thereby installing a benzyl group at the alpha position.
The ester group is then hydrolyzed, and the resulting 3-ketoacid is
then heated to give a decarboxylation reaction, affording the desired
product.

1) NaOEt
3) HgO*
OFt 4) heat
1) NaOEt Ph
2) pn Dy heat
o o o o
+
ogt MO OH
Ph Ph

8.69 Consider the following proposed acetoacetic ester synthesis:

1) NaOEt

Br
PG 3 He0"
OFt 4) heat

This process will not work because it would require perform-
ing an Sy 2 reaction with phenyl bromide as the substrate. This will
not work because Sy2 reactions cannot be performed with a sub-
strate in which the leaving group is connected to an sp® hybridized
carbon atom.

8.70 The desired product is a derivative of acetone containing
two R groups, highlighted below, and can be made via an ace-
toacetic ester synthesis, starting with the two alkyl halides shown
below:
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The forward process is shown here. In the first step, ethyl ace-
toacetate is treated with sodium ethoxide followed by propyl bro-
mide, thereby installing an n-propyl group at the alpha position.
This compound is then treated again with sodium ethoxide, fol-
lowed by the other alkyl halide, installing the second alkyl group
(note that the two alkyl groups can be installed in either order).
The ester group is then hydrolyzed, and the resulting p-ketoacid is
then heated to give a decarboxylation reaction, affording the desired
product.

1) NaOEt
(0] (0] 2) /\/Br (0]
Moa 3) NaOEt
4) Br/\/\
1) NaOEt 5) H3o+ \
2) /\ 6) heat
heat

O O 0)

Br
O
1) NaOEt \ o 0 /

H3O0*

8.71 The desired product is a derivative of acetone containing
two R groups, highlighted below, and can be made via an ace-
toacetic ester synthesis, starting with the two alkyl halides shown
below:

Br/\/
—1
HsC—1

You might wonder why one alkyl halide is a bromide and the
other is an iodide. In general, alkyl bromides are less expensive than
alkyl iodides (even though iodides are more reactive), and they get
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the job done, so bromides are often used. However, methyl bromide
is not easy to use because it is a gas at room temperature. When
using a methyl halide, it is best to use methyl iodide, which is a
liquid at room temperature, rather than methyl bromide.

The forward process is shown here. In the first step, ethyl
acetoacetate is treated with sodium ethoxide followed by methyl
iodide, thereby installing a methyl group at the alpha position.
This compound is then treated again with sodium ethoxide, fol-
lowed by n-propyl bromide, thereby installing the n-propyl group
(note that the two alkyl groups can be installed in either order).
The ester group is then hydrolyzed, and the resulting f-ketoacid is
then heated to give a decarboxylation reaction, affording the desired
product.

1) NaOEt
] o 2) CHsl ]
M 3) NaOEt
OEt B B )H/\/
1) NaOEt ) HsO*
2) CHSI 6) heat T
heat
(6] (6] 0 o)
OEt %&iH
1) NaOEt \ T [ Ha0*
Br
2) N OEt

8.72 The desired transformation can be achieved using the
same strategy employed in an acetoacetic acid synthesis. Three
steps are involved: 1) alkylation, 2) hydrolysis, and 3) decarboxy-
lation:

o o o
OEt
\Alkylation / Decarboxylation
OEt  Hydrolysis OH
—_—

The reagents for this process are shown here:

O o
1) NaOEt

2) B

- T .
3) HzO*
4) heat

1) NaOEt
2) /\/Br heat

o o o o
é&ta HsO* éﬁf“
—_—

8.74 We begin by identifying an alkyl halide that can be used to
make the desired product via a malonic ester synthesis:

o)
HOM — g

Now we can draw the forward process. In the first step, diethyl
malonate is treated with sodium ethoxide followed by n-propyl bro-
mide, thereby installing an n-propyl group at the alpha position. The
ester groups are then both hydrolyzed, and the resulting diacid is
then heated to give a decarboxylation reaction, affording the desired
product.

OEt

1) NaOEt
2) /\/Br O
M ETr =
4) heat
1) NaOEt
2) _A~_-Br / heat

o} O O o}
EEE——

8.75 The desired product is a derivative of acetic acid contain-
ing two R groups, highlighted below. This product can be made via
an acetoacetic ester synthesis, starting with the two alkyl halides
shown below:

(0]
j—

HaC—1



You might wonder why one alkyl halide is a bromide and the
other is an iodide. You will find the explanation in the solution to
Problem 8.71.

The forward process is shown here. In the first step, diethyl mal-
onate is treated with sodium ethoxide followed by methyl iodide,
thereby installing a methyl group at the alpha position. This com-
pound is then treated again with sodium ethoxide, followed by
n-propyl bromide, thereby installing the n-propyl group (note that
the two alkyl groups can be installed in either order). The ester
groups are then hydrolyzed, and the resulting diacid is then heated
to give a decarboxylation reaction, affording the desired product.

1) NaOEt
o o 2) CHsl o
M 3) NaOEt
EtO OEt 4) ~_Br HO)H/\/
1) NaOEt 5 HsO"
2) CH,l 6) heat T
heat
(0] (0] 0 o)
EtO OEt HO OH
1) NaOEt \ O O / H5O*
2) /\/Br
EtO OEt

8.76 The desired product is a derivative of acetic acid contain-
ing two R groups, highlighted below. This product can be made via
an acetoacetic ester synthesis, starting with the two halides shown
below:

¢
HO
j—

17N

The forward process is shown here. In the first step, diethyl mal-
onate is treated with sodium ethoxide followed by ethyl iodide,
thereby installing an ethyl group at the alpha position. This com-
pound is then treated again with sodium ethoxide, followed by ben-
zyl bromide, thereby installing the benzyl group (note that the two
R groups can be installed in either order). The ester groups are then
hydrolyzed, and the resulting diacid is then heated to give a decar-
boxylation reaction, affording the desired product.
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1) NaOEt
o] o 2) CH3CH,I o
M 3) NaOEt
EtO OEt 4) PhCH,Br HO Ph
5) H3O*
1) NaOEt 6) heat
2) CH5CH,lI T
heat
O O 0 le)
EtO OEt

HO X OH
Ph
1)NaON o o  [uor
2) PhCH,Br
EtO OEt
Ph

8.78 The starting material is an o,fB-unsaturated ketone, which
can function as a Michael acceptor. The reagent is a stabilized nucle-
ophile, which can function as a Michael donor. So in this case, we
do expect a Michael reaction in which the nucleophile is installed
at the beta position:

o) O © o)
y A o
2) H*

(0]

8.79 In this case, we do not expect a clean Michael reaction,
because a Grignard reagent is not a good Michael donor. It is too
reactive. In this case, a 1,2-addition is expected.

8.80 The starting material is an o,f-unsaturated ketone, which
can function as a Michael acceptor. The reagent is lithium dimethyl
cuprate (Me,CuLi), which is a stabilized nucleophile that will attack
the f position of the a,B-unsaturated ketone in a 1,4-addition reac-
tion. In this case, a methyl group is installed at the beta position:

O 0]

1) Me,Culi
_—
2) H*

8.82 The starting material is an o, B-unsaturated nitrile, which can
function as a Michael acceptor. When we compare the starting mate-
rial and the desired product, we see that we must install a group at
the beta position (highlighted below):
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Now let’s consider the nucleophile that we would need to install
this group:

o

A

©

This is an enolate, which is not sufficiently stable to function as a
Michael donor. Therefore, we will need to use a Stork enamine syn-
thesis, in which a ketone is first converted into an enamine (rather
than an enolate), because an enamine can function as a Michael
donor. The enamine group is then removed (converted back to a
ketone) with aqueous acid at the end of the synthesis:

o [H*], / \
\)k/ Dean- N
Stark |
H
(e}
_N
\%/C/

8.83 The starting material is an o,f-unsaturated ester, which can
function as a Michael acceptor. When we compare the starting mate-
rial and the desired product, we see that we must install a group at
the beta position (highlighted below):

(0]
(0]
B (0]
o
OMe
> OMe

Now let’s consider the nucleophile that we would need to install
this group:

N |
@/C . A

2) HzO*

(]

N

e

This is an enolate, which is not sufficiently stable to function as
a Michael donor. Therefore, we will need to use a Stork enamine

synthesis, in which a ketone is first converted into an enamine
(rather than an enolate), because an enamine can function as a
Michael donor. The enamine group is then removed (converted back
to a ketone) with aqueous acid at the end of the synthesis:

Q [H*], / \
Dean—-\ ~N
Stark |
H
0

N
/& ?
OMe 1)_»

2) HzO* OMe

8.84 The starting material is an a,p-unsaturated aldehyde, which
can function as a Michael acceptor. When we compare the starting
material and the desired product, we see that we must install a group
at the beta position (highlighted below):

0
0 o
B .
XYt~ H H

Now let’s consider the nucleophile that we would need to install
this group:

o

N

e

This is an enolate, which is not sufficiently stable to function as a
Michael donor. Therefore, we will need to use a Stork enamine syn-
thesis, in which a ketone is first converted into an enamine (rather
than an enolate), because an enamine can function as a Michael
donor. The enamine group is then removed (converted back to a
ketone) with aqueous acid at the end of the synthesis:

9 [H], / \
)k Dean—\ ~pN
Stark |
H

(> o
N
0 1)/& 0

/ﬁ)k H  2)HgO" H



8.85 The starting material is an o,p-unsaturated aldehyde, which
can function as a Michael acceptor. When we compare the starting
material and the desired product, we see that we must install a group
at the beta position (highlighted below):

@)
@)
B  —
/k%kH H

Now let’s consider the nucleophile that we would need to install
this group:
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S}

This is a stabilized enolate, which IS sufficiently stable to func-
tion as a Michael donor. Therefore, we will NOT need to use a Stork
enamine synthesis in this case. Instead, we can directly perform a
Michael reaction to obtain the desired product:

o o
2, A i
1) 8
N H H
2) H*

CHAPTER 9

9.2 TIn order to perform a Gabriel synthesis, we must identify the
alkyl halide that should be used. This is the only choice that we need
to make when planning a Gabriel synthesis. To do this, we just draw
a halogen in place of the NH, group, as follows:

2NJ\/ — Bf\)\/

Below is the complete Gabriel synthesis in which this primary
alkyl bromide is used to make the desired primary amine:

o)
N_y 1) KOH
2 H2N
ol Br\)\/
3) HoN—NH, NN
KOH 2 2

©E§ = o

9.3 In order to perform a Gabriel synthesis, we must identify the
alkyl halide that should be used. This is the only choice that we need
to make when planning a Gabriel synthesis. To do this, we just draw
a halogen in place of the NH, group, as follows:

O =

This alkyl bromide is called benzyl bromide. Below is the com-
plete Gabriel synthesis in which benzyl bromide is used to make the
desired amine (benzyl amine):

O

1) KOH v@
N—

(o}

3) HoN—NH; H2N NH,

KOH

@im_,gip

9.4 1In order to perform a Gabriel synthesis, we must identify the
alkyl halide that should be used. This is the only choice that we need
to make when planning a Gabriel synthesis. To do this, we just draw
a halogen in place of the NH, group, as follows:

NHg Br
/\)/\/\ /\)/\/\

Below is the complete Gabriel synthesis in which this primary
alkyl bromide is used to make the desired primary amine:



S-86 DETAILED SOLUTIONS

O O O

This compound has the leaving group connected to an sp>
KOH 3) HoN—NH; hybridized carbon atom, and Sy2 reactions are not observed at sp?
hybridized centers. Therefore, the desired amine cannot be made
o) via a Gabriel synthesis.
Br HoN—NH, 9.8 We begin by drawing the alkyl bromide that would be required
N© to make the desired amine via a Gabriel synthesis:
(0]

[e) ©/\ NH, ©/\ Br
N
0 _Z:/7 This alkyl bromide is both primary and benzylic and can serve

as an excellent substrate in an Sy 2 reaction. Therefore, the desired
amine can be made via a Gabriel synthesis, shown below:

9.5 In order to perform a Gabriel synthesis, we must identify the

alkyl halide that should be used. This is the only choice that we need

to make when planning a Gabriel synthesis. To do this, we just draw [¢)

a halogen in place of the NH, group, as follows:

= T g

3) HoN—NH, H2N NH,

Below is the complete Gabriel synthesis in which this primary

alkyl bromide is used to make the desired primary amine: ©/\ p
O
1) KOH
N—H e}
Y \/\%
3) HoN—NH,
HoN—NH,

9.9 We begin by drawing the alkyl bromide that would be required
‘ KOH to make the desired amine via a Gabriel synthesis:
o Br O
4/—]/\ NH, Br
\ ©/\/ ©/\/
(o} o

This alkyl bromide is primary and can serve as a substrate in
9.7 We begin by drawing the alkyl bromide that would be required = an Sy 2 reaction. Therefore, the desired amine can be made via a
to make the desired amine via a Gabriel synthesis: Gabriel synthesis, shown below:



0

1) KOH
Ny MKOH _/—Ph

~_-Br HN

2) Ph

© 3) HoN—NH
KoH HoN—NH,
Br
0 0
Ph

- @NI
0 0

9.10 We begin by drawing the alkyl bromide that would be
required to make the desired amine via a Gabriel synthesis:

NH, Br
j—

This alkyl bromide is tertiary, and Sy2 reactions do not occur
with tertiary substrates (because of steric effects). Therefore, the
desired amine cannot be made via a Gabriel synthesis.

Br

o

9.12 This problem involves the conversion of a ketone into a sec-
ondary amine, which should alert us to the possibility of a reductive
amination. The ketone is first converted into an imine, which is then
reduced to give the desired secondary amine:

1) [H*],
Dean-Stark, L _H
/\)(L/\ /\NH2 /\/'\L/\
—_—_—
2) LiAlH,4
3) H.0
[H1], 1) LiAIH,

Dean-Stark, L 2) HoO
~NH, N

PN

9.13 This problem involves the conversion of a ketone into a sec-
ondary amine, which should alert us to the possibility of a reductive
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amination. The ketone is first converted into an imine, which is then
reduced to give the desired secondary amine:

H._ _CHjs
o) 1) [H*], N~
CH3NH,
Dean-Stark
2) LiAlH,
3) H,0
1) LiAlH4
[H], /2 Ho0
CH3NH, - o ) He
Dean-Stark

9.14 This problem involves the conversion of an aldehyde into a
secondary amine, which should alert us to the possibility of a reduc-
tive amination. The ketone is first converted into an imine, which is
then reduced to give the desired secondary amine:

H o 1) [HY,

PhCH,5NH,
O Dean—Stark
—_—_—
2) LiAlH,4

3) H*

1
2

NS
©/\ N /\©
9.15 This problem involves the conversion of a ketone into a
secondary amine, which should alert us to the possibility of a
reductive amination. The ketone is first converted into an imine

in an intramolecular fashion (giving a cyclic imine), which is then
reduced to give the desired secondary amine:

O H
)W 1) [H*], Dean-Stark N
NH, 2) LiAH,

3) H,0

[H],

Dean-Stark

LiAIH,
H+

\ [HY], N 1) LiAIH; /
Dean— 2) H,O
Stark

9.16 This problem involves the conversion of a primary amine
into a secondary amine, which should alert us to the possibility of



S-88 DETAILED SOLUTIONS

a reductive amination. The primary amine is first converted into an
imine, which is then reduced to give the desired secondary amine:

1) [H*], Dean-Stark,
CH3CHO

NH> 2 LiAH, l}l/\
3) Hgo H
i
PP ) LiAIH,
N 2) H,0

9.18 The following is a retrosynthetic strategy for making the

desired amine from the starting alcohol:

/\)N\:/\)N]\: /\)CL
Voo
M

The forward synthesis is shown here. First the alcohol is oxi-
dized to give a ketone, which is then converted into an imine.

Finally, the imine is reduced to give the desired product:

H
OH 1 ) Nazcr207, > N -~
2) [H*], Dean-Stark,
CH3NH,
Na,Cr,07, 3) LiAlH,
H2804, 4) HZO
H>O
1) LiAlH,4
/\)’k CH3NH2 /\)J\ HgO
Dean-Stark

9.19 The following is a retrosynthetic strategy for making the

desired amine from the starting alkene:

/\/YO

H

b

< /\/\/OH

H
/\/\/'l‘\/ —

N

The forward synthesis is shown here. First the alkene is con-
verted into a primary alcohol via hydroboration—oxidation to give
anti-Markovnikov addition of H,O. Then, the alcohol is oxidized
with PCC to give an aldehyde. This aldehyde is then converted into
an imine, which is reduced to give the desired product:

1) BHg* THF
2) H,0,, NaOH II'
3) PCC N
IR P N
N TyH, ~
1) BHg THF D;an\_smk‘
2) Hy0p, "~ NH 1) LiAIH,
NaOH 5) LiAlH, 2) H,0
6) H0
/\/\/OH /\/VN\/
PCC
[H7],
/\/YO /\ NH2
Dean-Stark
H

9.20 The following is a retrosynthetic strategy for making the
desired amine from the starting acetal:

The forward synthesis is shown here. First the acetal is treated
with aqueous acid to give a ketone, which is then converted into an
imine. Finally, the imine is reduced to give the desired product:

1) H3O*

/ \ 2) [H+], CH30H20H2NH2 H\ /\/

fe} Ie} Dean-Stark N
\></ 3) LiAlH, W

4) H,O

Hz0* 1) LiAIH,4

H] 2) H,O
o CH3CH,>CHoNH» N N
Dean-Stark

NN



9.21 The following is a retrosynthetic strategy for making the
desired amine from the starting alkene:

H
O~ = O
A _

<:>: O
OO
The forward synthesis is shown here. First the alkene undergoes

ozonolysis to give two equivalents of a ketone. The ketone is then
converted into an imine, and finally, the imine is reduced to give the
3) [H+]

desired product:
<:>:<:> Q N
CH3CH,NH,
Dean-Stark '

1) Og
_2)DMS

1) O3 . 1) LiAIH
4) LiAIH 4
2) DMS 5; leo 4 2) Ho0

(O O

9.22 The following is a retrosynthetic strategy for making the
desired amine from the starting acid halide:

QT = QT
!
QUL

The forward synthesis is shown here. First the acid chloride
is converted into a ketone upon treatment with a lithium dialkyl
cuprate. This ketone is then converted into an imine, and finally,
the imine is reduced to give the desired product:

_omn
o, NH,
Dean-Stark
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H\ /\
0 1) Et,Culi N
B ———
2) [H],
cl CH3CHoNH,
Dean-Stark
Et,Culi 3) LiAlH, 1) LiAlH,
©\)(L/ =~ ©\/Dl\/:
—_—
< NH,
Dean-Stark

9.24 The desired transformation is a Friedel-Crafts acylation
reaction at the para position, relative to an ortho—para director.
Unfortunately, an acid halide (the reagent for a Friedel-Crafts
acylation) will react with the amino group. We can circumvent
this problem by first converting the amino group into an amide
group. Then, we can perform the desired Friedel-Crafts acyla-
tion, followed by converting the amide group back into an amino

group:

HoN HoN
1) CH3COCI
—_—_—
2) AlCl;, o)
o Cl O
)k |
c . T Heo*
\’&0 \(O
N _N
H AICl; H
(0]
Cl (6]

9.25 If we try direct chlorination of the starting material, we
will obtain a trichlorinated product, because the ortho positions
and para position are all activated, and the ring is very reac-
tive. To achieve monochlorination rather than polychlorination, we
can first convert the amino group into an amide group, thereby
making the ring less activated. Chlorination of this compound
will install a chlorine atom in the para position, and finally, the
amide group can be hydrolyzed to convert it back into an amino

group:
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HoN HaoN
1) CH3COCI
2) Cly
) HaO* cl
(6]

HaO*

HN HN
\@ Cl,
—_—
Cl

9.27 The starting material is a primary amine, and the reagents
indicate an in situ preparation of nitrous acid (HONO). Under these
conditions, a primary amine is converted into a diazonium salt:

)
Cl
N
HoN N®
NaN02
—_—
HCI

9.28 The starting material is a primary amine, and the reagents
indicate an in situ preparation of nitrous acid (HONO). Under these
conditions, a primary amine is converted into a diazonium salt:

o
cl
Ny ®
HaN NaNO, N
—_—
HCI

9.29 The starting material is a secondary amine, and the reagents
indicate an in situ preparation of nitrous acid (HONO). Under these
conditions, a secondary amine is converted into a nitrosamine:

Osy

sacENeas

9.30 The starting material is a primary amine, and the reagents
indicate an in situ preparation of nitrous acid (HONO). Under these
conditions, a primary amine is converted into a diazonium salt:

NaNOQ
—_—
HCI
1 cl
N

9.32 The starting material is a disubstituted aromatic ring where
one of the substituents is an amino group. This amino group must be
replaced with a bromine atom. This transformation can be achieved
by first converting the starting material into a diazonium salt, and
then using a Sandmeyer reaction to convert the diazonium salt into

the desired product.
Br
i NO,

1) NaNO,, HCI

—_—

2) CuBr

NH,
i NO,
NaN02 N
HCI m o cubr
®N
NO,

9.33 The starting material is a disubstituted aromatic ring where
one of the substituents is an amino group. This amino group must be
replaced with a cyano group. This transformation can be achieved
by first converting the starting material into a diazonium salt, and
then using a Sandmeyer reaction to convert the diazonium salt into

the desired product.

NaN02
HClI N @  CucN
cl
®N

NO,

_1)NaNOp, HCIl
CuCN

9.34 The starting material is a trisubstituted aromatic ring where
one of the substituents is an amino group. This amino group must be
replaced with a chlorine atom. This transformation can be achieved
by first converting the starting material into a diazonium salt, and
then using a Sandmeyer reaction to convert the diazonium salt into
the desired product.



DETAILED SOLUTIONS  S-91

NH, cl 9.36 The starting material is an aromatic compound where one
of the substituents is an amino group. This amino group must be
1) NaNO,, HCI replaced with a cyano group. This transformation can be achieved
2) CuCl by first converting the starting material into a diazonium salt, and
NO, NO, then using a Sandmeyer reaction to convert the diazonium salt into
the desired product.
NaNO
HCI N CuCl NH, CN
®N
1) NaNOj, HCI
seme (I
NO,
NaN02 N
9.35 The starting material is a trisubstituted aromatic ring where HCI 1 CuCN
one of the substituents is an amino group. This amino group must be Ne
replaced with a bromine atom. This transformation can be achieved
by first converting the starting material into a diazonium salt, and OO CI@
then using a Sandmeyer reaction to convert the diazonium salt into

the desired product.

Ha

N Br
1) NaNO,, HCI
_—
2) CuBr
NaN02
HCI m ] CuBr
Cl
®N

CHAPTER 10

10.1 This is a Diels—Alder reaction between 1,3-butadiene and a | center. Since the starting materials are achiral, the product is a

monosubstituted ethylene, so the product will have one chiral cen- = racemic mixture:
ter. Since the starting materials are achiral, the product is a racemic
mixture:

0]
o o o = . KJ\O/ Heat
CorEm s \
+ | — +
X 0 0
P

10.2 This is a Diels—Alder reaction between 1,3-butadiene and + @
a monosubstituted ethylene, so the product will have one chiral
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10.3 This is a Diels—Alder reaction between 1,3-butadiene and a
monosubstituted ethylene, so the product will have one chiral cen-
ter. Since the starting materials are achiral, the product is a racemic
mixture:

OH Heat

R

0 0
dOH . @“‘\\“\OH

10.4 This is a Diels—Alder reaction between 1,3-butadiene and a
monosubstituted ethylene, so the product will have one chiral cen-
ter. Since the starting materials are achiral, the product is a racemic
mixture:

et

10.5 This is a Diels—Alder reaction between 1,3-butadiene and
a cis-disubstituted ethylene. Notice that the configuration of
the dienophile is preserved in the product, so the product is
cis-disubstituted. Since the product has a plane of symmetry, it is

a meso compound and has no enantiomers:
_ NO, NO,
+
X NO, NO,
(meso)

Heat
E—

10.6 This is a Diels—Alder reaction between 1,3-butadiene and
a trans-disubstituted ethylene. Notice that the configuration of
the dienophile is preserved in the product, so the product is
trans-disubstituted. A racemic mixture of enantiomers is expected,
as shown:

(0]
= —0
YAt
(@)
Heat
i I
O/ 8 O/
. O * (0]
~ ~N
T
O (0]

10.7 This is a Diels—Alder reaction between 1,3-butadiene
and a cis-disubstituted ethylene. Notice that the configu-
ration of the dienophile is preserved in the product, so
the product is cis-disubstituted. Since the product has a
plane of symmetry, it is a meso compound and has no
enantiomers:

COOH COOH
( [ Heat @:
- -
N COOCH COOCH
(meso)

10.8 This is a Diels—Alder reaction between 1,3-butadiene and
a trans-disubstituted ethylene. Notice that the configuration of
the dienophile is preserved in the product, so the product is
trans-disubstituted. A racemic mixture of enantiomers is expected,
as shown:



(0]
C
+
AN
(0]
Heat
(0]
E§
. * |
g
0] (0]

10.9 This is a Diels—Alder reaction between 1,3-butadiene and a
disubstituted alkyne. Notice that the product has no chiral centers,

and only one product is obtained:
( @iCOOH
A COOH

10.11 This is a Diels—Alder reaction involving cyclopentadiene,
so we expect the product to have a bicyclic skeleton. The dienophile
is cis-disubstituted, so the product must be cis-disubstituted. Notice
that both substituents occupy endo positions. Since the product
has a plane of symmetry, it is a meso compound and has no
enantiomers:

NO,
O [
NO,

10.12 This is a Diels—Alder reaction involving cyclopentadiene,
so we expect the product to have a bicyclic skeleton. The dienophile
is trans-disubstituted, so the product must be trans-disubstituted. A
mixture of enantiomers is obtained:

COOH
Heat

=

COOH

Heat
- /
NO»
(meso) NO,
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NO,
oI
O.N

NO2
/ H +
1
N NO

~

Enantiomers

Heat

H
/ LNO,
NO,
H

J

10.13 This is a Diels—Alder reaction involving cyclopentadiene,
so we expect the product to have a bicyclic skeleton. The dienophile
is a monosubstituted ethylene, so we expect the following pair of
enantiomers. Notice that the substituent occupies an endo position
in each enantiomer.

COOH

o T

l Heat
COOH

COOH
J

~

Enantiomers

10.14 This is a Diels—Alder reaction involving cyclopentadiene,
so we expect the product to have a bicyclic skeleton. The dienophile
is cis-disubstituted, so the product must be cis-disubstituted. Notice
that both substituents occupy endo positions. Since the product has
aplane of symmetry, it is a meso compound and has no enantiomers:

COOH Heat
O

COOH COOH

(meso) coon
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10.16 This is a Diels—Alder reaction involving cyclopentadiene,
so we expect the product to have a bicyclic skeleton. The dienophile
is a monosubstituted ethylene, so we expect the following pair of
enantiomers. Notice that the substituent occupies an endo position
in each enantiomer.

10.15 This is a Diels—Alder reaction involving cyclopentadiene,
so we expect the product to have a bicyclic skeleton. The dienophile
is trans-disubstituted, so the product must be trans-disubstituted. A
mixture of enantiomers is obtained:

(0]
(6]
+ * \)k
@ @ o™
(0]
Heat Heat
COCHj H 7 . 4
/ + COCH

| H | 3 o o P
H COCHj AN

COCHj H
N J
- Y 7 e

Enantiomers Enantiomers
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Ammonia, 183, 265
Ammonium ion, 150, 265
Aniline, 121, 124-125, 275, 280
Antiaromaticity, 67
Aqueous acid, 180, 224
Arenes, 2
Aromatic compounds, NMR spectra
of, 53
Aromatic diazonium salts, 279-281
Aromaticity:
criteria for, 6-8
lone pairs, 9-10
nomenclature, 2-5
Aromatic protons, 40
Aromatic substitution, see Electrophilic
aromatic substitution;
Nucleophilic aromatic substitution
Arrhenium ions, 63
Aryl amines, 264
Aryl diazonium salts, 278-281
Aryl halides, 268
Aryl protons, 40
Asymmetric stretching, 24
Atomic mass, wavenumber and, 13-14
Azeotropic distillation, 142

B
Baeyer—Villiger oxidation, 166-169,
213
Basic conditions:
hydration of nitriles in, 205
hydrolysis of amides in, 203
hydrolysis of esters in, 197-198
keto-enol tautomerism in, 220-221
Basicity, 64, 132, 263-264
Bending (of bonds), 12
Benzaldehyde, 240
Benzene:
acylation of, 70
alkylation of, 68-69
halogenation of, 61-65
nitration of, 65-67
resonance-stabilized, 1
substituted, 2, 78, 80
sulfonation of, 78
Benzylic methyl protons, 40
Benzyne, 121
p-keto esters, 243, 245, 249-251
P spin state, 33
Beta (p) protons, 38
B-hydroxy ketone, 236-237, 241
Bond strength, wavenumber and, 13
Br*, 62-63
Br, 64
Br, (bromine), 60-62, 98, 100, 224,
229-231
Broadband decoupling, 57
Broad signals (IR spectra), 20
Bromination reactions, 80, 86, 103,
280
Bromine, see Br,
5-Bromo-2-chloroaniline, 5
Bromoform, 231
1-Bromo-2-hydroxybenzene, 3
2-Butanol, 20
Butyllithium (BuLi), 162

C
C:
and acid halides, 183
exceptions to rule, 166
rule about expelling, 177-178
13C, 57-59, 121
Cannizzaro reaction, 166
Carbanions, 7, 155

Carbocations:
rearrangement of, 69—72
stability of, 68
stabilization, 115
Carbon nucleophiles, see C-nucleophiles
Carbonyl group:
acyl vs., 131
chemical shifts for, 58-59
electrophilicity, 138
and Grignard reagents, 159
IR spectra of, 16-17
in Michael reactions, 256
re-forming of, 138, 142
rules of behavior, 132, 133-134,
159, 177-180
signal intensity for (in IR spectra),
18-19
violations of rules, 166—170
Carboxylate ion, 189, 197-198, 203,
230, 244
Carboxyl group, see Decarboxylation
Carboxylic acid derivatives, 176-216
acid anhydrides, 189-191
acid halides, 178-199
amides and nitriles, 200-209
conversions of ketones/aldehydes and,
212215
esters, 182-183, 191-200
general rules, 177-180
reactivity of, 176-177, 191, 200,
209-210
synthesis problems, 209-216
Carboxylic acids:
and acid anhydrides, 189
alcohols from, 213-214
from aldehydes, 167
alpha-halogenation of, 225
from amides, 203
carboxylic acid derivatives vs., 176
and esters, 191-200
IR spectra of, 21
from methyl ketones, 231-232
NMR spectra of, 40
preparation of, 128
substituted, 254
in synthesis problems, 210-211
Catalysts, 64, 140
C-attack (of enolates), 227
CBr; group, 230-231
C=C double bond, 18-19



Charge
negative, 113, 115-116, 132, 232
partial, 79-80
C—H bonds, 12, 15-16, 19
Chemical equivalence, 33-36
Chemical shift (8), 3641, 57-59
CH, group (methylene group), 34
CH,; group, see Methyl group
(CHj; group):
CH group (methine group), 34
Chloride ion (C17), 181
Chlorine, 93
Chlorobenzene, 81, 120
Chloroethane, 51
Chloro group, 176, 280
Chlorohexane, 69-70
Chromic acid oxidations, 127-128
cis-disubstituted dienophile, 285
Claisen condensations, 242-249
Clemmensen reduction, 148, 155
C=N double bond, 151
C-nucleophiles, 157-166
and carboxylic acid derivatives,
178-179
Grignard reagent, 158—-161
H-vs., 159
phosphorus ylide, 161-166
sulfur ylide, 164-166
C—O bond, 12
C=0 double bond, 127-129, 130-132
Common names, 2
Complex splitting (NMR spectra), 48—49
Concentrated fuming sulfuric acid, 75, 77,
101
Condensation reactions:
aldol, 237-243
Claisen, 242-249
defined, 237
Dieckmann, 249
Conjugate addition, 257
Conjugated diene, 286
Conjugated ketones, 16
COOH group, see Carboxylic acids
Copper salts, 280
Coupling constant (J value), 46, 48—49
Coupling, long-range, 45
Crossed aldol condensations, 239
Crossed Claisen condensations, 247
Cross-over problems, 212-215
Cyanide, 203

Cyano group, 92, 203, 204, 280
Cyclic acetals, 144—-147
Cycloaddition reactions, 292-293
Cyclobutadiene, 6
Cyclooctatetraene, 6
Cyclopentadiene, 7, 287

D
Deactivation, 78-99
and activation, 78-80
and directing effects, 80-89
identifying activators and deactivators,
89-99
Deactivators, 79, 81-99
defined, 81
directing effects, 80—89
identifying, 89-95
as meta-directors, 81, 82, 85, 86, 95
moderate, 91-92, 94
overview, 93-95
predicting products of reaction, 96-99
strong, 87-89, 92-94
weak, 91, 94
Dean—Stark trap, 142, 144, 157
Decarboxylation, 249-256
alkylation vs., 250, 254
with p-keto esters, 249-251
malonic ester synthesis, 253-255
and substituted derivatives of acetone,
251-253
Decoupling, broadband, 57
Degree of unsaturation, 51-53
5, see Chemical shift; Partial charge
Deprotonation. See also Proton transfer
of amines, 263-264
of carbonyl group electrophilic, 140
Claisen condensation, 248
in keto-enol tautomerism, 220-222
in SyAr mechanism, 118
Deshielded protons, 33
Desulfonation, 78, 101
Desulfurization (with Raney nickel), 148,
155
Diagnostic region (IR spectra), 14,
26-27
Diastereomeric hydrazones, 154-155
Diastereomeric oximes, 154, 156
Diazonium ion, 278
Diazonium salts, 270-281

INDEX

Dieckmann condensation, 249
Diels—Alder reaction, 122
diene, 286292
dienophile, 285-286
mechanism, 282-284
monosubstituted ethylene, 284
pericyclic reactions, 292
Diene, 286-292
Dienophile, 285-286
Diethyl malonate, 253-254
Dilute sulfuric acid, 76
Dimethyl sulfide (DMS), 164
Dipole moment, 18-19
Directing effects, 80-89
and activation/deactivation, 80-89
and induction/resonance, 81-82
of multiple groups on a ring,
85-89
and positions on monosubstituted
benzene, 80-81
predicting products from, 82-89
Distillation, azeotropic, 142
Distribution of bond strength, 20
DMS (dimethyl sulfide), 164
Double bonds, 14, 16, 60
C=(_, 85
C=N, 151, 269
C=0, 127-129, 130-132
HDI for, 52
IR signals for, 26-27
P=0, 162-163
S=0, 75, 181
Doublet (NMR spectra), 44
Downfield (NMR spectra), 37
Dow process, 120

E

Electrocyclic reactions, 292
Electromagnetic radiation, 11
Electromagnetic spectrum, 11
Electron density, 6061, 79
Electron-donating groups, 67, 81, 91
Electronegativity, 37-38, 79
Electron-withdrawing groups, 80, 81,
112-113,282

Electrophiles:

bromine as, 60-61

carbonyl group as, 131

and nucleophiles, 60-61



I-4 INDEX

Electrophilic aromatic substitution,
60-111
activation and deactivation, 78—80
defined, 63
directing effects, 80-89
electrophiles and nucleophiles in
reactions, 60-61
Friedel-Crafts alkylation and acylation,
67-74
halogenation and Lewis acids, 61-65
identifying activators and deactivators,
89-99
nitration, 65-67
nucleophilic vs., 125
steric effects, 99-106
sulfonation, 74-78
synthesis strategies, 106—111
Electrophilic centers (of a,p-unsaturated
ketones), 256
Electrophilicity, 61, 138
Elimination—addition reactions, 120-125
Enamines, 150, 152, 259-262
endo position, 289-290
Energy levels, vibrational, 11-12
Enolates, 217-262
aldol reactions, 236-242
alkylation of, 232-236
and alpha protons, 217-218
Claisen condensation, 242-249
and decarboxylation reactions, 249-256
defined, 221
double, 237
ester, 242
haloform reactions, 229-231
highly stabilized, 227
and keto-enol tautomerism, 219-223
Micheal reactions, 256262
preparation of, 226-229
and reactions with enols, 223-226
Enols:
defined, 219
keto-enol tautomerism, 219-223
from Michael reactions, 257-258
reactions with, 223-226
Epoxides, 164
Ester enolates, 243
Esterification reactions:
Fischer, 193-197
reverse of Fischer, 196-197, 199
trans, 245

Esters, 191-200
acetoacetic ester synthesis, 251
and acids, 181
and amides, 201, 211
and amines, 205
B-keto, 242, 245, 249
bond strength of, 17
built-in leaving groups of, 244
in Claisen condensation, 244
hydrolysis reactions of, 196-200
from ketones, 167
malonic ester synthesis, 253-255
and O-nucleophiles, 145-146
preparation of, 179, 184,

191-195
reactivity of, 176-177, 191, 200,
209-210

Ethane, 50-51

Ethanol (EtOH), 49-50, 135, 246

Ethoxide, 245

Ethyl acetoacetate, 251, 253

Ethyl amine, 52

Ethyl carbocation, 69

Ethyl chloride, 234

Ethylene glycol, 145, 147

Ethyl group, 46, 69

EtOH, see Ethanol

Excitation, vibrational, 11-12

exo position, 289-290

F
FeBr;, 61
Fingerprint region (IR spectra), 14
Fischer esterification, 193-197, 199
Five-membered rings, 6
Friedel-Crafts acylation, 71-74
Friedel-Crafts alkylation, 67-71, 109
Fuming sulfuric acid, 76-77
Functional groups. See also specific
groups
identifying, with IR spectroscopy, 12
temporary modification of, 275
Furan, 10

G

Gabriel synthesis, 266268

Gamma protons, 38

Grignard reagent, 158-161, 165, 177,
184, 187

H
H™:
and acid halides, 183
exceptions to rule, 166
rule about expelling, 177-178
Haloform reactions, 229-231
Halogenation reactions, 61-65
Halogens, 82
and enols, 229-231
hydrogen deficiency index for, 51-52
resonance vs. induction for, 81-82, 93
as weak activators, 91
HDI (hydrogen deficiency index), 50-53
Hell-Volhard—Zelinsky reaction, 225
Hemiacetals, 141
"H NMR spectrum, see Proton NMR
spectrum
H-nucleophiles, 132-137, 177-178
Hiickel number of electrons, 6, 7, 8, 10
Hybridized atomic orbitals, 15
Hydration reactions, 204
Hydrazine (NH,NH,), 154, 267
Hydrazone, 154
Hydride ions, 132
Hydride shift, 69
Hydrogen bonding, 20-21
Hydrogen deficiency index (HDI), 50-53
Hydrogen nucleophiles, see
H-nucleophiles
Hydrolysis reactions:
of amides, 201-202
of esters, 196-200
in Gabriel synthesis, 266
Hydroxide:
in aldol condensations, 238
in alkylation of enolates, 232
in Claisen condensation, 243
in electrophilic aromatic substitutions,
119, 120, 121, 122
in haloform reaction, 229-230
Hydroxide ion, 121
Hydroxybenzene, 3
Hydroxylamine (NH,OH), 153, 156
Hydroxyl protons, 50
Hyperconjugation, 91

I
Imines, 149-155, 268-272
Iminium group, 260



Induction:
carbonyl group, 131
nitrobenzene, 79
and resonance, 79-81
of strong deactivators, 92-93
In situ preparation, 277
Integration (NMR spectra), 41-44, 53, 57
Intramolecular Claisen condensation, 249
Intramolecular Fischer esterification, 194
Intramolecular reactions, 194
Todination, 65
Iodoform, 230
Ionic reactions, 282
IR absorption spectra, 13-32
analyzing, 26-32
signal intensity, 18—19
signal shape, 19-26
vibrational excitation, 11-12
wavenumber, 13—17
IR spectroscopy, 11-32
analyzing IR spectra, 26-32
and electromagnetic radiation, 11
Isopropyl benzene, 69
Isopropyl chloride, 69
Isopropyl group, 4647
Isotopic labeling, 121

J

Jones reagent, 127, 129
J value (coupling constant), 46, 48—48

K
Keto-enol tautomerism, 219-223
Ketones and aldehydes, 127-175
from acid halides, 178, 184, 212
in aldol reactions, 236-242
amines from, 271
p-hydroxy ketone, 236-237, 241
bond strength of, 16—17
o,pB-unsaturated ketones, 237, 241-242,
256-258, 260
and Cannizzaro/Baeyer—Villiger
reactions, 166—170
Clemmensen reduction of, 71-72, 148,
155
and C-nucleophiles, 157-166
C==0 bonds of, 130-132
conjugated ketones, 1617
conversions of, 212-215

from decarboxylation reactions, 250

dimethyl ketone, 250

and enols, 223-225

and H-nucleophiles, 132-137

keto-enol tautomerism, 219-223

methyl ketones, 230-231

and N-nucleophiles, 149-157

and O-nucleophiles, 137-147

preparation of, 127-129

“protect” a ketone, 146

rules of behavior, 177-178

and S-nucleophiles, 147-149

in synthesis problems, 170-175

unsaturated ketones, 16—-17
Kinetics, thermodynamics vs., 233

L

Labile protons, 50
LDA (lithium diisopropylamide),
233-234,264
Leaving groups:
and acid anhydride formation, 189—-190
of amides, 201
of carboxylic acid derivatives, 176
for nucleophilic aromatic substitution,
112-113
Lewis acids, 61, 64, 70, 78
LiAIH, (lithium aluminum hydride):
and acid halides, 185
in formation of cyclic acetals, 145
H-nucleophiles from, 133-137
reduction of imine with, 269
Lithium dialkyl cuprates (R,CuLi), 184,
190, 212, 215, 258
Lithium diisopropylamide (LDA),
233-234, 264
Location (of proton NMR signal), 34
Lone pair of electrons, 9-10, 89-92, 263
Long-range coupling, 45

M

Magnesium, 158

Malonic ester, 253

Malonic ester synthesis, 253-254

MCPBA (meta-chloro peroxybenzoic
acid), 166-167, 169

Meisenheimer complex, 115

MeOH, 135, 247

meta-directors, 81-82, 86, 87, 95

inDEX  I-5B

meta-disubstitution, 4

meta position, 80

Methine group (CH group), 34

Methine protons, 38, 40

Methoxide, 244, 247

Methyl ester, 244

Methyl group (CH, group):
in bromination reactions, 92, 80-81
directing effects for, 86—87
installing, on aromatic ring, 67-69
IR spectra of, 24
as leaving group, 113
steric effects for, 105

Methyl ketones, 230-231

Michael acceptors, 258

Michael addition, 257

Michael donors, 258-262

Michael reactions, 256-262
1,2-additions, 256257
1,4-additions, 257-258, 260, 261
with enamines, 259-261
and Michael donors/acceptors,

258-262

Migration, alkyl group, 168

Migratory aptitude, 168

Moderate activators, 90-91, 94, 274

Moderate deactivators, 91-92, 94

Molecular formula (with NMR spectra),

53

Monosubstituted benzene, 80

MO (molecular orbital) theory, 1

Multiplicity, 4446, 55

N
NaBH, (sodium borohydride), 132-133,
135
NaH (sodium hydride), 132
Narrow signals (IR spectra), 23, 19-20
Negative charge, 113, 115-116, 132, 258
NH,NH, (hydrazine), 155, 267
NH,OH (hydroxylamine), 154—-155
Nitration, 65-67
Nitric acid, 65-67, 83, 96-97, 276
Nitriles, 203
Nitrobenzene, 65-67, 79-80
Nitrogen gas, 155
Nitro group:
as deactivator, 80, 85-86, 93
directing effects of, 81
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Nitro group (cont.)
as electron-withdrawing group, 112
in nitration reactions, 66—-67
in synthesis strategies, 107-109
Nitrosamine, 277-278
Nitrosonium ion, 277
Nitrous acid, 276279
NMR spectroscopy, see Nuclear magnetic
resonance spectroscopy
N-nitroso amine, 277-278
N-nucleophiles, 149-157
mechanisms for reactions, 154
NH,NH,, 155
NH,OH, 154-155
primary amines, 149-150
products of reactions, 156-157
secondary amines, 149-150
NO,, 65-66, 96
Nomenclature, of aromaticity, 2-5
Nonaromaticity, 7-8
n+1 rule, 44
Nuclear magnetic resonance (NMR)
spectroscopy, 11, 33-59
analyzing 'H NMR spectra, 53-57
3C NMR, 57-59
complex splitting, 48-49
hydrogen deficiency index, 50-53
integration, 41-44
multiplicity, 44-46
pattern recognition, 4647
without splitting, 49-50
Nucleophiles:
carbon (see C-nucleophiles)
electron density of, 61
hydrogen, 132-135
nitrogen (see N-nucleophiles)
oxygen (see O-nucleophiles)
reactions with electrophiles, 60-61
and reactivity of aromatic ring, 78-80
stabilized, 260
strength of, 132
sulfur, 147-148
Nucleophilic aromatic substitution,
112-126
criteria for, 112—-114
elimination—addition, 120-125
mechanism strategies for, 125-126
SyAr mechanism, 114-120
Nucleophilicity
and activation, 64-65

of alpha (a) carbon, 223
of amines, 263-264
basicity vs., 64, 132
and electron density, 61

(0
O-attack, 227
O—H bond, 12

OH group, 79-72, 86, 89
O-nucleophiles, 137-147
acetal formation, 140-144
and carboxylic acid derivatives,
178-179
cyclic acetals, 145-146
overview of formation process,
137-140
Order of events (in synthesis problems),
107-109
OR (alkoxy) group, 91
ortho-disubstitution, 4
ortho-para directors, 81-83, 86, 95
ortho position, 80
leaving and electron-withdrawing
groups in, 113, 115-116
and steric effects, 99-102

Overtone of C=0 signal in IR spectra, 29

Oxidation reactions, 127-128, 215
Oxidation state (of nitriles), 203
Oximes, 154, 156

Oxygen nucleophiles, see O-nucleophiles

Ozonolysis, 128-129, 163

P

para-disubstitution, 4
para position, 80
leaving and electron-withdrawing
groups in, 113, 116
and steric effects, 99-101
Partial charge (ar), 79-80
Pattern recognition, NMR spectroscopy,
46-47
PCC (pyridinium chlorochromate), 128
Pericyclic reactions, 250, 282, 292
Peroxy acids, 166-167, 169
Phenol, 78-79, 122, 124
Phenolic proton, 117-118
Phenyl group, 168
Phosphorus ylides, 164—165
Phthalimide, 266

7t bonds, 9, 16, 92, 282
Polarizability, 132
Polybromination, 275
p orbitals, 8
Preparation. See also Synthesis
of acetals, 149-153
of alkanes, 148
of amines, 265-272
of enolates, 226229
of esters, 179, 184, 191-195
of ketones and aldehydes, 127-129
of nitriles, 204
in situ, 277
Primary alcohols, 127, 128
Primary alkyl amines, 278
Primary alkyl halides, 232
Primary amines, 149-150, 263
IR signal shape, 23-24
and nitrosonium ion, 277-278
preparation of, 265-268
Primary aryl amines, 278
Propyl group, 69, 71-72, 99-100
“Protect” a ketone, 146
Protonation. See also Proton transfer
of carbonyl group, 138
of nitrogen atom, 9
in SyAr mechanism, 118
Proton NMR spectrum ('H NMR
spectrum), 33-57
analyzing, 53-57
complex splitting, 48—49
and hydrogen deficiency index, 50-53
integration, 41-44
multiplicity, 44-46
pattern recognition, 4647
without splitting, 49-50
Protons, 49
alpha, 217-218, 240
beta, 38
gamma, 38
labile, 50
relative number of (in NMR spectra),
41
shielded vs. deshielded, 33
Proton splitting, 4446, 48-49
Proton transfer
and carboxylic acid derivatives,
180-181
drawing, 64
in hydration of nitriles, 204-205



in imine formation, 150-151

in one-step synthesis of esters, 192—-193

in O-nucleophile and ketone/aldehyde
reactions, 139
in reverse Fischer esterification, 196
Pyridine, 9, 182, 183, 189-190
Pyridinium chloride, 182
Pyridinium chlorochromate (PCC), 128
Pyrrole, 9

Q

Quartets (in NMR spectra), 44
Quaternary ammonium salt, 265
Quaternary products, 265
Quintets (in NMR spectra), 44

R
Radical reactions, 282
Raney nickel, 148, 155
R,CulLi, see Lithium dialkyl cuprates
Reactivity
of aromatic ring, 78-80
of carbonyl group, 130-131
of carboxylic acid derivatives,
176-177, 191, 200, 209-210
Reagents
for acid halide reactions, 187-189
for electrophilic vs. nucleophilic
substitution reactions, 125
Grignard, 158-161, 165, 177, 184, 187
for preparation of ketones and
aldehydes, 127-129
for synthesis problems, 107
Wittig, 162, 163
Reduction—oxidation reactions, 215
Reduction reactions:
amine preparation, 268-272
Clemmensen, 71-72, 155
with Grignard reagent, 160
with H-nucleophiles, 135
with N-nucleophiles, 154
with O-nucleophiles, 146
with Raney nickel, 148
of thioacetals, 148
Wolff-Kishner, 155
Reductive amination, 268-272
Resonance:
and bond strength, 16-17
carbonyl group, 131
of carboxylate ion, 197

and induction, 79-81

keto-enol tautomerism vs., 219
Resonance-stabilized benzene, 1
Resonance-stabilized tropylium cation, 8
Resonance structures, 63

of a,f-unsaturated ketones, 256

of activators and deactivators, 90-91

of aryl amines, 264

Diels—Alder reaction, 283

of enamines, 260-261

of enolates, 227

of Meisenheimer complex, 115
Retrosynthetic analysis, 173

Reverse of Fischer esterification, 196, 199

S
Salts:
copper, 280
diazonium, 278-281
quaternary ammonium, 265
Sandmeyer reactions, 280
Saponification, 197-198
Saturated compounds, 51
s-cis conformation, 287
Secondary alcohols, 127, 129-130
Secondary amines, 23-24, 152, 263,
268-272
Seven-membered rings, 6
Sigma bonds, 44
Sigma complex, 63, 64, 65, 67,78, 115
Sigmatropic rearrangements, 292
Signal intensity (IR spectra), 18-19
Signal shape (in IR spectra), 19-26
C—H bonds, 24
N—H bonds, 23-24
and O—H bonds, 20-23
Single bonds, 14
C—H, 12, 15-16, 19
C—O0, 12
IR signals for, 26-27
O—H, 12
P—O0, 162
Six-membered rings, 6
SyAr mechanism, 114-120, 125-126
Sy 1 reactions, 115
S\2 reactions, 115, 162, 165, 265-268
S-nucleophiles, 147-149
SO,, 74-75
Sodium amide, 264
Sodium dichromate, 129

inoex  1-7

Sodium nitrate, 277
S=0 double bonds, 181
SO, gas, 182
SO,H group, 76
s orbitals, 15
Spectroscopy, see IR spectroscopy
see Nuclear magnetic resonance
(NMR) spectroscopy
sp-hybridized carbon atoms, 58
sp*-hybridized carbon atoms, 58
sp3-hybridized carbon atoms, 58
sp?* hybridized nitrogen, 9-10
sp? hybridized nitrogen, 9
Splitting, proton, see Proton splitting
sp orbitals, 15
Stability
of B-keto ester, 245
of carbonyl group, 131
of enolates, 227, 258
of negative charge, 132
Stabilized nucleophiles, 260
Step-curves (in NMR spectra), 41
Steric effects, 99—-106
for carbonyl group, 131
of multiple groups on rings, 103-106
and substitution with propyl benzene,
99-100
in synthesis strategies, 100101,
107-108
Stork enamine synthesis, 261
s-trans conformation, 287
Stretching (of bonds), 12, 24
Strong acids, 66
Strong activators, 87, 89-90, 94,
274-2175
Strong bases, 132
Strong deactivators, 87-89, 92-94
Strong nucleophile, 132
Substituted benzenes, 2
Substituted carboxylic acids, 254
Sulfonation, 74-78, 101
Sulfur, 75, 147-148
Sulfuric acid:
concentrated fuming, 75-76, 101
dilute, 77
and nitric acid, 65-67, 83, 96-97
in preparation of ketones, 127
Sulfur nucleophiles, 147-149
Sulfur ylide, 164-165
Symmetric stretching, 24
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Symmetry

and integration values, 42
of ketones, 152

Synthesis. See also Preparation

acetoacetic ester, 251-252

of acid halides, 181-183

of aniline, 124-125

of carboxylic acid derivatives, 209-216

with electrophilic aromatic
substitution, 107-111

Gabriel, 266-268

of ketones and aldehydes, 170-175

malonic ester, 253-254

and steric effects, 100-101, 107-108

Stork enamine, 261

Synthesis problems

cross-over problems, 212-215
multiple answers to, 174

order of events in, 106-109
retrosynthetic analysis for, 173-174
working backwards, 173-174

Systematic names, 2

Tautomers, 219
Temporary modification of functional

groups, 275

tert-Butyl group
multiplicity of, 45
NMR splitting pattern, 45-46
steric effects for, 100, 104-105
Tertiary alcohols, 127
Tertiary amines, 263
Tetrahedral intermediate, 138—139,
178
Tetrahydrofuran (THF), 233
Thermodynamics, kinetics vs., 233
THF (tetrahydrofuran), 233
Thioacetals, 148-149
Thionyl chloride, 181
3D drawing, 288
Toluene, 80
trans-disubstituted dienophile, 285
trans esterification, 245
Trichloromethyl group, 93
Triphenylphosphine, 162
Triple bonds, 14, 16, 26, 52
Tropylium cation, 8

U

Unsaturated compounds, 51
Unsaturated ketones, 16
Unsaturation, degree of, 50-53
UV-Vis spectroscopy, 11

\%

Vibrational excitation, 11-12
Vinylic protons, 40

w
Water
and acetal formation, 141-142
and acid anhydrides, 190
and acid halides, 204, 180
in keto-enol tautomerism, 223
as proton source, 134, 136
removing Lewis acids with, 75
removing protons with, 66—67
Wavelength, 13
Wavenumber (in IR spectra), 13-17
‘Weak activators, 87-89, 91, 94
Weak bases, 132
Weak deactivators, 91, 94
Wittig reaction, 162—165
Wittig reagent, 162-163
Wolff-Kishner reduction, 155

Y
Ylides, 161, 164-165, 170

Z
Zinc amalgam, 71-72
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