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We make no apologies for the number of pages we have devoted to carbonyl chemistry. The
first reactions you met, in Chapter 6, involved carbonyl compounds. Then in Chapters 9, 10, 12,
and 14 we considered different aspects of nucleophilic attack on electrophilic carbonyl com-
pounds. But carbonyl compounds have two opposed sides to their characters. They can be
nucleophilic as well: electrophilic attack on aldehydes, ketones, and acid derivatives is a useful
reaction too. How can the same class of compound be subject both to nucleophilic and
to electrophilic attack? The resolution of this paradox is the subject of this chapter where we
shall see that most carbonyl compounds exist in two forms—one electrophilic and one nucleophilic.
The electrophilic form is the carbonyl compound itself and the nucleophilic form is called the
enol.

Would you accept a mixture of compounds as a pure
substance?

You can buy dimedone (5,5-dimethylcyclohexane-1,3-dione) from chemical suppliers. If, as is wise 0. 3 10

when you buy any compound, you run an NMR spectrum of the compound to check on its purity,

you might be inclined to send the compound back. In CDCl; solution it is clearly a mixture of two

compounds. Overleaf you can see 'H and >C NMR spectra of the mixture with the peaks of the

dione in red. dimedone"
The majority of the sample is indeed 5,5-dimethylcyclohexane-1,3-dione. What is the rest? The 5 5.gimethylcyclohexane-1,3-dione

other component has a similar spectrum and is clearly a similar compound: it has the 6H singlet

for the CMe, group and the two CH, groups at the side of the ring; it also has five signals in its '3C

NMR spectrum. But it has a broad signal at 8y 8.15, which looks like an OH group, and a sharp signal

at 8y 5.5 in the double-bond region. It also has two different sp? carbon atoms. All this fits the enol

structure.
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The NMR spectra of the enol are keto form of
dimedone

still symmetrical because the
proton very rapidly hops from one
oxygen to the other, making the two
halves of the ring, and the two sp2
C atoms bearing oxygen, the same.
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T T i T T
60 40 20 0 p.p.m.
OH
enol form of
dimedone

These forms are in equilibrium and cannot be separated at

room temperature. The equilibrium is nothing to do with the 0. 3 1.0
two methyl groups at C5. And yet the 2,2-dimethyl compound is
a perfectly normal diketone with all the expected peaks in the
NMR. You will see later that it is only the relative position (1,3) of

the carbonyl groups and the presence of at least one hydrogen at
C2 that matter.

2,2-dimethylcyclohexane-1,3-dione

Tautomerism: formation of enols by proton transfer

o] OH  An enol is exactly what the name implies: an ene-ol. It has a C=C double bond and an OH group
joined directly to it. Simple carbonyl compounds have enols too—in the margin is the enol of cyclo-

hexanone (just dimedone without the extras).
In the case of dimedone, the enol must be
keto form of enol form of formed by a transfer of a proton from the
central CH; group of the keto form to one of
the OH groups.
Notice that there is no change in pH—a
proton is lost from carbon and gained on

cyclohexanone  cyclohexanone

Ho y® H®
0 ) OH

oxygen. The reaction is known as enolization as it is the conversion of a carbonyl compound into its
enol. It is a strange reaction in which little happens. The product is almost the same as the starting



Evidence for equilibration of carbonyl compounds with enols

material since the only change is the transfer of one proton and the shift of the double
bond. Reactions like this are given the name tautomerism.

Why don’t simple aldehydes and ketones exist as enols?

When we were looking at spectra of carbonyl compounds in Chapter 15 we saw no signs
of enols in IR or NMR spectra. Dimedone is exceptional—although any carbonyl com-
pound with protons adjacent to the carbonyl group can enolize, simpler carbonyl com-
pounds like cyclohexanone or acetone have only a trace of enol present under ordinary
conditions. The equilibrium lies well over towards the keto form (the equilibrium con-
stant K for acetone is about 10_6). A

0 K o~

Py

keto form of acetone

energy

enol

keto
enol form of acetone

Y

This is because the combination of a C=C double bond and an O-H single bond is
(slightly) less stable than the combination of a C=0 double bond and a C-H single bond.
The balance between the bond energies is quite fine. On the one hand, the O-H bond in
the enol is a stronger bond than the C—H bond in the ketone but, on the other hand, the
C=0 bond of the ketone is much more stable than the C=C bond of the enol. Here are
some average values for these bonds.

Typical amounts of enols in solution are about one part in 10° for normal ketones. So
why do we think they are important? Because enolization is just a proton transfer, it is
occurring all the time even though we cannot detect the minute proportion of the enol. Let us
look at the evidence for this statement.
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Any reaction that simply involves the
intramolecular transfer of a proton is called a
tautomerism. Here are two other examples.

H H
S o ¢ |
T =Y

R R
tautomerism of a carboxylic acid. The mixture must be

exactly 50:50 as the two forms (tautomers) are identical

R R

"

tautomerism of an imidazole. The mixture need not
be exactly 50:50 as the two forms are not identical

E—

NV H

This sort of chemistry was discussed in Chapter
8 where the acidity and the basicity of atoms
were the prime considerations. In the first case
the two tautomers are the same and so the
equilibrium constant must be exactly 1 or, if you
prefer, the mixture must be exactly 50:50. In
the second case the equilibrium will lie on one

side or the other depending on the nature of R.

Typical bond strengths (kJ mol'l) in keto
and enol forms

Bond to H Tt bond Sum
keto form (C-H) 440 (C=0) 720 1160
enol form (O-H) 500 (C=C) 620 1120

Evidence for equilibration of carbonyl compounds with enols

If you run the NMR spectrum of a simple carbonyl compound (for example, 1-phenyl-propan-1-

one, ‘propiophenone’) in D,0, the signal for protons next to the carbonyl group very slowly disap-
pears. If the compound is isolated from the solution afterwards, the mass spectrum shows that those
hydrogen atoms have been replaced by deuterium atoms: there is a peak at (M + 1)* or (M + 2)*

instead of at M. To start with, the same keto—enol equilibrium is set up.

enol form of
1-phenylpropan-1-one

keto form of
1-phenylpropan-1-one

But, when the enol form reverts to the keto form, it picks up a deuteron instead of a proton
because the solution consists almost entirely of D,O and contains only a tiny amount of DOH (and

no H,O at all).

p®

D
(0] 0 0]
return to
enolization keto form
—_— p® ——
H H H H D

1-phenylpropan-1-one

>

Notice that the double bond in
this enol could be either Eor Z. It
is drawn as Zhere, but in reality is
probably a mixture of both—
though this is irrelevant to the
reaction. We shall not be
concerned with the geometry of
enols in this chapter, but there
are some reactions that you will
meet in later chapters where itis
important, and you need to
appreciate that the issue exists.
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Something else will happen to the
proton NMR spectrum. The signal for
the CH3 group was a triplet in the
original ketone, but when those two Hs
are replaced by Ds, it becomes a
singlet. In the carbon spectrum,
coupling to deuterium appears:
remember the shape of the CDCl3 peak
(Chapter 3)?

In Chapter 19 (p. 000) we discussed
the equivalence of mechanisms
showing protons just ‘falling off’ with
those in which basic solvent molecules
are involved to remove a proton. In this
chapter, and in the rest of the book, you
will see both variants in use according
to the context. They mean exactly the
same thing.

21 - Formation and reactions of enols and enolates

The process can now be repeated with the other hydrogen atom on the same carbon atom.

D
D
(o 0 0

return to
enolization keto form
e D@ —_—
H D D D D

There are, of course, eight other hydrogens in the molecule but they are not affected. In the NMR
spectrum we see the slow disappearance of the 2H signal for the protons on C2 next to the carbonyl

group.

Enolization is catalysed by acids and bases

Enolization is, in fact, quite a slow process in neutral solution, even in D,0, and we would catalyse it
with acid or base if we really wanted it to happen. In the acid-catalysed reaction, the molecule is first
protonated on oxygen and then loses the C—H proton in a second step. We shall use a different exam-
ple here to show that aldehydes form enols too.

acid-catalysed enolization of an aldehyde

®
“2‘:7"' 2 Hi @ H
0 protonation 0 loss of proton 0
on oxygen from carbon
H — H HT Y
H HA
OH,

"keto" form of aldehyde enol form of aldehyde

This is a better mechanism for enolization than those we have been drawing because it shows that
something (here a water molecule) must actually be removing the proton from carbon. Though this
reaction will occur faster than the uncatalysed enolization, the equilibrium is not changed and we
still cannot detect the enol spectroscopically.

In the base-catalysed reaction the C—H proton is removed first by the base, say, a hydroxide ion,
and the proton added to the oxygen atom in a second step.

base-catalysed enolization of an aldehyde

H
HO—-HY ) )
loss of proton (o] protonation
from carbon on oxygen
- X
T N == "

"keto" form of aldehyde enol form of aldehyde

This is a good mechanism too because it shows that something must remove the proton from car-
bon and something (here a water molecule—we can’t, of course, have protons in basic solution)
must put the proton on the oxygen atom. The concentration of free protons in water is vanishingly
small (Chapter 8).

Notice that both of these reactions are genuinely catalytic.

You get the proton back again at the end of the acid-catalysed mechanism.

loss of proton

~o2
from carbon

enol form of aldehvde
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And you get the hydroxide ion back again at the end of the base-catalysed mechanism.

H

protonation \0
on oxygen
©
HO T

enol form of aldehyde

The intermediate in the base-catalysed reaction is the enolate
ion
There are more insights to be gained from the base-catalysed reaction. The intermediate anion

is called the enolate ion. It is the conjugate base of the enol and can be formed either directly
from the carbonyl compound by the loss of a C-H proton or from the enol by loss of the O-H

proton.
aq % noo
H — N —
H fGOH H TN
"keto" form of aldehyde the enolate ion enol form of aldehyde

The enol form is more acidic than the keto form

The enol is less stable than the aldehyde and both lose a proton to give the same [o] o 41 \o
enolate ion. It follows that the enol is the more acidic. Make sure you understand . -

. . L . s . keto" form of —— enol form of
this. Think of it this way: the keto/enol equilibrium constant is small. aldehyde H X aldehyde

The acidity equilibrium constants for each form (with the enolate ion) are both small, but they are not the same.

If the keto form is more stable than the enol form, then K, (keto)

must be smaller than K(enol): the enol form gives more of the Ka keto Ka el
enolate ion. The acidity of each form is measured by pK; which

is just—logq g Ky so if Ky(keto) < Ky(enol) then pKy(keto) >

pKa(enol) and the keto form is less acidic.

The enolate ion is an alkoxide ion as we have drawn it, but it is more stable than the correspond-
ing saturated structure because it is conjugated.
The enolate ion is one of those three-atom four-electron systems related to the allyl anion that we
met in Chapter 7. The negative charge is mainly on oxygen, the most electronegative atom. We can simple alkoxide enolate anion:
show this with curly arrows using the simplest enolate possible (from MeCHO). anion: conjugated and
unconjugated and more stable
less stable
delocalization of the enolate anion | 2
0 o o Itis important that you appreciate one key difference
( between the enolate and enol forms: the enolate is a
H - = H -~ H delocalized system, with negative charge carried on both
H H H C and O—we use a double-headed conjugation arrow to
(2) H H connect these two representations. But for the proton to
) ] move from C to O in the enol form requires ¢ bonds to
formation of the enolate ion oxyanion carbanion break and form, and this is a real equilibrium, which must
of acetaldehyde (ethanal) be represented by equilibrium arrows.
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Refer to Chapter 7 if you fail to see
where these orbitals come from.

| 2

In other words, the oxygen is a
hard nucleophilic centre and the
carbon is a soft nucleophilic
centre. For related discussions,
see Chapters 10 and 17.

| 2

Notice that in drawing this
mechanism it is not necessary to
locate the negative charge on the
carbon atom. You should always
draw enolate mechanisms using
the better oxyanion structure.

21 - Formation and reactions of enols and enolates

Remember that the oxyanion and carbanion structures are just two different ways to represent the
same thing. We shall usually prefer the oxyanion structure as it is more realistic. You can say the
same thing in orbitals.

populated Tt orbitals of the allyl anion populated 1t orbitals of the enolate anion

AN T oY 00 T 0 Ny
reactive % W
HOMO reactive

! HOMO %8\80 % W2

e 8/8\8 o

On the left you see the populated orbitals of the allyl anion and on the right the corresponding
orbitals of the enolate ion. The allyl anion is, of course, symmetrical. Two changes happen when we
replace one carbon by an oxygen atom. Because oxygen is more electronegative, both orbitals go
down in energy. The orbitals are also distorted. The lower-energy atomic orbital of the more electro-
negative oxygen contributes more to the lower-energy orbital ({);) and correspondingly less to Y.
The charge distribution comes from both populated orbitals so the negative charge is spread over all
three atoms, but is mostly on the ends. The important reactive orbital is the HOMO ({),) which has
the larger orbital on the terminal carbon atom.

In the enolate, the oxygen atom has more of the negative charge, but the carbon atom has more of
the HOMO. One important consequence is that we can expect reactions dominated by charges and
electrostatic interactions to occur on oxygen and reactions dominated by orbital interactions to
occur on carbon. Thus acyl chlorides tend to react at oxygen to give enol esters, while alkyl halides
tend to react at carbon.

(o]
0 Cl

: b B8 L
IS8 Ca T QI

acetone enolate anion reacts through enol ester
oxygen with acyl chloride
[0} 0 [0}
base
— —
acetone /\Br pentan-2-one

enolate anion reacts through
carbon with alkyl halide

We shall be looking at these reactions in Chapter 26. For the rest of this chapter we are going to
look at some simpler consequences of enolization and some reactions of enolates with heteroatom
nucleophiles.

Summary of types of enol and enolate

In this section, the hydrogen atom lost in the enolization is shown in green. First let us summarize
the various kinds of enol and enolate we can have from carbonyl compounds. We have seen such
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compounds from aldehydes and ketones already, but here are some variants. Cyclic ketones form
enols and enolates just like open-chain compounds.

0 OH 0®

cyclohexanone enol enolate ion

You can have a cyclic aldehyde only if the carbonyl group is outside the ring and cyclic aldehydes
too form enols and enolates.

All the acid derivatives can form enols of some kind. Those of esters are particularly important
and either enols or enolates are easily made. It is obviously necessary to avoid water in the presence
of acid or base, as esters hydrolyse under these conditions. One solution is to use the alkoxide
belonging to the ester (MeO™ with a methyl ester, EtO™ with an ethyl ester, and so on) to make eno-
late ions.

o @

TN
MeO HOJQO/M" ——> MeOH + )\O/Me

Then, if the alkoxide does act as a nucleophile, no harm can be done as the ester is simply regener-

ated.

©
OD C’O 0
H\)‘J\ Me Me )J\

o /{\Q/ — oMe + Some

OMe

.

MeO

—_—

same as starting materials
The carbonyl group is accepting electrons both in the enolization step and in the nucleophilic
makes acyl chlorides very enolizable. To avoid
. S 0
nucleophilic attack, we cannot use chloride ion as
EtaN V
nonnucleophilic base such as a tertiary amine. cl
The resulting enolate is not stable as it can eliminate chloride ion, a good leaving group, to form a
proton to be removed is very acidic.
(o] o ]
Et3N Z/\ (o 0/
H » CK __~ — =
Cl Cl
c’ ¢l cl

attack. The same compounds that are the most electrophilic are also the most easily enolizable. This

base since chloride is not basic, so we must use a

ketene. This works particularly well in making dichloroketene from dichloroacetyl chloride as the
dichloroketene

unstable enolate

Carboxylic acids do not form enolate anions easily as the base first removes the acidic OH proton.
The same thing protects acids from attack by nucleophiles.

G{X\ (0 ’/?9 09  stavle
> carboxylate
MeO H\)L(O\/H OMe H\/K anion
0

In acid solution, there are no such problems and ‘ene-diols’ are formed. The original OH group of
the carboxylic acid and the new OH group of the enol are equivalent.
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Note that the aldehyde proton
itself (CHO) is neverenolized. Try
to draw the curly arrows and you
will see that they don’t work.

enolate ion

This is an E1cB elimination, and you
saw this sort of chemistry in Chapter
19.
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You should make sure you can write
mechanisms for these reactions: we

discussed them in Chapter 14.

Deprotonation of nitroalkanes is
discussed in detail in Chapter 8.

benzyl cyanide
(phenylacetonitrile)

H H

X

N

21 - Formation and reactions of enols and enolates

e =
H\)J\o _H H20 N HO(J\O _H

Amides also have rather acidic protons, though not, of course, as acidic as those of carboxylic
acids. Attempted enolate ion formation in base removes an N-H proton rather than a C-H proton.
Amides are also the least reactive and the least enolizable of all acid derivatives, and their enols and
enolates are rarely used in reactions.

0 S]
GA \SL(\ /29 _— i e i
| NH llv ©
H

H

symmetrical ene-diol

It is not even necessary to have a carbonyl group to observe very similar reactions. Imines and
enamines are related by the same kind of tautomeric equilibria.

Pt /l\( /g/
H
{ E imine enamine

D — D

iminium ion enamine

With a primary amine (here PhNH;) a reasonably stable imine is formed, but with a secondary
amine (here a simple cyclic amine) the imine itself cannot be formed and the iminium salt is less sta-
ble than the enamine.

Just as enamines are the nitrogen ana-

logues of enols, aza-enolates are the nitro- - )\/@
gen analogues of enolates. They are made b Ph ) LN
by deprotonating enamines with strong (\

base. You will see both enamines and aza- base imine aza-enolate

enolates in action in Chapters 26 and 27.
Nitroalkanes form enolate-like anions in quite weak base. As in base-catalysed enolization, a pro-

ton is removed from a carbon atom and a stable oxyanion is formed.
nitromethane formation of nitromethane anion in base

I ?
H N®o BN, VH OD lo

— 5 H N
S?'@\o@ \y/\o@

H H H H

Nitriles (cyanides) also form anions but require stronger base as the negative charge is delocalized
on to a single nitrogen atom rather than on to two oxygens. The negative charge is mostly on a nitro-
gen atom and the anion is a three-atom four-electron system like ketene or allene.

H H H
Q)
N — Q/Q\'@ -~ S



Stable enols

® Requirement for enolization

In summary, any organic compound with an electron-withdrawing functional group,
with at least one Ttbond joined to a saturated carbon atom having at least one hydrogen
atom, may form an enol in neutral or acid solution. Many also form enolates in basic
solution (exceptions are carboxylic acids and primary and secondary amides).

The enols will probably not be detectable in solution (only about one part in 10*-10° is enol for
most compounds). Some compounds by contrast form stable enols.

Stable enols

Kinetically stable enols

We have established that enols are, in general, less stable than the keto form of the molecule. We
might hope to see stable enols if we changed that situation by adding some feature to the molecule
that stabilized the enol thermodynamically. Or we might try to create an enol that would revert only
slowly to the keto form—in other words, it would be kinetically stable. We shall look at this type first.

We have established that the formation of enols is catalysed by acids and bases. The reverse of this
reaction—the formation of ketone from enol—must therefore also be catalysed by the same acids
and bases. If you prepare simple enols in the strict absence of acid or base they have a reasonable life-
time. A famous example is the preparation of the simplest enol, vinyl alcohol, by heating ethane-1,2-
diol (glycol—antifreeze) to very high temperatures (900°C) at low pressure. Water is lost and the
enol of acetaldehyde is formed. It survives long enough for its proton NMR spectrum to be run, but
gives acetaldehyde slowly.

900 °C H H
OH low pressure /S/OH slow H o
H _— H _—
H
-H,0
2 i

vinyl alcohol (ethenol) acetaldehyde

enol form of acetaldehyde

The spectrum fits the enol perfectly. The alkene proton next to OH is deshielded and the two
alkene protons on the other carbon atom shielded as we should expect from the feeding of electrons
into the double bond by the OH group.

The coupling constants across the double bond are as expected too. The trans coupling is large
(14.0 Hz) and the cis coupling smaller (6.5 Hz). The geminal coupling is very small as is usually the
case for a CH; group on a double bond.

Other enols can be made that are stable because it is very difficult for the carbon atom to be pro-
tonated. This example is very crowded by two substituted benzene rings.

both faces of the
enol are hindered

Me by the methyl groups
O "
H
Me A — R
Me OH - > a
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oy 4.13
3 Jirans 14.0

2Jgem 1.8 H
C‘ OH

5,3.01H

H
3),46.5 By 6.27

NMR spectrum of vinyl alcohol

electron-rich
shielded

smaller oy value

electron-deficient H

(aldehyde-like) larger &y value
deshielded
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This
hydrogen
bond was
not possible

in dimedone.

o (o]

EtMOEt
1 5 3

diethyl malonate

_H
o Yo
Etc)l\%\OEt
H

21 - Formation and reactions of enols and enolates

The enol would have to be protonated at the C2 to form the aldehyde but this is not possible
because the two benzene rings are twisted out of the plane of the double bond by the interference of
the ortho methyl groups. The view down the double bond shows that both faces are blocked by one of
the ortho methyl groups and an acid cannot approach close enough to deliver its proton.

Enols of 1,3-dicarbonyl compounds: thermodynamically stable enols

We started this chapter by looking at a molecule that contained about 33% enol in solution—dime-
done. In fact, this is just one example of the class of 1,3-dicarbonyl compounds (also called B-dicar-
bonyls) all of which contain substantial amounts of enol and may even be completely enolized in
polar solvents.

0. 0 0. OH
keto form enol form
of dimedone . of dimedone
(67% in CDCl3) (33% in CDCl3)

We need now to examine why these enols are so stable. The main reason is that this unique (1,3)
arrangement of the two functional groups leads to enols that are conjugated rather like a carboxylic
acid.

delocalization in the enol form of dimedone delocalization in a carboxylic acid

o) OH (C;) %H - o ®
o OH o OH
a b - . b %§ - Y
R R

Did you notice when we were looking at the NMR spectrum of dimedone (p. 000) that the two
CHj; groups in the ring seemed to be the same, though they are different (a and b) and the delocaliza-
tion we have just looked at does not make them the same? This must mean that the enol is in rapid
equilibrium with another identical enol. This is not delocalization—a proton is moving—so it is
tautomerism.

equilibration of the enol form of dimedone equilibration of a carboxylic acid

®
H’\
0 o H 0
H _ *P’ﬂ o H 0
b —-— b H‘——‘OY
R R

Once again, this is very like the situation in a carboxylic acid. Thus the two enols equilibrate fast
with each other in CDClj solution but equilibrate slowly enough with the keto form for the two spec-
tra to be recorded at the same time. If equilibration with the keto form were fast, we should see a
time-averaged spectrum of the two. In CD30D solution the 'H and '>C NMR spectra show that only
the enol form exists, presumably stabilized by hydrogen bonding.

Other 1,3-dicarbonyl compounds also exist largely in the enol form. In some examples there is an
additional stabilizing factor, intramolecular hydrogen bonding. Diethyl malonate (diethyl propane-
dioate) has a symmetrical enol stabilized by conjugation. The enol form is also stabilized by a very
favourable intramolecular hydrogen bond in a six-membered ring.

enolization enol form of diethyl malonate stabilized by conjugation

H@
o o0 0 Cb'l-l S
— Ik, — AL
enol form of diethyl malonate stabilized by Et OEt Et OEt Et OEt
an intramolecular hydrogen bond H H H H



Stable enols

This allows interconversion of the two  tautomerism in the enol form of diethyl malonate

identical enol structures by proton trans- H
. . S
fer, that is, by tautomerism. Y 0
The 1,3-dicarbonyl compound need E—
not be symmetrical and if it is not two Et OEt
different enol forms will interconvert by H

proton transfer. Here is a cyclic keto-alde-

hyde as an example. It exists as the rapidly equilibrating enol. The proportions of the three species
can be measured by NMR: there is 0% keto-aldehyde, 76% of the first enol, and 24% of the
second.

1,3-dicarbonyl (keto-aldehyde)
1 .0

two different stable enols rapidly interconverting by tautomerism

enolization

o--I

Enols occur in nature too. Vitamin C has a five-membered ring containing two carbonyl groups
but normally exists as a very conjugated ene-diol.

another unstable keto form

one unstable keto form stable ene-diol form of vitamin C

The enol is stable; it is delocalized. We can show the delocalization and explain why vitamin C is
called ascorbic acid at the same time. The black enol proton is acidic because the anion is delocalized
over the 1,3-dicarbonyl system.

OH

stable delocalized

The ultimate in stable enols has to be the Ph-enol, the aromatic alcohols or phenols, which prefer
the substantial advantage of aromaticity to the slight advantage of a C=0 over a C=C double bond.
They exist entirely in the phenol form.

"ketonization" of phenol (not observed) 0.

~— phenol

Even so, you will see in Chapter 22 that intermediates with this ‘keto’ structure are formed in
reactions on the benzene ring of phenols. Like ascorbic acid, phenol is also quite acidic (pK, 10) and
used to be called carbolic acid.

531
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Again, note carefully the
difference between this
tautomerism in which a proton is
moved around the molecule and
the structures are linked by
equilibrium arrows and the
delocalization (conjugation)
where only electrons are ‘moved’
(no actual movement occurs, of
course) and the two structures
are linked by one double-headed
arrow as they are just two ways of
drawing the same thing.

Stable enols

Pfizer’s antiinflammatory drug
‘Feldene’ (used to treat arthritis) is
a stable enol basedona 1,3-
dicarbonyl compound. It also has
amide and sulfonamide groups in
its structure but you should be able
to pick out the enol part.

OH o0 Z |
A Ny
\ H
PN
S Me
o//\\o

Pfizer's piroxicam or Feldene
once-a-day treatment for arthritis
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When speaking generally of
carbonyl compounds, the Greek
letters a, B3, y,and so on are used
to designate the positions along
the chain from the carbonyl group.
Of course, if the compound is an
aldehyde or an acid derivative, we
can use the normal numbers
instead as the carbonyl group will
normally be C1, but this will not
usually be the case for ketones. It
is useful to have a general
method of describing the
positions where enolization may
take place and so they are called
the a positions.

labelling carbon atoms
in carbonyl compounds

acid derivative
(ester)

An enolizable position is always
a, even if there are two of them as
in an unsymmetrical alkyl ketone,
while enolizable carbons may
happen to have any number in
simple IUPAC nomenclature such
as C2 and C4 in the example
above.

>

A planar molecule musthave a
plane of symmetry.

H NH,

%, 1y

OH

o
a natural (S) amino acid

Note the use of a: the amino group is
on the a position with respect to the
carboxylic acid.

H NH,
OH

ry,,

21 - Formation and reactions of enols and enolates

Consequences of enolization

Unsaturated carbonyl compounds prefer to be conjugated

It is difficult to keep a 3,y-unsaturated carbonyl compound because the double bond tends to move
into conjugation with the carbonyl group in the presence of traces of acid or base. The intermediate
is, of course, an enol in acid solution but an enolate ion in base.

0 0 0©
A — s T A
H H

unconjugated
Bt

Protonation at the o position takes the molecule back to the unconjugated ketone, but protona-
tion in the y position gives the more stable conjugated isomer. All the reactions are equilibria so the
conjugated isomer gradually predominates.

enolate anion

enolate anion
y-protonation leads on

0 0 to conjugated ketone o
o base )]\/\
)J\/B\ ? h R X 'H a® R
R 5 \y H H (B
3t

a-protonation leads back
to unconjugated ketone

unconjugated
B,yunsaturated ketone

Racemization

Any stereogenic centre next to a carbonyl group is precarious because enolization will destroy it. It
would be foolish to try and make optically active B-dicarbonyl compounds whose only stereogenic
centre was between the two carbonyl groups.

(o] (0] 0’

OEt OEt

W
M
=
a

R H R

chiral tetrahedral keto-ester achiral planar enol enantiomeric keto-ester

Though the keto-ester is chiral, the enol is flat and cannot be chiral. The two forms are in rapid
equilibrium so all optical activity would quickly be lost.

Compounds with one carbonyl group next to the stereogenic centre can be made but care still
needs to be taken. The 0 amino acids, the component parts of proteins, are like this. They are per-
fectly stable and do not racemize in aqueous acid or base. In base they exist as carboxylate anions that
do not enolize, as explained above. Enolization in acid is prevented by the NH¥ group, which
inhibits the second protonation necessary for enol formation.

Amino acids can be converted into their N-acetyl derivatives with acetic anhydride. These N-
acetyl amides can be racemized on recrystallization from hot acetic acid, no doubt by enolization.
The amino group is no longer basic, is not protonated in acid, and so protonation on the carbonyl
group and hence enolization is now possible.

o H
H J\ N )K
. 0h . H \~N )]\ H $N HN
acetic anhydride S S
Y/ S OH OH OH o OH
_— R _— R E— R
hot acetic acid C
0 OH OH
®
N-acetyl amino acid planar enol
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You may think it a crazy idea to want to racemize an amino acid. Supposing, however, that you
are preparing pure (S)-amino acid by resolution. Half your material ends up as the wrong (R)-enan-
tiomer and you don’t want just to throw it away. If you racemize it you can put it back into the next
resolution and convert half of it into the (S)-acid. Then you can racemize what remains and so on.

Some compounds may be racemized inside the human body. Bacterial cell walls are built partly
from ‘unnatural’ (R)-amino-acids and we can’t digest these. Instead, we use enzymes designed to
racemize them. These also work by enolization, though it is the imine—enamine type from p. 000.

There is an important group of analgesic (pain-killing) drugs such as ibuprofen based on the aryl-
propionic acid structure. Ibuprofen is given to arthritis sufferers as ‘Brufen’ and can be bought over
the counter in chemists’ shops as the headache remedy ‘Nurofen’. Only one enantiomer actually
cures pain but the compound is administered as the racemate. The body does the rest, racemizing the
compound by enolizing it.

Me, H Me Me, H
N OH K7
CO,H CO,H
~ ~
OH
R R R
the biologically inactive flat achiral enol the biologically active
enantiomer of ibuprofen enantiomer of ibuprofen

Reaction with enols or enolates as intermediates

We have already seen that exchange of hydrogen for deuterium, movement of double bonds into
conjugation, and racemization can occur with enols or enolates as intermediates. These are chemical
reactions of a sort, but it is time to look at some reactions that make significant changes to the car-
bonyl compound.

Halogenation

Car.bf)nyl compounds can be halogenated i.n thf: cx ) Br, o

position by halogens (such as bromine, Br,) in acidic )k —_— )J\/B
. . . r

or basic solutions. We shall look at the acid-catalysed HOAc

reaction first because it is simpler. Ketones can usually acetone bromoacetone

be cleanly brominated in acetic acid as solvent.

The first step is acid-catalysed enolization and the electrophilic bromine molecule then attacks
the nucleophilic carbon of the enol. The arrows show why this particular carbon is the one
attacked.

H
Acg Ly o acid-catalysed ~No: H\o@ o
enolization )
% - /g/v Br-car )k/ Br )J\/Br

enol

Notice that the acid catalyst is regenerated at the end of the reaction. The reaction need not be car-
ried out in an acidic solvent, or even with a protic acid at all. Lewis acids make excellent catalysts for
the bromination of ketones. This example with an unsymmetrical ketone gives 100% yield of the
bromoketone with catalytic AICl; in ether as solvent.

0 [0)
BI'2,
0.75 mol% AICl3, Et,0
- 100% yield
Br

Bromination occurs nowhere else in the molecule—not on the benzene ring (which, as you
will see in the next chapter, it easily might under these conditions), nor on any other atom of the
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We discussed resolution, the separation
of enantiomers by the formation of
diastereoisomers with an optically active

resolving agent, in Chapter 16.

There are details of this reaction in

Chapter 50.

ibuprofen

CO,H
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aliphatic side chain. This is because only one position can form an enol and the enol is more reactive
towards bromine than the aromatic ring.

o
AICI3 AICI3 AICI3

o - oo, — o'

We have introduced a slight but
unimportant variation into this
mechanism. In the previous
mechanism, we used the lone pairs on
oxygen to assist attack on Brp and then
lost the acid catalyst in a separate
step. Here, we have written AICl3
leaving as the Brj is attacked. The
difference is not significant, and you
will see mechanisms written in both
ways. The second way saves a step, of
course.

Hard and soft nucleophiles in
substitution reactions are discussed in
Chapter 17.

These mechanisms should remind you of the mechanism of alkene bromination (p. 000)—except
that here the attack on the bromine is assisted by an electron pair on oxygen. The product, instead of
being a bromonium ion (which would undergo further reactions), loses a proton (or the Lewis acid)
to give a ketone.

Enols are more nucleophilic than simple alkenes—the HOMO is raised by the interaction with
the oxygen’s lone pairs and looks not unlike the HOMO of the enolate anion we discussed on p. 000.

Bromination of acid derivatives is usually carried out not on the acid itself but by converting it to
an acyl bromide or chloride, which is not isolated but gives the a-bromoacyl halide via the enol. This
used to be done in one step with red phosphorus and bromine, but a two-step process is usually pre-
ferred now, and the bromoester is usually made directly without isolating any of the intermediates.
We can summarize the overall process like this.

SoCl,

0 (0]
- \)]\ e \)k
Br
OH Cl OMe

_—

bromoester

The formation of the acyl chloride with SOCI, and the conversion of the a-bromoacyl chloride
into the bromoester with MeOH are simple nucleophilic substitutions at the carbonyl group, just
like the synthesis of esters from acyl chlorides in Chapter 12. The intermediate stage, the bromina-
tion of the very easily enolized acyl chloride, is a typical enol bromination.

o OH (o]

enolization Bry
— —> Br + HBr
Cl Cl Cl

acyl chloride enol of acyl chloride

In the reaction of the bromoacyl chloride with methanol, attack occurs at the carbonyl group with
an alcohol because oxygen nucleophiles are ‘hard’ nucleophiles (controlled by charge interactions).
If we want to displace the a-bromo group we can use any ‘soft’ (orbital-dominated) nucleophile.
Triphenylphosphine Ph3P is particularly important—the product is a phosphonium salt, employed

in Wittig reactions and discussed in Chapter 31.
0o
®
o PhgP.
OMe

[0) 0]
B \)k PhgP BM Sn2
K 5 K
OMe OMe

) nucleophilic substitution
Ph3P:

at saturated carbon phosphonium salt
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Base-catalysed halogenation

This is different and more complicated because it usually won’t stop at the introduction of one halo-
gen atom. If we go back to the bromination of acetone, the first step will now be a base-catalysed eno-
lization to give the enolate ion instead of the enol. The enolate ion can attack a bromine molecule in
a very similar way to the attack of the enol on bromine. The enolate will, of course, be even more

reactive than the enol was (the enolate carries a negative charge). >

formation of the 05 0 Notice that the hydroxide ion is
(\@ enolate anion r@ notregenerated in this reaction—
OH — Brlér - Br + B bromide ion is not basic and does
not react with water to regenerate
hydroxide ion (Chapter 8). So we

need to add a whole equivalent of
hydroxide.

The problem is that the reaction does not stop at this point. The first step was the removal of a
proton and the protons between the carbonyl group and the bromine atom in the product are more
acidic than those in the original acetone because of the electron-withdrawing bromine atom.
Bromoacetone forms an enolate faster than acetone does.

0 formation of the 0 0
( (\ enolate anion o
HY Oon N — Br + Br

Br—Br

Br Br Br
Dibromoacetone is formed. Now we have one remaining proton in between the carbonyl group
and two bromine atoms. It is even more acidic and so forms a new enolate ion even more quickly.
The first product we can see in any amount is tribromoacetone.

(0 formation of the

0
enolate anion
(\GOH )%P - > Br + Bre
Br—Br
Br
Br

But even this is not the end of the story. To see why, we need to backtrack a bit. You may already
have asked yourself, ‘Why doesn’t the hydroxide ion, being a nucleophile, attack the carbonyl
group? This is a general question you might ask about all base-catalysed enolizations. The answer is ( OH

0

Br

>£:,
l
-

that it does. The reaction is shown in the margin. A tetrahedral intermediate forms. OH
What can happen now? This tetrahedral intermediate will revert to a carbonyl compound by 0
expelling the best leaving group—and in Chapter 12 we saw that this is usually the group with the )k
lowest pK,y. But Me™ can never act as a leaving group (pK,y > 50). Indeed the only possible leaving —
group is the hydroxide ion (pK,py = 15.7), so it just drops out again.
a 4 OH ©oH

This state of affairs continues until we reach the tribromoketone. In Chapter 8, you saw that the
pK;, of CHBr3 is only 9: the CBr3 group is a better leaving group than hydroxide since the carbanion
is stabilized by three bromine atoms. So now a real reaction occurs.

[0) 03 0 .
r
Br ____ . Br )]\ + @KB
5 r
Br OH Br OH Br
HO Br Br

These initial products exchange a proton to reveal the true products of the reaction—the anion of
a carboxylic acid and tribromomethane (CHBr3).

0 0
PR U G N
(0) ©
Br 0 Br
Br Br

The same thing happens with iodine, and we can summarize the whole process with iodine using
a general structure for a carbonyl compound bearing a methyl group. It must be a methyl group
because three halogens are necessary to make the carbanion into a leaving group.
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0
I2 NaOH 0 H I
— o — <
R R R OH |

NaOH I

CHI3 "iodoform"

This reaction is often called the ‘lodoform’ reaction. Iodoform was an old name for tri-
iodomethane, just as chloroform is still used for trichloromethane. It is one of the rare cases where
nucleophilic substitution at a carbonyl group results in the cleavage of a C-C single bond.

@ Acid mediated halogenation is best

Halogenation of carbonyl compounds should be carried out in acid solution.
Attempts in basic solution lead to multiple substitutions and C-C bond

cleavage.

Why does acid-catalysed halogenation work better?

The reason why halogenation in base continues until all the
hydrogens have been replaced is clear: each successive
halide makes the remaining proton(s) more acidic and the
next enolization easier. But why does acid-catalysed
halogenation stop after the introduction of one halogen? It
would be more accurate to say that it can be made to stop
after one halogen is introduced if only one equivalent of
halogen is used. Acid-catalysed halogenation will continue if
there is more halogen available.

However, the second halogen goes on the other side of the
carbonyl group, if it can. It is evidently the case that the
second halogenation is slower than the first. This is firstly
because most of the intermediates are positively charged
and hence destabilized by the presence of a halogen. The
bromoketone is less basic than acetone so less of the
reactive protonated form is present. This slows down any
further electrophilic attack.

The second step is the rate-determining step, and the presence of a bromine atom at the a position slows this step down still further: if
a proton can be lost from a different a position—one without a Br atom—it will be lost. The transition state for proton removal
illustrates why bromine slows this step down. The part of the structure close to the bromine atom is positively charged.

We can add a useful piece of evidence to this weak-sounding
explanation. The halogenation of an unsymmetrical dialkyl
ketone gives different results in acid and in base. In base

halogenation occurs preferentially on a methyl group, that is, on

the less highly substituted side. In acid solution by contrast,

halogenation occurs on the more substituted side of the carbonyl

halogenation in acid

one equivalent of bromine one equivalent of bromine

(0] 0] [0}
)k S )k/ s \)J\/
Br Br: Br
HOAc HOAc
bromoacetone 1,3-dibromoacetone

addition of a second bromine to the same position in acid solution (this does not usually happen)

H rate- H_ .. H
0] \0® determining o \0®
| step ~
Br —— Br — Br — » Br —_—
! H H r—Br BY H
presence of Br makes OAc
equilibrium less
favourable presence of Br makes proton
removal slower too

H_ (+) i)

o

.

group. Alkyl groups have the opposite effect to bromine atoms— H H---OAc
they stabilize positive charges. So the reactions of an enol, with a )
positively charged transition state, are faster at more highly transition state for
substituted positions. Enolates react through negatively charged proton removal
transition states, and are faster at less highly substituted carbon

atoms.

halogenation in acid

0 Brz OH BI'2 0 0 Brz OH Brz 0
—_— —_— —_— —_—
\)k HOAc \/k \H‘\ \)k HOAc \/k
Br Br
Nitrosation of enols

Now for a reaction with nitrogen as an electrophile that illustrates enol reactivity and reminds us
that tautomerism applies to functional groups other than the carbonyl. Let us suppose you have a
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carbonyl compound and wish to introduce another carbonyl group next to the first. One way you
might go about it is this.

0 0. 0
(:/r NaNO, & “H hydrolysis Ci
—_— I —_—
HCI 0
N~ 0

a-diketone or 1,2-diketone

The first step involves the formation of the weak acid nitrous acid (HNO; or, more helpfully,
HONO) from the sodium salt and the strong acid HCI. Nitrous acid is itself protonated and then loss
of water creates the reactive electrophile NO™.

sodium nitrite
® ®
N H N H N
Na® ©Oo~ No — HO SN _FHBQQ — > H,0 + N=00
the nitrite anion nitrous acid

This diatomic cation, isoelectronic with carbon monoxide, is electrophilic at nitrogen and attacks
the enol of the ketone to form an unstable nitroso compound.

. ®
0 OH OH 0
_» q
0 0
NE(\O® NZ NZ

nitroso-ketone

The nitroso compound is unstable because it can tautomerize with the transfer of a proton
from carbon to the oxygen of the nitroso group. This process is exactly like enolization but uses
an N=O instead of a C=0 group. It gives a more familiar functional group from Chapter 14, the
oxime, as the stable ‘enol’. The second structure shows how the oxime’s O—H can form an intramol-
ecular hydrogen bond with the ketone carbonyl group. Hydrolysis of the oxime reveals the second
ketone.

0
0 Oy  H0,H® 0
o —_— or (|) —
® X OH
NZ_> H N N o
oximino-ketone hydrogen-bonded oxime

If the ketone is unsymmetrical, this reaction will occur on the more substituted side, for the same
reason that acid-catalysed enol bromination gives the more substituted 0-bromocarbonyl com-
pound (see the box on p. 000).

0 (V] (o]
\)k NaNO, hydrolysis
EEE—— _—
Hel
NOH (0}

Before we move on to any more reactions, we want you to take away this message from the reac-
tions of enols and enolates with Br, and with NO™.

| @ Enols and enolates generally react with electrophiles at carbon.
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The nitroso functional group, -N=0,
may be new to you.

Imine (and therefore oxime) hydrolysis
was discussed in Chapter 14, p. 000.



538

You have already met LDA in Chapter
19 promoting elimination reactions, but
no other use of this base compares in
importance with what we are telling you
now. By far the most important use of
LDA is for making lithium enolates.

>

Never try to use BuLi to deprotonate
a carbonyl compound! BuLi almost
invariably adds to carbonyl groups
as a nucleophile.

Li
0/

/& lithium enolate

H_I

SiMeg3
o/

/K silyl enol ether

—_—

The TriMethyl Silyl group is sometimes
abbreviated to TMS. As this is not much
shorter than Me3Si, we shall use the
real thing instead of the abbreviation.

21 - Formation and reactions of enols and enolates

The nitroso group

group has trigonal N* with no lone pair and is delocalized.
Both can form ‘enols’ but the equilibria are biased in
different directions.

The difference between the nitro and nitroso groups is one
of oxidation state and conjugation. The nitroso group
contains trigonal trivalent nitrogen with a lone pair in the
plane and is not delocalized. The much more stable nitro

nitroso-alkane oxime nitro-alkane "enol" of
nitro-alkane [S)
9 9 kY |
RVN§0 —_— R\/N\OH ~~® m» RVNEo R\/g)\ou

delocalization
in nitro-alkane

no delocalization
possible

Stable enolate equivalents

Even with fairly strong bases such as hydroxides or alkoxides, most carbonyl compounds are
converted to their enolates only to a very small extent. A typical pK, for the protons next to a
carbonyl group is 20-25, while the pK, of methoxide is around 16, so we can only hope for
about 1 part enolate in 10* parts carbonyl compound. With a much stronger base, this all
changes, and the enolate is formed quantitatively from the carbonyl compound. This is a very
important result which we shall capitalize on in Chapters 26 and 27. The base usually used is
LDA (Lithium Di-isopropyl Amide), and it works like this.

Li Li
0 an o~
LDA =
N Lithium H LDA
| Di-isopropyl — = + HNR,
Amide

Li

LDA is bulky, so it does not undergo nucleophilic attack on the carbonyl group, and it is basic—
the pK, of diisopropylamine is about 35—plenty basic enough to deprotonate next to any carbonyl
group. The lithium enolate is stable at low temperature (-78 °C) but reactive enough to be useful.
Lithium enolates are the most commonly used stable enolate equivalents in chemistry.

Second only to lithium enolates in usefulness are silyl enol ethers. Silicon is less electropositive than
lithium, and silyl enol ethers are more stable, but less reactive, than lithium enolates. They are made by
treating an enolate with a silicon electrophile. Silicon electrophiles invariably react with enolates at the
oxygen atom firstly because they are hard (see p. 000) and secondly because of the very strong Si—O sin-
gle bond. The most common silicon electrophile is trimethylsilyl chloride (Me3SiCl), an intermediate
made industrially in bulk and used to make the NMR standard tetramethyl silane (Me4Si).

Silicon—oxygen bonds are so strong that silicon reacts with carbonyl compounds on oxygen even
without a strong base to form the enolate: the reaction probably goes through the small amount of enol
present in neutral solution, and just needs a weak base (Et3N) to remove the proton from the product.
An alternative view is that the silicon reacts with oxygen first, and the base just converts to oxonium ion
to the silyl enol ether. Both mechanisms are given below—either might be correct. This is one of the
two best ways to make a stable enol derivative from virtually any enolizable carbonyl compound.

Me3$|\® H /\: NEt3

)k OH 06 0SiMe;
. /J\ /J\
R R R R
another possible m .
mechanism: 0 Me;Si—Cl MesSh® C NEt; 0SiMe3
)]\ qo H
R

R R
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Silyl enol ethers can also be made from lithium enolates just by treating them with trimethylsilyl g

chloride. Although we didn’t discuss the details
at that stage, you first met silyl enol
Me (\CI ethers in Chapter 10, where you saw
\Si/ that adding Me3SiCl is a good way of
Li\/-\/ \ SiMes ensuring high yields in the addition of
0 0 ME Me ~ cuprates to unsaturated carbonyl
compounds.
)J\/H - - = /g
R R R
lithium enolate silyl enol ether

Occasionally, it can be useful to run this reaction in reverse, generating the lithium enolate
from the silyl enol ether. This can be done with methyllithium, which undergoes nucleophilic substi-
tution at silicon to generate the lithium enolate plus tetramethylsilane. The reason why you might
want to carry out this seemingly rather pointless transformation will become clear in Chapters 26

and 27.
Li—%\
SiMe SN2(S) L
A 3
/T,\s o /(J)\ + MegSi
R R
silyl enol ether lithium enolate

We shall be returning to silyl enol ethers and lithium enolates later in the book, but for the
moment you should view them simply as enol derivatives that are stable enough to be isolated. This
is important because it means that we do not have to content ourselves simply with small, equilibri-
um concentrations of enol or enolate for our reactions: we can actually prepare enolate derivatives
like these in quantitative yield, and use them in a separate step.

Enol and enolate reactions at oxygen: preparation of enol
ethers

You have just seen that silyl enol ethers are easy to make. But, if enolate ions have most of their nega-
tive charge on the oxygen atom, it ought to be possible to make ordinary enol ethers from them. It
is—but only under strange conditions. Normally, enols and enolate ions prefer to react with alkyl
electrophiles at carbon, as we shall see in Chapter 27. If enolate ions are prepared with potassium
bases in dipolar aprotic solvents (such as dimethyl sulfoxide, DMSO) that cannot solvate the oxygen
anion, and are reacted with dimethyl sulfate or trimethyloxonium ion—powerful methylating
agents that react best with charged atoms—some at least of the enol ether is formed. The Me3O* ion
is found in the stable (though reactive) compound trimethyloxonium tetrafluoroborate, or
‘Meerwein’s salt’, Me3O*BF7. This compound and dimethylsulfate, Me,SOy, are hard electrophiles
with highly polarized C-O bonds and therefore react at hard O rather than soft C.

G(\Me

=t Lot ol

free enolate
not bound by potassium
not solvated by DMSO

enol ether C-alkylated by-product

The vyield in this reaction is about 60-70% of enol ether, the rest being mainly C-alkylated
product. A more reliable method is the acid-catalysed decomposition of an acetal in the strict
absence of water. Here is an example.
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CHO EtOH catalytlc acid
distil out EtOH

aldehyde acetal enol ether
n The reaction starts as though the acetal were being hydrolysed, but there is no water to continue
Acetal hydrolysis is discussed in the hydrolysis, so a proton is lost instead. In other words, with no suitable nucleophile for Sy1 sub-

e 1 stitution, E1 elimination takes place.

~N
OEt OEt H

These enol ethers are rather unstable, particularly towards acid-catalysed hydrolysis (next sec-
tion) and are not as useful as the silyl enol ethers. We shall next look at the enol-like reactions of both
groups of enol ethers.

Reactions of enol ethers
Hydrolysis of enol ethers

Enols have an OH group and are alcohols of a sort. Normal alcohols form stable ethers that are diffi-
cult to convert back to the alcohol. Powerful reagents such as HI or BBrj are required and these reac-
tions were discussed in Chapter 17. The reaction with HI is an Sy2 attack on the methyl group of the
protonated ether and that is why a good nucleophile for saturated carbon, such as iodide or bromide,
is needed for the reaction.

conversion of normal ether to alcohol with HI

|
® SN2
R/\/OMe i» R/\/OOMe mi — = ~_~OH

Enol ethers, by contrast, are relatively unstable compounds that are hydrolysed back to the car-
bonyl compound simply with aqueous acid.

hydrolysis of enol ether with aqueous acid

®
H 0
enol ether H20 enol

Why the big difference? The reason is that the enol ether can be protonated at carbon using the
delocalization of the oxygen lone pair in the enol derivative to produce a reactive oxonium ion.

H
Co 3
R)%/ Me _ R/Y Me

H

H
enol ether oxonium ion
This oxonium ion could be attacked on the methyl group in the same way that the ordinary ether

was attacked.
®

R/YOQMe (\@X E—— R/Yo + MeX

H H



We wouldn’t really expect this reaction to
happen much faster than the same reaction on an
ordinary ether. So there must be another better
and faster mechanism. It is attack on the Ttbond
instead of on the o bond.

x© H

In aqueous acid the nucleophile X is just water and we find ourselves in the middle of the mech-
anism of hydrolysis of acetals (Chapter 14). The oxonium ion is a common intermediate to both

|
(\OMe H 4@ H
R/Y@ L R/ﬁ( T R/ﬁ(
Con ®oH 0

mechanisms.
N OMe  +y®
R/\/ \Me — » R e
:0H2 ®0H2

A similar reaction occurs when enol ethers react with alcohols
in acid solution and in the absence of water, but now we are start-
ing in the middle of the acetal hydrolysis mechanism and going
the other way, in the direction of the acetal A useful example is the
formation of THP (= TetraHydroPyranyl) derivatives of alcohols
from the enol ether dihydropyran. You will see THP derivatives of

Reactions of enol ethers 541

®
- OMe | 2
EEE— .
R (\ Me R/*X Attacks on Ttbonds are inherently

H faster than attacks on o bonds as
the more weakly held Ttelectrons
are more polarized by the
difference in electronegativity
between C and O.

+ MeOH

Pyrans

The naming of these compounds is a bit odd. Pyran refers to the six-
membered oxygen-containing heterocyclic ring system with two double bonds.
Itis not aromatic though compounds like pyrones are. The compound with
only one double bond is therefore dihydropyran, and the saturated ring
system is tetrahydropyran.

alcohols being used as ‘protecting groups’ in Chapter 24.

DHP the TetraHydroPyranyl (2Hypyran o ) ~ DHP THP
DiHydroPyran derivative of the alcohol (= (4H)-pyran -pyrone DiHydroPyran  TetraHydroPyran

RO—THP

Silyl enol ethers hydrolyse by a slightly different mechanism, though the first step is the same—
protonation at carbon using the lone pair on oxygen. We have already seen how easy it is to attack sil-
icon with nucleophiles, especially those with oxygen or a halogen as the nucleophilic atom. This tips
the balance towards attack by water at silicon for the next step.

e
. ® @
o —H
R/&; siMe; R NF OQSiMe3 —

silyl enol ether :0OH,

0
/Y + MesSiOH

The aldehyde is formed immediately. What happens to the other product illustrates again just
how easy nucleophilic substitution at silicon can be. Two of these compounds combine together to
give a disilyl ether, called a disiloxane. This wouldn’t have happened with t-butanol!

H® ®

® R
M83Si—0|'|2 Me:;Si—OﬁMe?,Si—(;)Hz —— M63Si/O\SiME3

Me3Si—OH

hexamethyldisiloxane

Reactions of enol ethers with halogen and sulfur electrophiles

In comparison with other ethers, enol ethers of all kinds are rather unstable. As alkenes they are
also more reactive than normal alkenes because of the lone pair of electrons on the oxygen atom.
They react with electrophiles like 0SiMe; 9

bromine or chlorine on the o carbon X, X

atom, behaving like enol derivatives N
and not like alkenes.

+ MesSiX

X = Cl, Br
—_—
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Electrophilic attack occurs at the 0 carbon atom and the halide ion released in this step then
attacks the silicon atom to release the product and a molecule of Me3SiX, which will be hydrolysed
during the work-up.

Messi\.ob Megle@
XL}

This procedure avoids the difficulties we outlined earlier in the direct halogenation of aldehydes
and ketones. It allows the preparation of haloketones on the less substituted side of the carbonyl
group, for instance.

0SiMe;
Me3S|CI
—> R —» R
LDA removes the least hindered proton

A similar method with the good soft electrophiles RSCI allows sulfenylation next to the carbonyl
group.

0 Me3SiCl 0SiMe3 0
R —_— R/Y _— R
Et3N
H H

H

The mechanism is very similar: the electrophilic sulfur atom attacks the  carbon atom of the silyl
enol ether releasing a chloride ion that removes the Me3Si group from the intermediate.

CIQ _P Ph
&;\ > )\/ > R 0
SiMe3 e—/?Me;;,

Cl

To conclude...

You have now seen how enols and enolates react with electrophiles based on hydrogen (deuterium),
carbon, halogens, silicon, sulfur, and nitrogen. What remains to be seen is how new carbon—carbon
bonds can be formed with alkyl halides and carbonyl compounds in their normal electrophilic
mode. These reactions are the subject of Chapters 26-29. We must first look at the ways aromatic
compounds react with electrophiles. You will see similarities with the behaviour of enols.

Problems
1. Draw all the possible enol forms of these carbonyl compounds 2. The proportions of enol in a neat sample of the two ketones
and comment on the stability of the various enols. below are shown. Why are they so different?
o 0 0
CO,Et
/&0 4 x 1074% enol 62% enol




3. Draw mechanisms for these reactions using just enolization

and its reverse.
@0
OH o
OH o

trace of acid
—_—
or base

trace of acid

@ or base
4. The NMR spectrum of this dimethyl ether is complicated—the
two MeO groups are different as are all the hydrogen atoms on the

rings. However, the diphenol has a very simple NMR—there are
only two types of protons (marked a and b) on the rings. Explain.

=13C atom

dimethyl ether

diphenol

5. Suggest mechanisms for these reactions.

H*
EE——

H20
0
0

(if) Br CN
1. Mg

c. <ﬁ5&>

6. Treatment of this ketone with basic D,O leads to rapid
replacement of two hydrogen atoms by deuterium. Then, more
slowly, all the other nonaromatic hydrogens except the one marked
‘H’ are replaced. How is this possible?

Problems 543

7. Ared alga growing in sea water produces an array of bromine-
containing compounds including CHBrs, CBry, and
Br,C=CHCO,H. The brominating agent is believed to be derived
by the oxidation of bromide ion (Br™) and can be represented as
Br-OX. Suggest mechanistic details for the proposed biosynthesis
of CHBr3 in the alga.

[0)
—
M SR
SR
Br Br

0 0 0
MOH —> CO0, + &Bf —> CHBr3
Br Br Br Br

8. Suggest mechanisms for these reactions and explanations as to

why these products are formed.
: ,o\]/o

o LK

hydrolysis
_—

HCIO,

MeCOzH

9. 1,3-Dicarbonyl compounds such as A are usually mostly
enolized. Why is this? Draw the enols available to compounds B-E
and explain why B is 100% enol but C, D, and E are 100% ketone.

10. Bromination of ketones can be carried out with molecular

bromine in a carboxylic acid solution. Give a mechanism for the
reaction

ok-des

The rate of the reaction is not proportional to the concentration of
bromine [Br,]. Suggest an explanation. Why is the bromination of
ketones carried out in acidic and not in basic solution?
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Connections
Building on: Arriving at: Looking forward to:

® Structure of molecules ch4 ® Phenols as aromatic enols ® Nucleophilic aromatic substitution

® Conjugation ch7 ® Benzene and alkenes compared ch23

@ Mechanisms and catalysis ch13 e Electrophilic attack on benzene ® Oxidation and reduction ch24

e Electrophilic addition to alkenes ch20 @ Activation and deactivation ® Synthesis in action ch25

e Enols and enolates ch21 ® Position of substitution ® Retrosynthetic analysis ch30
e Competition and cooperation ® Aromatic heterocycles ch43-ch44
® Problems with some reactions ® Rearrangements ch37

Introduction: enols and phenols

You have seen how, in acid or base, the protons in the 0 positions of ketones could be replaced by
deuterium atoms (Chapter 21). In each case the reaction goes via the enol tautomer of the ketone (or
enolate). For example, in base:

enolate

\)‘ﬁ/ \)ﬁ/ \)H/ repeat the process

X_Poo

If you did Problem 6 in Chapter 21 (1f you didn’t, now would be a good time!), you also saw
how conjugated ketones could be deuterated at positions other than the a positions; for example,
in acid we now need to concentrate on the conjugated enol formed by loss of a more remote
proton.

o
2
<

7 ® D D
0 Q) ® 0~ o~
S — A~
R D,0 R R
H H\/ 002 j

conjugated enol

The conjugated enol could react with D30 at the normal o position, but it could also react at the
more remote Y position, the position from which we have just removed a proton.

({)D ¥ Yob,
0|)2

— Ay =

Here, as usual, the keto/enol equilibrium lies well over in favour of the ketone, but in this chapter
we shall be discussing one very stable enol—phenol, PhOH. The proton NMR spectrum for phenol

stable enone

If you don’t see how the third deuterium
atom gets into the molecule, see the
solution to Problem 21.6 in the
Solutions Manual.

)‘\/\( repeat the process )W

fmal product
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is shown below. Also shown below is the proton NMR after shaking phenol with acidic D,0. Can
you assign the spectra?

200 MHz spectrum of phenol

200 MHz spectrum of phenol after shaking with D;0*

i

7.4 7.2

T i T i T i T i T i T i T i T i T i T i T i
7.0 6.8 6.6 6.4 6.2 6.0 5.8 5.6 5.4 5.2 p.p.m.

Phenol is deuterated in exactly the same way as any other conjugated enol except that the final
product remains as the very stable enol form of phenol rather than the keto form. The enol form of
phenol is so stable because of the aromaticity of the benzene ring. The first step is addition of D;0™
to the ‘enol’.

) H
® . ®.
Dzvo OH g
é J ﬁ
D

Now the intermediate cation could lose the proton from oxygen to leave a ketone or it could lose
the proton from carbon to leave the phenol, or it could lose the deuteron and go back to the starting
material.

0 go\/H OH

D green arrows D black arrows

-
~——

—~—

less stable 'keto' form very stable 'enol' form of phenol

The end product on treating phenol with D3O* simply has certain H atoms replaced by deuteri-
um atoms. We say ‘certain H atoms’ but exactly which ones? The most acidic proton is the phenolic
proton, the OH (pK, about 10); this will rapidly be exchanged. The other protons that will be
replaced will be the ones in the 2, 4, and 6 positions (that is, the ortho and para positions). Below is a
reminder of the names we give to the positions around a benzene ring relative to any substituent.

OH oD OH OH

D30® D. D 1 ~€----ipso

6 2 ----ortho
_—

D,0 5 3 ----meta

~----para

4
D

Phenol initially behaves like a conjugated enol in its reactions with electrophiles but, instead of
giving a ketone product, the enol is formed because the very stable aromatic ring is regained. This



Benzene and its reaction with electrophiles

chapter is about the reactions of phenols and other aromatic compounds with electrophiles. You will
see phenols reacting like enols, except that the final product is also an enol, and you will also see
simple benzenes reacting like alkenes, except that the result is substitution rather than addition. We
shall start with a discussion of the structure of benzene and of aromaticity.

Benzene and its reaction with electrophiles

Benzene is a planar symmetrical hexagon with six trigonal (sp?) carbon atoms, each having one
hydrogen atom in the plane of the ring. All the bond lengths are 1.39 A (compare C-C 1.47 A and
C=C 1.33 A). All the '3C shifts are the same (8¢ 128.5 p.p.m.).

The special stability of benzene (aromaticity) comes from the six Ttelectrons in three molecular
orbitals made up by the overlap of the six atomic p orbitals on the carbon atoms. The energy levels of
these orbitals are arranged so that there is exceptional stability in the molecule (a notional 140
kJmol™! over a molecule with three conjugated double bonds), and the shift of the six identical
hydrogen atoms in the NMR spectrum (& 7.2 p.p.m.) is evidence of a ring current in the delocalized

TIsystem.

Hd,7.2

5 128.5

Drawing benzene rings

not mean that we think the double bonds are localized but
just that we need to draw curly arrows. It makes no

Benzene is symmetrical and the circle in the middle best
represents this. However, it is impossible to draw

mechanisms on that representation so we shall usually
use the Kekulé form with three double bonds. This does

this circle structure
best represents the six
delocalized Tt electrons

When we move away from benzene itself to discuss
molecules such as phenol, the bond lengths are no longer
exactly the same. However, it is still all right to use either
representation, depending on the purpose of the drawing.
With some aromatic compounds, such as naphthalene, it

0 0-0

three acceptable
drawings of phenol.
The Kekulé drawings
are equivalent

difference which Kekulé structure you draw—the
mechanism can be equally well drawn on either.

these Kekulé structures are
best for drawing curly arrows.
They are equivalent

does matter as there is some bond alternation. Either
representation is still all right, but only one Kekulé
representation shows that the central bond is the
strongest and shortest in the molecule and that the
C1-C2 bond is shorter that the C2-C3 bond.

1
two acceptable
drawings of naphthalene.
Only one Kekulé drawing
is satisfactory

Electrophilic attack on benzene and on cyclohexene

Simple alkenes, including cyclohexene, react rapidly with electrophiles such as bromine or peroxy-
acids (Chapter 20). Bromine gives a product of trans addition, peracids give epoxides by cis addition.

Under the same conditions benzene does not react with either reagent.

Br
RCOzH Br
no 3 2 no
; —— R — .
, reaction reaction
IIIIIIBr

RCO3H Brz
~— _—
cis trans
addition addition

Benzene can be persuaded to react with bromine if a Lewis acid catalyst such as AICl5 is added.

The product contains bromine but is not from either cis or trans addition.

2

3

549

The details of the orbitals of benzene
appeared in Chapter 4 (p. 000).

This section revises material from
Chapters 4, 8, and 11 where more
details can be found.

>

Not everyone agrees that the two
circles are all right for
naphthalene. If each circle
represents six electrons, this
representation is wrong as there
are only ten electrons altogether.
If you don’t interpret the circles
quite so strictly they’re all right.

Br
Bl'z
E—
AICI;
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electrophilic addition
to an alkene

electrophilic substitution
on benzene

formation of reactive
brominating agent

electrophilic substitution
on benzene

mechanism for electrophilic
aromatic substitution

22 - Electrophilic aromatic substitution

The bromine atom has replaced an atom of hydrogen and so this is a substitution reaction. The
reagent is electrophilic bromine and the molecule is aromatic so the reaction is electrophilic
aromatic substitution and that is the subject of this chapter. We can compare the bromination of
cyclohexene and of benzene directly.

Br
Br—@r —_— (gr —
@5 gy
Br
H Br Br
Br—iz ® — —_—
éICI3 ®

The intermediate in both reactions is a cation but the first (from cyclohexene) adds an anion
while the second (from benzene) loses a proton so that the aromatic system can be restored. Notice
also that neutral bromine reacts with the alkene but the cationic AICl3 complex is needed for ben-
zene. Another way to produce a more electrophilic source of bromine is to use a pyridine catalyst.
Pyridine attacks the bromine molecule producing a cationic bromine compound.

e O O ()
WQ Z @k @

Bromine itself is a very reactive electrophile. It is indeed a dangerous compound and should be
handled only with special precautions. Even so it does not react with benzene. It is very difficult to
get benzene to react with anything.

@ Benzene is very unreactive

® It combines only with very reactive (usually cationic) electrophiles
® It gives substitution and not addition products

The intermediate in electrophilic aromatic substitution is a delocalized cation

These two brominations are examples of the mechanism of electrophilic aromatic substitution,
which, in many different guises, will return again and again during this chapter. In its most general
form the mechanism has two stages: attack by an electrophile to give an intermediate cation and loss
of a proton from the cation to restore the aromaticity.

addition of loss of
@ electrophlle proton
E

The cationic intermediate is, of course, less stable than the starting materials or the product
but as a cation it is reasonably stable because of delocalization around the six-membered ring.
The charge can be delocalized to the two ortho positions and to the para position or can be drawn
as a delocalized structure with dotted bonds and about one-third of a plus charge (+) at three
atoms.



Benzene and its reaction with electrophiles

H H H H
E E ® E (+) .
B S e S
® ® (+) (+)

In strong acid, the electrophile would be a proton and the reaction would be the exchange of
the protons in the benzene ring in the style of the proton exchange on phenol with which we
started this chapter. In D30™, this would ultimately lead to CgDg which is a useful solvent in NMR.
As with the bromination reaction, the first step in the mechanism is the formation of a cationic
intermediate.

551

the intermediate in electrophilic
aromatic substitution

H H H
H H ® H (+) H
® H
@\\ H — - - >
® ® (+) (+)

It is actually possible to observe this cationic intermediate. The trick is to pick a nonnucleophilic
and nonbasic counterion X, such as antimony hexafluoride SbFg. In this octahedral anion, the cen-
tral antimony atom is surrounded by the fluorine atoms and the negative charge is spread over all
seven atoms. The protonation is carried out using FSO3H and SbFs at —120°C.

H H E ©
SbF5 / FSO3H F\SL/F
F~ |\F
~120 °C in SO,FCI 3
Under these conditions it is
possible to record the 'H and Position &, p.p.m. 8¢, p.p.m.  Calculated charge
13C NMR spectra of the cation. distribution
. " 1 5.6 52.2 H H
The shifts show that the positive
charge is spread over the ring but 2,6 9.7 186.6
is greatest (or the electron densi- 3,5 8.6 136.9
ty is least) in the ortho and para
.. . 4 9.3 178.1
positions. Using the data for the
'H and '*C NMR shifts (8 and  benzene 7.33 129.7

Oc, respectively), a charge distri-
bution can be calculated.

Curly arrows also predict the same electron distribution for all these intermediates, whether the
electrophile is a proton or any of the other reagents we will meet in this chapter. The cation can be
represented as three different delocalized structures that show clearly the electron-deficient atoms,
or by a structure with partial bonds that shows the delocalization but is of no use for drawing mech-

anisms.
®
E E H E H E H E
rate-
determining
@ Step é(a @ ®© = ©
—_— - B S —_—
®

It is not surprising that the formation of the cationic intermediate is the rate-determining step, as
aromaticity is temporarily lost in this step. The mechanism of the fast proton loss from the interme-
diate is shown in three ways just to prove that it doesn’t matter which of the delocalized structures
you choose. A useful piece of advice is that, when you draw the intermediate in any electrophilic aro-
matic substitution, you should always draw in the hydrogen atom at the point of substitution, just as
we have been doing.

This trick was used to show the
existence of simple carbocations as
intermediates in the Sy1 mechanism in
Chapter 17.
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In Chapter 2 the structure of the nitro
group was discussed. It has a
delocalized structure with two charges
as nitrogen cannot have five bonds as it
would then have to have ten electrons.

22 - Electrophilic aromatic substitution

Nitration of benzene

Perhaps the most important of all the reactions in this chapter is nitration, the introduction of a nitro
(NO,) group, into an aromatic system, as it provides a general entry into aromatic nitrogen com-
pounds. This reaction is not available for aliphatic nitrogen compounds, which are usually made
with nucleophilic nitrogen reagents. Aromatic nitration requires very powerful reagents, the most
typical being a mixture of concentrated nitric and sulfuric acids.

©

i
HN03 NO. 5\{7 . NS
O g7 -—0Qg

The first steps are the formation of a very powerful electrophile, none other than NO3, by the
interaction of the two strong acids. Sulfuric acid is the stronger and it protonates the nitric acid on
the OH group so that a molecule of water can leave.

i \Via i i
\ /
N_ .. “H — NNe —> ON
[SP g~ N / \
0~ ® > 0H 0 0~ O 0H, ||
ie; ¢] I
nitric acid sulfuric acid nitronium ion

Notice that the nitronium ion ( NO3) is linear with an sp hybridized nitrogen at the centre. It is
isoelectronic with CO,. It is also very reactive and combines with benzene in the way we have just
described. Benzene attacks the positively charged nitrogen atom but one of the N=0O bonds must be
broken at the same time to avoid five-valent nitrogen.

0 0
| H |
® 5\06
—_— —_—

®

NO,

=2

@ Nitration converts aromatic compounds (ArH) into nitrobenzenes (ArNO,)
using NO? from HNO3; + H,SOy4.

Sulfonation of benzene

Benzene reacts slowly with sulfuric acid alone to give benzenesulfonic acid. The reaction starts with
the protonation of one molecule of sulfuric acid by another and the loss of a molecule of water. This
is very similar to the first steps in nitration.

0
Y~ ¥ \Y4

— s
o 6H @o ~oH HO C/%Hz H(g/ o

The cation produced is very reactive and combines with benzene by the same mechanisms we
have seen for bromination and nitration: slow addition to the aromatic Ttsystem followed by rapid
loss of a proton to regenerate the aromaticity. The product contains the sulfonic acid functional
group —SO,OH.

rate- H \\// \\//

0. 0 -
NeF determining
( H —— ——

benzenesulfonic acid
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The cationic intermediate can also be formed by the protonation of sulfur trioxide, SO3, and
another way to do sulfonations is to use concentrated sulfuric acid with SOz added. These solutions
have the industrial name oleum. It is possible that the sulfonating agent in all these reactions is not
protonated SO3 but SOj itself.

Ox 0 Ox 0
\ﬁ S~ H o\\s//o _— \ﬁ + 0\\s//0
o: @o/ “SOH gH " SoH

Sulfonic acids are strong acids, about as strong as sulfuric acid itself. They are stronger than HCI,
for example, and can be isolated from the reaction mixture as their crystalline sodium salts if an
excess of NaCl is added. Not many compounds react with NaCl.

4 V
S0, SOH  NaCl ~0©
TS —
H,S0, ©
benzenesulfonic acid crystalline sodium

benzene sulfonate

@ Sulfonation with H,SO4 or SO3 in H,SO4 converts aromatic compounds (ArH)
into aromatic sulfonic acids (ArSO,OH). The electrophile is SO3 or SO3H™.

Alkyl and acyl substituents can be added to a benzene ring by the Friedel-Crafts
reaction

So far we have added heteroatoms only—bromine, nitrogen, or sulfur. Adding carbon electrophiles
requires reactive carbon electrophiles and that means carbocations. In Chapter 17 you learned that
any nucleophile, however weak, will react with a carbocation in the Sy1 reaction and even benzene
rings will do this. The classic Sy1 electrophile is the -butyl cation generated from #-butanol with
acid.

M, == %*Y\@ *%:?j - >k©

This is, in fact, an unusual way to carry out such reactions. The Friedel-Crafts alkylation, as this
is known, usually involves treating benzene with a t-alkyl chloride and the Lewis acid AlCl3. Rather
in the manner of the reaction with bromine, AlCl; removes the chlorine atom from #BuCl and
releases the -Bu cation for the alkylation reaction.

e
H
>< AICI3 o \@( Hel
— @ AICl3 —> —_— —_—
cl cr ®

We have not usually bothered with the base that removes the proton from the intermediate. Here
it is chloride ion as the by-product is HCI, so you can see that even a very weak base will do. Here is
the second reaction in a few pages that is carried out by chloride ion. Anything, such as water, chlo-
ride, or other counterions of strong acids, will do this job well enough and you need not in general be
concerned with the exact agent.

5563

Charles Friedel (1832-99), a French
chemist, and James Crafts
(1839-1917), an American mining
engineer, both studied with Wurtz and
then worked together in Paris where in
1877 they discovered the Friedel-Crafts
reaction.

ge
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R Cl
mechanism for electrophilic
aromatic substitution
>

This argument is based on the
Hammond postulate, which
suggests that structures close in
energy that transform directly into
each other are also similar in
structure.

22 - Electrophilic aromatic substitution

A more important variation is the Friedel-Crafts acylation with acid chlorides and AICl3. As you
saw in Chapter 13, acid chlorides can give the rather stable acylium ions even in hydrolytic reactions
and they do so readily with Lewis acid catalysis. Attack on a benzene ring then gives an aromatic
ketone. The benzene ring has been acylated.

® )
G Ps °
i AICI CO | |
)k 3 €] R -HCI R
—_— @ AlCl3; —> R — —
R cr ®
acylium ion

The acylation is better than the alkylation because it does not require any particular structural fea-
ture in the acyl chloride—R can be almost anything. In the alkylation step it is essential that the alkyl
group can form a cation; otherwise the reaction does not work very well. In addition, for reasons we
are about to explore, the acylation stops cleanly after one reaction whereas the alkylation often gives
mixtures of products.

@ Friedel-Crafts reactions

Friedel-Crafts alkylation with #-alkyl chlorides and Lewis acids (usually AlCl3)
gives t-alkyl benzenes. The more reliable Friedel-Crafts acylation with acid
chlorides and Lewis acids (usually AlCl3) gives aryl ketones.

Summary of electrophilic substitution on benzene

This completes our preliminary survey of the most important reactions in aromatic electrophilic
substitution. We shall switch our attention to the benzene ring itself now and see what effects various
types of substituent have on these reactions. During this discussion we will return to each of the main
reactions and discuss them in more detail. Meanwhile, we leave the introduction with an energy pro-
file diagram in the style of Chapter 13 for a typical substitution.

H
addition of E loss of E
® electrophile proton
E _—
®
intermediate products

Since the first step involves the tempo- A
rary disruption of the aromatic Tt system, 1
and is therefore rate-determining, it must
have the higher-energy transition state.
The intermediate is unstable and has a
much higher energy that either the starting intermediate
material or the products, close to that of AGF N E
the transition states. The two transition
states will be similar in structure to the
intermediate and we shall use the interme-
diate as a model for the important first —— e e e .-
transition state. starting materials

The reaction is so slow and the transi- ®
tion state so high because the only HOMO + E
available is a pair of very low-energy bond- E
ing electrons in the benzene ring and
because the uniquely stable aromatic Ttsys-
tem is already disrupted in the transition

energy
®

products

\

state. extent of reaction



Electrophilic substitution on phenols

@ Summary of the main electrophilic substitutions on benzene

Reaction Reagents Electrophile Products
bromination Brp and Lewis Br
acid, e.g. AlCl3, ®
FeBrs, Fe powder Br\
7~ X Br MX,
I NO,
nitration HNO3 + HxS04 |
X iT@
[0)
H
sulfonation concentrated HoSO4 or S
H5S04 + SO3 (oleum) 77X g or /7 N\ g
o” o o” o
) ) . R
Friedel-Crafts alkylation  RX + Lewis acid X
usually AICl3 TP |

RCOCI + Lewis acid
usually AICl3

Friedel-Crafts acylation

)
F
Q:\

Electrophilic substitution on phenols

We started this chapter by comparing phenols with enols (Ph-enol is the phenyl enol) and now we
return to them and look at electrophilic substitution in full detail. You will find that the reaction is
much easier than it was with benzene itself because phenols are like enols and the same reactions
(bromination, nitration, sulfonations, and Friedel-Crafts reactions) occur more easily. There is a
new question too: the positions round the phenol ring are no longer equivalent—where does substi-
tution take place?

Phenols react rapidly with bromine

Benzene does not react with bromine except with Lewis acid catalysis. Phenols react in a very differ-
ent manner: no Lewis acid is needed, the reaction occurs very rapidly, and the product contains three
atoms of bromine in specific positions. All that needs to be done is to add bromine dropwise to a
solution of phenol in ethanol. Initially, the yellow colour of the bromine disappears but, if, when the
colour just remains, water is added, a white precipitate of 2,4,6-tribromophenol is formed.

OH OH
Bry Br 6, 2 Br
_—
EtOH, H,0
)
Br

The product shows that bromination has occurred at the para position and at both ortho posi-
tions. What a contrast to benzene! Phenol reacts three times as rapidly without catalysis at room
temperature. Benzene reacts once and needs a Lewis acid to make the reaction go at all. The differ-
ence is, of course, the enol nature of phenol. The highest-energy electrons in phenol are no longer
those in the benzene ring but the lone pairs on oxygen. These nonbonding electrons contribute to a
much higher-energy HOMO than the very low-energy bonding electrons in the aromatic ring. We
should let our mechanism show this. Starting in the para position:

>
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This is not strictly catalysis as a
stoichiometric amount of Lewis

acid is needed and cannot be
recovered.
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This should remind you of the
bromination of enols in Chapter 21.

>

Why do we use numbers for some
descriptions such as 2,4-
dibromophenol but also use ortho
and parain others? The numbers
are best in naming compounds
but we need ortho and parato
describe the relationship
between substituents. Phenol
brominates in both ortho
positions. In this molecule they
happen to be positions 2 and 6
but in other molecules, where the
OH group is not on C1, they will
have other numbers, but they will
still be ortho to the OH group. Use
whichever description suits the
point you are making.

22 - Electrophilic aromatic substitution

CGH CgH N OH
@ o _i»

r Br

Notice that we start the chain of arrows
with the lone pair electrons on the OH
group and push them through the ring so
that they emerge at the para position to
attack the bromine molecule. The benzene
ring is acting as a conductor allowing
electrons to flow from the OH group to the ||3
bromine molecule. Gar

Now repeating the reaction but this time at one of the two equivalent ortho positions:

.. ®
COH (OH OH OH
Br
H
Br”&k Br Br Br- Br
HBr HBr
repeat
Br Br

2,4,6-tribromophenol

para (4-) bromophenol

—_—

para (4-) bromophenol 2,4-dibromophenol

Again the lone pair electrons on the OH group are the HOMO and these electrons are fed through
the benzene ring to emerge at the ortho position. A third bromination in the remaining ortho
position—you could draw the mechanisms for this as practice—gives the final product 2,4,6-
tribromophenol.

The OH group is said to be ortho, para-directing towards electrophiles. No substitution occurs in
either meta position. We can understand this by looking at the curly arrow mechanisms or by look-
ing at the molecular orbitals. In Chapter 21 (p. 000) we looked at the Ttsystem of an enolate and saw
how the electron density is located mainly on the end atoms (the oxygen and the carbon). In phenol
it is the ortho and para positions that are electron-rich (and, of course, the oxygen itself). We could
show this using curly arrows.

B Bu Oh

OH o .
S ©) ©)
e S N D

(ﬁ) )

The curly arrows actually give an indication of the electron distribution in the HOMO of the mol-
ecule. The reason is that the HOMO has large coefficients at every other atom, just as the allyl anion
had large coefficients at its ends but not in the middle (Chapter 7).

Benzyl anion HOMO - a model for phenol

A better analogy for phenol is the benzyl anion. The benzyl
anion is simpler because we do not have the added
complication of the differences in electronegativities
between the oxygen and carbon atoms. According to

ar H!
-1/7
GCHZ_<(:>> m / ® 7node

-1/7
the charge distribution in the HOMO for the benzyl anion

simple calculations, the highest occupied molecular
orbital (HOMO) for the benzyl anion is a nonbonding
molecular orbital (MO) with the distribution like this.

the benzyl anion

In this MO there are no bonding interactions between
adjacent atoms so the HOMO for the benzyl anion is
actually a nonbonding MO. Most of the electron density is
on the benzylic carbon atom not in the ring, but there is
also significant electron density on the ring carbon atoms

in the ortho and para positions. The distribution for phenol
will be different because it is not an anion and the oxygen
atom is more electronegative than carbon but the overall
distribution will be as predicted by the curly arrows—most
on the oxygen and on the ortho and para carbon atoms.



Electrophilic substitution on phenols

NMR can give us some confirmation of the electron distribution

The 'H NMR shifts of phenol give us an indication of the electron distribution in the Ttsystem. The
more electron density that surrounds a nucleus, the more shielded it is and so the smaller the shift
(see p. 000). All the shifts for the ring protons in phenol are less than those for benzene (7.28 p.p.m.),
which means that overall there is greater electron density in the ring. There is little difference
between the ortho and the para positions: both are electron-rich.

The shifts are smallest in the ortho and para positions so these are where there is greatest electron
density and hence these are the sites for electrophilic attack. The shifts in the meta positions are not
significantly different from those in benzene. If you want to put just one bromine atom into a phe-
nol, you must work at low temperature (< 5°C) and use just one equivalent of bromine. The best sol-
vent is the rather dangerously inflammable carbon disulfide (CS;), the sulfur analogue of CO,.
Under these conditions, para bromophenol is formed in good yield as the main product, which is
why we started the bromination of phenol in the para position. The minor product is ortho
bromophenol.

H 1 x Bry H
4-bromophenol
> 85% yield

Br

€Sy, <5 °C

@ Electrophilic attack on phenols

® OH groups on benzene rings are ortho, para-directing and activating

® You will get the right product if you start your arrows at a lone pair on the
OH group

Benzene is less reactive than phenol towards electrophiles

To brominate phenol, all we had to do was to mix bromine and phenol—if we do this with
benzene itself, nothing happens. We therefore say that, relative to benzene, the OH group in phenol
activates the ring towards electrophilic attack. The OH group is activating and ortho, para-directing.
Benzene will undergo electrophilic aromatic substitution as we have seen in a variety of reactions
with catalysis by strong protic acids or Lewis acids such as AICl;. It is the donation of electrons on the
oxygen into the aromatic ring that makes phenol so much more reactive than benzene towards
electrophiles. Other groups that can donate electrons also activate and direct ortho, para. Anisole
(methoxybenzene) is the ‘enol ether’ equivalent of phenol. It reacts faster than benzene with
electrophiles.

The multiple chlorination of another activated compound, phenoxyacetic acid, leads to a useful
product. This compound is made industrially by an SN2 reaction (Chapter 17) on chloroacetic acid
(made by chlorination of acetic acid, Chapter 21) with phenol in alkaline solution. Reaction occurs
at the oxygen atom rather than on the ring.

Cl
0 0 0

NaOH
e T» —_—
N

phenoxyacetic acid
The herbicide 2,4-D’ is 2,4-dichlorophenoxy acetic acid and is made, again industrially, by chlo-

rination of the acid with two equivalents of chlorine. The first probably goes into the para position
and the second into one of the equivalent ortho positions.

OH
6.70
H
H 7.14
H
6.81

proton NMR shifts in phenol
(benzene, 7.26 p.p.m.)
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o/\(° o/\(° o/\(°

OH Cl, OH Cl, Cl OH " 4D"
> > 2,4-dichloro
phenoxyacetic
acid
> phenoxyacetic acid cl Cl
Salicylic acid is 2-hydroxybenzoic
acid and is named after the willow The phenoxide ion is even more reactive towards electrophilic attack than phenol. It will even
trees (genus Salix) from which it react with such weak electrophiles as carbon dioxide. This reaction, known as the Kolbe—Schmitt

was first isolated. . . . T . . . ..
process, is used industrially to prepare salicylic acid, a precursor in making aspirin.

0o

o)k
© NaOH © ©/co2 ©/002H Ac,0 ©/002H
phenol pK, 10 sodium phenoxide sodium salicylate salicylic acid aspirin

The O substituent is ortho, para-directing but the electrophilic substitution step with CO, gives most-
ly the ortho product so there must be some coordination between the sodium ion and two oxygen atoms,
one from the phenoxide and one from CO,. The electrophile is effectively delivered to the ortho position.

We shall return to reactions of
phenols and phenyl ethers when
we consider directing effects in
electrophilic aromatic substitution
in other reactions and in Friedel-
Crafts reactions in particular.

Co Na ®P©

- égg ©/c02

A nitrogen lone pair activates even more strongly

Aniline (phenylamine) is even more reactive towards electrophiles than phenols, phenyl ethers,
or phenoxide ions. Because nitrogen is less electronegative than oxygen, the lone pair is higher in
energy and so more available to interact with the Ttsystem than is the lone pair on oxygen (look back
to p. 000 where we compare the reactivity of amides and esters). Reaction with bromine is very vigor-
ous and rapidly gives 2,4,6-tribromoaniline. The mechanism is very similar to the bromination of
phenol so we show only one ortho substitution.

NH» NH» :NH, Ho {}% NH»
{ g H r
© Br Br Br EE( B r ©/Br
2
Br
—_— —_— _—
HOAc

The 'H NMR of aniline supports the increased electron density in the Ttsystem—the shifts for the
aromatic protons are even smaller than those for phenol showing greater electron density in the
ortho and para positions.

OH NH,
©/H 7.26 H 6.70 H 6.51
H 7.14 H 7.01
H H
6.81 6.61
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Just how good nitrogen is in Compound Rate of bromination relative to benzene R
donating electrons into the Ttsystem  Benzene 1
is shown by comparing the relative
rates for the bromination of ben-
zene, methoxybenzene (anisole),

and N,N-dimethylaniline.

Methoxybenzene (anisole) ~ 10°

N,N-dimethylaniline 1014

R = H; benzene
R = OMe; anisole

R = NMey; N,N-dimethylaniline

Making amines less reactive

The high reactivity of aniline can actually be a problem. Suppose we wanted to put just one bromine
atom on to the ring. With phenol, this is possible (p. 000)—if bromine is added slowly to a solution
of phenol in carbon disulfide and the temperature is kept below 5 °C, the main product is para-bro-
mophenol. Not so if aniline is used—the main product is the triply substituted product.

OH OH NH, NH,
Br, Br, Br. Br
CS,, <5 °C CS,, <5 °C
Br Br

How then could we prevent oversubstitution from occurring? What we need is a way to make aniline
less reactive by preventing the nitrogen lone pair from interacting so strongly with the Ttsystem of the
ring. Fortunately, it is very simple to do this. In Chapter 8 (p. 000) we saw how the nitrogen atom in an
amide is much less basic than a normal amine because it is conjugated with the carbonyl group. This is
the strategy that we will use here—simply acylate the amine to form an amide. The amide nitrogen can
still donate electrons into the ring, but much less efficiently than the amine and so the electrophilic aro-

matic substitution is more controlled. After the reaction, the amide can be hydrolysed back to the amine.
0 [o]

5 )k

N
Br. Br )k )k
—_— e
HOAc, O °C HOAc, room EtOH, H,0

temperature reflux

Br

The lone pair electrons on the nitrogen atom of the amide are |

con]ugz.lted _Wlth the carbony.l group as usual but they ar(? also Compounds formed by the acylation of ammonia are familiar to you as
delocalized into the benzene ring, though more weakly than in the | amides and those formed by the acylation of anilines are sometimes

amine. Reaction still occurs in the ortho and para positions (main- called anilides. If they are acetyl derivatives they are called acetanilides.
ly para) but it occurs once only We shall not use these names but you may see them in some books.

o° 0 0 0
Hﬁ)\ (>J\ HN)]\ Hﬁ)J\ |-|N)k
reaction

delocalization
- —_— —_—

Selectivity between ortho and parapositions is determined by steric hindrance

Phenols and anilines react in the ortho and/or para positions for electronic reasons. These are the
most important effects in deciding where an electrophilic substitution will occur on a benzene ring.



560

>

A diagram such as this shows a
molecule with two substituents
but either the relationship
between them is not known or the
compound is a mixture.

=z E
R |
©/

>

This argument is based on the
Hammond postulate, which
suggests that structures close in
energy that transform directly into
each other are also similar in
structure (Chapter 41).

22 - Electrophilic aromatic substitution

When it comes to choosing between ortho and para positions we need to consider steric effects as
well. You will have noticed that we have seen one ortho selective reaction—the formation of salicylic
acid from phenol—and several para selective reactions such as the bromination of an amide just
discussed.

If the reactions occurred merely statistically, we should expect twice as much ortho as para pro-
duct because there are two ortho positions. However, we should also expect more steric hindrance in
ortho substitution since the new substituent must sit closely beside the one already there. With large
substituents, such as the amide, steric hindrance will be significant and it is not surprising that we get
more para product.

(0] (V]

. )kNH HN)k o
steric hindrance fast C=N steric hindrance
at ortho position‘\\ rotation }/'at ortho position
——

no steric hindrance at para position

A closer look at the transition state

We haven’t given the whole picture as to
why groups with a lone pair that can con- /
jugate into the ring make the ring so
much more reactive towards electrophilic
attack. What we have said so far is that the
starting material is more reactive because
of the increased electron density in the AGY E
ring. This is true, but what we should
really be concerned with is the activation
energy for the reaction. The energy pro-
file for an electrophilic substitution reac-
tion with ‘E™ on a phenyl ether looks
rather like the one we showed earlier for R

benzene. +E

We need to understand how the acti- E
vation energy, AG¥, changes when R is an
electron-donating substituent and so we A
really need to know the relative energy of
the transition state. We do not know the
energy of the transition state, or even
exactly what it looks like (Chapter 13), but we can assume that the transition state looks more like the
intermediate than like the starting material because it is close in energy to the unstable intermediate.
It will help to look at the different intermediates that could be formed by attacking in the ortho, meta,
and para positions and try to work out which of these, and hence which transition states, might be
higher in energy.

For an electrophile attacking a benzene ring containing an electron-donating group (here OR),
the following intermediates are possible, depending on whether the electrophile attacks ortho, meta,
or para to the group already present. The intermediate in para substitution is not drawn since it has
the same stabilization as the ortho intermediate.

e

intermediate

energy
4
®

starting materials

®

products

extent of reaction
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starting material
@R OR OR OR OR OR
H ) H
e (+) (+)
E > E - E < — = P .
E E
*) +) ® 2
H *) H

B R e >

stabilization of the intermediate in ortho (or para) substitution stabilization of the intermediate in meta substitution

Each intermediate is stabilized by delocalization of the positive charge to three carbon atoms in
the ring. If the electrophile attacks ortho (or para) to the electron-donating group, OR, the positive
charge is further delocalized directly on to OR, but the intermediate in meta substitution does not
enjoy this extra stabilization. We can assume that the extra stabilization in the intermediate in ortho
(or para) substitution means that the transition state is similarly lower in energy than that in meta
substitution. Not only is there more electron density in the ortho and para positions in the starting
material (and hence a good interaction between these sites and the electrophile) but also the transi-
tion states resulting from ortho and para attack are lower in energy than the transition state for meta
attack. These points both mean that AG* is smaller for ortho/para attack and that the reaction is
faster than meta attack.

Alkyl benzenes react at the ortho and parapositions: 0 donor
substituents

The rate constant for the bromination of toluene (methylbenzene) is about 4000 times that for ben-
zene (this may sound like a lot, but the rate constant for N,N-dimethylaniline is 10'4 times greater).
The methyl group also directs electrophiles mostly into the ortho and para positions. These two
observations together suggest that alkyl groups may also increase the electron density in the Ttsystem
of the benzene ring, specifically in the ortho and para positions, rather like a weakened version of an
OR group.

Me Me Me Me
B Br
r
2 > + +
Lewis acid
Br
Br

about 60% ortho about 35% para about 5% meta

There is a small inductive effect between any sp? and sp> carbon atoms (Chapter 8) but, if this
were the only effect, then the carbon to which the alkyl group is attached (the ipso carbon) should
have the greatest electron density, followed by the ortho carbons, then the meta carbons, and finally
the carbon atom furthest from the substituent, in the para position.

OH NH, Me
H 7.26 H 6.70 H 6.51 H 7.06
: H 714 H 701 H 714
H H H
6.81 6.61 7.04

The "H NMR spectrum for toluene suggests that there is slightly more electron density in the
para position than in the meta positions. All the shifts are smaller than those of benzene but not by
much and the shielding is much less than it is in phenols or anilines. The methyl group donates
electrons weakly by conjugation. In phenol, a lone pair on oxygen is conjugated into the Ttsystem. In
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toluene there is no lone pair but et one of the C-H ¢ bonds can
one of the C—-H o bonds can overlap with the 1t system of the
. . . dnny ring

interact with the TU system in \H

a similar way. This interaction,

know as 0 conjugation, is not as good as the full conjugation of the oxygen lone pair, but it is certain-
ly better than no interaction at all.

Just as the conjugation of the oxygen lone pair increases the electron density at the ortho and para
positions, so too does 0 conjugation, but more weakly. However, it does not provide another pair of
electrons to act as the HOMO. Toluene uses Tt electrons, which are slightly higher in energy than
those of benzene. It is best to regard alkyl benzenes as rather reactive benzenes. We have to draw the
mechanism using the Ttelectrons as the nucleophile.

Me Me Me Me
E@ H E (+) H
(+) (+)

The positive charge in the intermediate is delocalized over three carbons as usual and we can
study the intermediate by protonation in superacid as we did with benzene. The result is more
revealing because protonation actually occurs in the para position.

Me Me

FSO,0H, SbFs

S0, (1), -120 °C

H H

The ortho (to the Me group) carbon has a shift (139.5 p.p.m.) only 10 p.p.m. greater than that of
benzene (129.7 p.p.m.) but the ipso and meta carbons have the very large shifts that we associate with
cations. The charge is mainly delocalized to these carbons but the greatest charge is at the ipso car-
bon. Electrophilic attack occurs on alkyl benzenes so that the positive charge can be delocalized to
the carbon bearing the alkyl group. This carbon is tertiary and so cations there are stable (Chapter
17) and they can enjoy the 0 conjugation from the alkyl group. This condition is fulfilled if toluene is
attacked at the ortho or para positions as you have seen but not if it is attacked at the meta position.

Me Me Me Me
@ @ +) +)
—_— e S—— g
E E E E
E@
® H H H +) H

Now the charge is delocalized to the three carbon atoms that do not include the ipso carbon and
no O conjugation from the alkyl group is possible. The situation is no worse than that of benzene, but
toluene reacts some 10 faster than benzene at the ortho and para positions. The stability of the tran-
sition states for electrophilic attack on toluene can again be modelled on these intermediates, so they
follow the same pattern. The transition states for ortho and para attack have some positive charge at
the ipso carbon but that for meta substitution does not.

favourable intermediates for unfavourable intermediate for
ortho substitution para substitution meta substitution
Me Me Me
@ f +)
E *+) (+)
*) *) *) *) e
+) H
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The sulfonation of toluene

Direct sulfonation of toluene with concentrated sulfuric acid gives a mixture of ortho and para sul-
fonic acids from which about 40% of toluene para sulfonic acid can be isolated as the sodium salt.
The free acid is important as a convenient solid acid, useful when a strong acid is needed to catalyse a
reaction. Being much more easily handled than oily and corrosive sulfuric acid or syrupy phosphor-
ic acid, it is useful for acetal formation (Chapter 14) and eliminations by the E1 mechanism on alco-
hols (Chapter 19). It is usually called tosic acid, TsOH, or PTSA (para toluene sulfonic acid)

© - ©/5020H © - ©

S0,0H 502
about 40% para isolated as sodium salt

We shall use SOj3 as the electrophile in this case and draw the intermediate with the charge at the ipso
carbon to show the stabilization from the methyl group. We shall see later that these steps are reversible.

3, — B Q=

H // \\ $0,0° SO0,0H

The toluene- para-sulfonate group (OTs) is important as a leaving group if you want to carry out
an SN2 reaction on an alcohol (Chapter 17) and the acid chloride (tosyl chloride, TsCl) can be made
from the acid in the usual way with PCls. It can also be made directly from toluene by sulfonation
with chlorosulfonic acid CISO,OH. This reaction favours the ortho sulfonyl chloride which is
isolated by distillation.

\\//
clsozou

about 40% ortho isolated —S. about 15% para isolated
by distillation 0= // \c| by crystallization
0

No Lewis acid is needed because chlorosulfonic acid is a very strong acid indeed and protonates
itself to give the electrophile. This explains why OH is the leaving group rather than Cl and why
chlorosulfonation rather than sulfonation is the result.

0%(9 0

\\// AR V-
HO~ o ©0” el HZOS el (I:|

In drawing the mechanism, we again put the positive charge on the ipso atom. No treatment with
NaClis needed in this reaction as the major product (the ortho acid chloride) is isolated by distillation.

Me Me Me o o
0N@A0 \\// \/

l s\m
Cl — > > — >

The preference for para product in the sulfonation and ortho product in the chlorosulfonation is
the first hint that sulfonation is reversible and this point is discussed later. It is fortunate that the
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ortho acid chloride is the major product in the chlorosulfonation because it is needed in the synthesis
of saccharin, the first and still one of the best of the non-fattening sweeteners.

0
o 0O o 0
\V \V \ 0
(NH4)2C°3 S\ KMn04 s\ HCI \
St @i NH, — > @i NHy | — » NH
Me COZH o
sulfonamide, 89% yield not isolated saccharin, 58% yield

These are all reactions that you know, with the exception of the oxidation with KMnO, (Chapter
25) to carboxylic acids but the formation of sulfonamides is like that of ordinary amides. This syn-
thesis is discussed in Chapter 25.

Electronegative substituents give meta products

A few substituents (Z) exert an electronic effect on the benzene ring simply by polarization of the
Ar—Z 0 bond because of the electronegativity of Z. The most important is the CF5 group, but ammo-
nium (R3NT) and phosphonium (R3P™) fall into the same category. The Ar—N" and Ar-P* bonds
are obviously polarized towards the positively charged heteroatom and the Ar—C bond in Ar—CFj is
polarized towards the CF3 group because of the three very electronegative fluorine atoms polarizing
the C-F bonds so much that the Ar—C bond is polarized too.

k‘D/R %/R i j
ok o oF

These groups direct electrophiles to the meta position and reduce reactivity. Nitration of tri-
fluoromethyl benzene gives a nearly quantitative yield of meta nitro compound so there cannot be
any significant ortho or para by-products. This reaction is important because reduction of the prod-
uct (Chapter 24) gives the amine, also in very good yield.

HN03 CF. NO, Sn CF NH
e
H2504 conc. HCI
96% yield 95% yield
In drawing the mechanism we need to produce the intermediate in which the cation is not delo-
calized to the carbon atom bearing the electron-withdrawing group. In other words, the situation

with electron-withdrawing CFs is the opposite to that with electron-donating CH3. The CF3 group is
deactivating and meta-directing.

o}
- o H
CF na@ CF NO, CF NO,
'\@/’0 o . 1\©/

In the nitration of the phenyltrimethylammonium ion, 90% of the product is meta-substituted
(with 10% para) and kinetic studies show that the nitration proceeds approximately 107 times more
slowly than the nitration of benzene.

®

®
MesN Me3N Me3N
= HN03 \©/ \©\
conc. H SO
2904 NO,

90% meta product 10% para product
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Some substituents withdraw electrons by conjugation

Aromatic nitration is important, because it is a convenient way of adding an amino group to the ring
and because it stops cleanly after one nitro group has been added. Further nitration is possible but
stronger conditions must be used—fuming nitric acid instead of normal concentrated nitric acid
and the mixture refluxed at around 100 °C. The second nitro group is introduced meta to the first,
that is, the nitro group is deactivating and meta-directing.

NO O,N NO
2 HNo; fuming HNO3 / conc. H2S0,4 2 2
-
H2S0,4 reflux 30 min, 100 °C

75% yield meta-dinitrobenzene

The nitro group is conjugated with the Ttsystem of the benzene ring and is strongly electron-with-
drawing—and it withdraws electrons specifically from the ortho and para positions. We can use curly
arrows to show this.

& 00

| @

92 o o
LIJ ® Il\l rlq N N
®>g® ® > ® ®>o® ®>° Z o 00
e > R
® ® +) “)

The nitro group withdraws electron density from the Ttsystem of the ring thereby making the ring
less reactive towards something wanting electrons, an electrophile. Hence the nitro group is deacti-
vating towards electrophilic attack. Since more electron density is removed from the ortho and para
positions, the least electron-deficient position is the meta position. Hence the nitro group is meta-
directing. In the nitration of benzene, it is much harder to nitrate a second time and, when we insist,
the second nitro group goes in meta to the first.

Other reactions go the same way so that bromination of nitrobenzene gives meta-bromo-
nitrobenzene in good yield. The combination of bromine and iron powder provides the necessary
Lewis acid (FeBrs) while the high temperature needed for this unfavourable reaction is easily
achieved as the boiling point of nitrobenzene is over 200 °C.

NO, Bra Br NO,
> 74% yield
Fe powder \O/ meta-bromonitrobenzene
135-145 °C

In drawing the mechanism it is best to draw the intermediate and to emphasize that the positive
charge must not be delocalized to the carbon atom bearing the nitro group.

o _B H o B NO
BrsFe” @ “Br NO, Br NO, Br NO, r 2
® ) +)

Nitro is just one of a number of groups that are also deactivating towards electrophiles and meta-
directing because of electron withdrawal by conjugation. These include carbonyl groups (aldehydes,
ketones, esters, etc.), cyanides, and sulfonates and their 'H NMR shifts confirm that they remove
electrons from the ortho and para positions.

(o]

Z

€]
NG O M 0y -OMe o\ll _OMe Il
NG c c S c
8.21 7.82 7.97 7.86 7.62
7.52 7.48 7.37 7.52 7.44
7.26 7.64 7.55 7.47 7.59 7.54

nitrobenzene benzaldehyde methyl benzoate methyl benzenesulfonate benzonitrile



566 22 - Electrophilic aromatic substitution

Points to note:

e Each of the compounds contains the unit Ph—X=Y, where Y is an electronegative element, usually
oxygen

e In each compound, all the protons resonate further downfield relative to benzene (that is, they
have larger chemical shifts)

e The protons are less shielded than those of benzene because the electron density at carbon is less
e The protons in the meta position have the smallest shift and so the greatest electron density

Nitro is the most electron-withdrawing of these groups and some of the other compounds are
nearly as reactive (in the meta position, of course) as benzene itself. It is easy to nitrate methyl ben-
zoate and the m-nitro ester can then be hydrolysed to m-nitrobenzoic acid very easily.

CO2Me  yno, O2N CO2Me 4 NaOH, H,0, reflux 92N COzH
—_— ’
H2S04 2. conc. HCI
1 hour at 10 °C
84% yield methyl m-nitrobenzoate 96% yield m-nitrobenzoic acid

An interesting example of a reaction with a ketone is the sulfonation of anthraquinone. Many
dyestuffs contain this unit and the sulfonate group makes them soluble in water. Oleum at 160°C
must be used for the sulfonation, which goes in one of the four equivalent positions on the two ben-
zene rings, meta to one carbonyl group but para to the other.

0
1. SO3 in H,S04 (oleum)
one hour at 160 °C ‘ 5020
2. NaOH, H,0 l
o

anthraquinone 60% yield sodium anthraquinone-2-sulfonate

The yield is not wonderful and the main by-product is unchanged anthraquinone showing how
unreactive this compound is even under these forcing conditions. In Chapter 7 we saw how dyes are
highly conjugated molecules, often containing aromatic rings. Here are two common water-soluble
dyes containing sulfonate groups.

0\\ [0} [0}
0= \ Il
d. 0=g OH s\=o
© o/
® 2@ 00 Na®
N 0 \©\ /N / N Na
N /
—N
S—O0
S} / \\
Na ©
Brilliant scarlet 4R; E124 Tartrazine (yellow); E102

These dyes also contain the diazo group (-N=N-) and we shall return to that soon. One group of
substituents remains and they are slightly odd. They are ortho, para-directing but they are also deac-
tivating. These are the halogens.

Halogens (F, Cl, Br, and I) both withdraw and donate electrons

The halogens deactivate the ring towards electrophilic attack but direct ortho and para. The only way
this makes sense is if there are two opposing effects—electron donation by conjugation and electron
withdrawal by induction. The halogen has three lone pairs, one of which may conjugate with the ring
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just like in phenol or aniline. However, there are two mismatching aspects to this conjugation: lone
pair orbital size and electronegativity.

: )
X X X

X=F,Cl, Br,orl —_— —_—
® E
H

When Cl, Br, or I is the substituent, there is a size mismatch, and therefore a poor overlap,
between the 2p orbitals from the carbon atoms and the p orbitals from the halogen (3p for chlorine,
4p for bromine, and 5p for iodine). This size mismatch is clearly illustrated by comparing the reac-
tivities of aniline and chlorobenzene: chlorine and nitrogen have approximately the same elec-
tronegativity, but aniline is much more reactive than chlorobenzene because of the better overlap
between the carbon and nitrogen 2p orbitals.

Fluorine 2p orbitals are the right size to overlap well with the carbon 2p orbitals, but the orbitals
of fluorine are much lower in energy than the orbitals of carbon since fluorine is so electronegative.
Also, the more electronegative a substituent, the better it is at withdrawing electrons by induction.
When we looked at aniline and phenol, we didn’t mention any electron withdrawal by induction,
even though both oxygen and nitrogen are very electronegative. The conjugative electron donation
was clearly more important since both compounds are much more reactive towards electrophiles
than benzene. However, we did point out that aniline is more reactive than phenol because nitrogen
is less electronegative than oxygen and so better able to donate electrons into the Ttsystem.

With this in mind, how would you expect fluorobenzene to react? Most electron density is removed
first from the ortho positions by induction, then from the meta positions, and then from the para posi-
tion. Any conjugation of the lone pairs on fluorine with the Ttsystem would increase the electron density
in the ortho and para positions. Both effects favour the para position and this is where most substitution
occurs. But is the ring more or less reactive than benzene? This is hard to say and the honest answer is
that sometimes fluorobenzene is more reactive in the para position than benzene (for example, in pro-
ton exchange and in acetylation—see later) and sometimes it is less reactive than benzene (for example,
in nitration). In all cases, fluorobenzene is significantly more reactive than the other halobenzenes. We
appreciate that this is a rather surprising conclusion, but the evidence supports it.

Data for the rate and the products of nitration of halobenzenes show these opposing effects clearly.

X

NO
conc. HNO; + 67.5% H,S0, 2

> + +

25 °C
NO,

NO,

e The percentage of the ortho product
increases from fluorobenzene to iodo-
benzene. We might have expected the

PhF 13 0.6 86 0.18 amount to decrease as the size of the

PhCl 35 0.9 64 0.064 halide increases because of increased

steric hindrance at the ortho position

but this is clearly not the case. The series

Phi 45 13 54 012 can be explained by the greater induc-

tive effect of the more electronegative

atoms (F, Cl) withdrawing electron
density mostly from the ortho positions

Compound Products formed (%) Nitration rate

ortho meta para (relative to benzene)

PhBr 43 0.9 56 0.060

e The relative rates follow a U-shaped sequence; fluorobenzene nitrates most quickly (but not as fast
as benzene), followed by iodo-, then chloro-, and then bromo-benzenes. This is a result of two
opposing effects: electron donation by conjugation and electron withdrawal by inductive effect
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In practical terms, it is usually possible to get high yields of para products from these reactions.
Both nitration and sulfonation of bromobenzene give enough material to make the synthesis worth-
while. Though mixtures of products are always bad in a synthesis, electrophilic aromatic substitution
is usually simple to carry out on a large enough scale to make separation of the major product a
workable method.

Br- Br- Br
® 1. S03 + HxS04 conc. HNO3
Na - >
conc. H,SO
50263 2. NaCl 2904 NO,
68% yield 70% yield pbromonitrobenzene

A 68% yield of sodium p-bromobenzenesulfonate can be achieved by recrystallization of the sodi-
um salt from water and a 70% yield of p-bromonitrobenzene by separation from the ortho isomer by
recrystallization from EtOH.

® Summary of directing and activating effects

Now we can summarize the stage we have reached in terms of activationand

direction.

Electronic effect Example Activation Direction

donation by conjugation -NR5, —-OR very activating ortho, paraonly

donation by inductive effect alkyl activating mostly ortho, parabut
some meta

donation by conjugation and

withdrawal by inductive effect  F, Cl, Br,and | deactivating ortho and (mostly) para

withdrawal by inductive effect ~ —CFz, -NR% deactivating metaonly

withdrawal by conjugation -NO5, —-CN, —-COR, -SO3R  very deactivating metaonly

Why do some reactions stop cleanly at monosubstitution?

Reactions such as nitration, sulfonation, and Friedel-Crafts acylation add a very deactivating sub-
stituent. They stop cleanly after a single substitution unless there is also a strongly activating sub-
stituent. Even then it may be possible to stop after a single substitution. Nitration of phenol is
difficult to control because the OH group is very activating and because concentrated nitric acid oxi-
dizes phenol. The solution is to use dilute nitric acid. The concentration of NO? will be small but
that does not matter with such a reactive benzene ring.

OH OH OH H
VN
NO 0 0
dilute HNO3 2 IIL
+
—_— ®\0@
NO,

ortho, 36% para, 25% strong intramolecular H bond

The product is a mixture of ortho- and para-nitrophenol from which the ortho compound
can be separated by steam distillation. A strong intramolecular hydrogen bond reduces the avail-
ability of the OH group for intermolecular hydrogen bonds so the ortho compound has a lower
boiling point. The remaining para-nitrophenol is used in the manufacture of the painkiller para-
cetamol.
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OH OH 0 0 OH
H,/Pd )k )J\
2/ (0] _ para acetylamino phenol
- > > paracetamol
HOAc
NO, NH» HN
[0}

Weakly electron-withdrawing substituents like the halogens can be added once, but multiple sub-
stitution is common with strongly activating substituents like OH and NH,. When electron-donat-
ing substituents are added, multiple substitution is always a threat. As it happens, this threat is not
serious as there are no good reagents for adding strongly activating substituents such as ‘HO™"” or
‘HoN™ to aromatic systems. Now you see why adding nitrogen as the deactivating nitro group is
such an advantage. The only reactions of this kind where multiple substitution is a genuine problem
are likely to be Friedel-Crafts alkylation reactions. Preparation of diphenylmethane from benzene
and benzyl chloride is a fine reaction but the product has two benzene rings, each more reactive than
benzene itself. A 50% yield is the best we can do and that requires a large excess of benzene to ensure
that it competes successfully with the product for the reagent.

3A|\®

T e OO OO0

reagent has one product has two activated benzene rings
unactivated benzene ring — multiple substitution inevitable

We have drawn the substitution at the benzylic centre as an SN2 reaction as it would normally be
with a primary alkyl halide, though it could be Sy1 in this case as the benzylic cation is stable.
Friedel-Crafts alkylation works well with relatively stable cations especially tertiary cations. The
cation can be generated in a number of ways such as the protonation of an alkene, the acid-catalysed
decomposition of a tertiary alcohol, or the Lewis-acid-catalysed decomposition of a t—alkyl chloride.

ok, C!

CI
iy \/ —_— ® AI&’CI — > )\ AI Q) ”CI

Two or more substituents may cooperate or compete

We can, in a qualitative way, combine the directing effects of two or more substituents. In some cases
the substituents both direct to the same positions, as in the syntheses of bromoxynil and ioxynil,
contact herbicides especially used in spring cereals to control weeds resistant to other weedkillers.
They are both synthesized from p-hydroxybenzaldehyde by halogenation. The aldehyde directs meta
and the OH group directs ortho so they both direct to the same position. The aldehyde is deactivating
but the OH is activating.

OH OH
X X X X
NH20H hot P205
S
-H,0

C

HO H [l
N

bromoxynil (X=Br)
ioxynil (X=I)

569
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22 - Electrophilic aromatic substitution

The reaction with NH,OH is the formation of an oxime from the aldehyde and hydroxylamine
and was dealt with in Chapter 14. The reaction with P,Os5 is a dehydration—phosphorus is used to
remove water from the oxime.

In other cases substituents compete by directing to different positions. For example, in the
synthesis of the food preservative BHT (p. 000) from 4-methylphenol (p-cresol) by a Friedel-
Crafts alkylation, the methyl and OH groups each direct ortho to themselves. The —OH group
is much more powerfully directing than the methyl group because it provides an extra pair of
electrons, so it ‘wins’ and directs the electrophile (a #butyl cation) ortho to itself. The #butyl
cation can be made from the alkene or #-butanol with protic acid or from #-butyl chloride with
AlCL,

N ﬁ\@“ i § P
H—O0SO0zH
repeat
HSOS
Me

>

If you are in a bar and someone
picks a fight with you, it is no help
that an inoffensive little man in
the corner would prefer not to pick
a fight. Aggressive -NR, and —-OR
groups are not much affected by
inoffensive —Br or carbonyl groups
in another corner of the molecule.

NO,

Me

OMe
main nitration product

Me
Me Me BHT

Butylated Hydroxy Toluene

BHT—a case of mistaken identity?

When BHT and other similar phenols were first
prepared in the 1940s, chemists were not sure of
their structures. The chemical formulae could be )<
determined by elemental analysis, but NMR, which OH (1)

would have instantly revealed the structure, had not
yet been discovered. The problem arose because
the compound exhibited none of the normal
reactions or ‘tests’ for phenols; for example, it was
not soluble in alkali. The chemists thought the
second t-butyl group had added to oxygen to make
an ether. BHT does not behave like other phenols
because the —OH group is hindered by the two large
tbutyl groups.

Me Me

BHT supposed BHT

Even a watered-down activating group like the amide -NHCOMe, which provides an extra pair of
electrons, will ‘win” over a deactivating group or an activating alkyl group. Bromination of this
amide goes ortho to the -NHCOMe group but meta to the methyl group.

Me. Me Br
\@\ 0 Br, \@: (0]
Jk )J\
N N
H H

When looking at any compound where competition is an issue it is sensible to consider electronic
effects first and then steric effects. For electronic effects, in general, any activating effects are more

important than deactivating ones. For example, the aldehyde below has three groups—two methoxy
groups that direct ortho and para and an aldehyde that directs meta.

the green methoxy

the green methoxy 26 <---o---- group directs here

group directs here

_____________ the carbonyl deactivates
the ring and directs here

~ the red methoxy group directs here
3,4-dimethoxybenzaldehyde
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Despite the fact that the aldehyde group withdraws electron density from positions 2 and 6, C6 is
still the position for nitration. The activating methoxy groups dominate electronically and the choice
is really between C2, C5, and C6. Now consider steric factors—the —OMe groups block the positions
ortho to them more than the carbonyl does because reaction at C2 or C5 would lead to three adjacent
substituents which is why substitution occurs at position 6.

Review of important reactions including selectivity

We shall now return to the main reactions and consider important examples including selectivity.

Sulfonation

The exact nature of the electrophile in sulfonation reactions seems to vary with the amount of water pre-
sent. Certainly for oleum (fuming sulfuric acid, concentrated sulfuric acid with added sulfur trioxide)
and solutions of sulfur trioxide in organic solvents, the electrophile is sulfur trioxide itself, SO3;. With
more water around, H3S0% and even H,S,0 have been suggested. One important difference between
sulfonation and other examples of electrophilic substitution is that sulfonation is reversible. This can be
useful because large sulfonic acid groups can act as blocking groups and be removed later. Mixing
bromine and phenol at low temperatures produces mainly p-bromophenol. At higher temperatures, the
tribromo product is formed. The ortho-substituted product can be made with the aid of sulfonation.

OH OH 5
SO3H Br 503
conc. |'|2504 1. NaOH(aq) H2S04 / H20
R
100 °C 3h 2 Bry 200 °C
o distil the product
SOzH S03

In stage 1 the phenol is sulfonated twice—the first sulfonic acid group (which adds para to the
OH group) deactivates the ring, making the introduction of the second group (which goes ortho to
the OH and meta to the first sulfonic acid) harder and that of the third group harder still, which is
why we can isolate the disulfonated phenol. In the second stage, the bromination, the OH directs to
the ortho and para positions, but only one ortho position is vacant, so the bromine attacks there.
Sodium hydroxide is needed to deprotonate the sulfonic acid groups to make them less deactivating.
The sulfonation reaction is reversible, and in the third stage it is possible to drive the reaction over by
distilling out relatively volatile 2-bromophenol.

Direct sulfonation of aromatic amines is even possible. This is very surprising because in sulfuric
acid essentially all the amine will be protonated. The protonated amine would react in the meta posi-
tion just like Ph—NMe3} but in these reactions the para-sulfonic acid is formed.

SO0,0H
HZSO4 H2804
H3N H2N 180-190°C N
50-60% yield sulfanilic acid

There are two possible explanations for this. Either the very tiny amount of unprotonated amine
reacts very rapidly with SO3 in the para position or the reaction is reversible and the para-sulfonic
acid is formed because it is stabilized by delocalization and least hindered. The product is important
because the amides derived from it (sulfanilamides) were the first antibiotics, the ‘sulfa’ drugs.

7
\\// \\//

sulfanilamide sulfapyridine, a sulfa drug

571

OH
Br.

The reversibility of sulfonation with
sulfuric acid may account for the higher
yield of para product in the sulfonation
of toluene with H,SO4 as compared
with CISO20H (p. 000).
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Aromatic nitration and diazo-coupling

We have already described how nitration leads eventually to aromatic amines by reduction of the

nitro group. In the next chapter you will meet the further development of these amines into diazoni-

um salts as reagents for nucleophilic aromatic substitution by the Sy1 mechanism with loss of nitro-
n gen. In this chapter we need to address their potential for electrophilic aromatic substitution without
The mechanism of formation of NO*is  the loss of nitrogen as this leads to the important azo dyes. Treatment of the amine with nitrous acid
discussed in Chapter 21. (HON=0) at around 0 °C gives the diazonium salt.

® ¢N
NO, NH, N7
N HNO; 7N Sn/HCI 7N NaNO,/HCI 7N
R — > R —— > R~ — > R~
FZ H,S0, Z or Hy/catalyst F 0-5 °C, Hp0 G c®
diazonium salt
stable <5 °C

These diazonium salts are good electrophiles for activated aromatic rings, such as amines and
phenols, and this is how azo dyes are prepared. Diazotization of the salt of sulfanilic acid, which we
have just made by sulfonation of aniline, gives an inner salt that combines with N,N-dimethylaniline
to form the water-soluble dye, methyl orange.

NMe NMe,
NaNO,/HCI N
@o\s 2 /©/ N XN
//\\ 0 5 °C, H,0 //\\
Y o3s
inner salt

sodium salt is methyl orange

The electrophilic substitution is straightforward, occurring in the para position on the activated
hindered dialkylamine. Notice that nucleophilic attack must occur on the end nitrogen atom of the
diazonium salt to avoid forming pentavalent nitrogen.

N'Mez
®
NMe,
> N » Methyl
N orange
H
//\\ ©0ss

Oxygen and nitrogen can also complex to the catalyst
In Friedel-Crafts alkylation using alkenes and alcohols with strong acids, OH and NH, groups acti-

vate towards electrophilic attack and direct to the ortho or para positions. However, in Friedel-Crafts
alkylations using t-alkyl chlorides and AICls, reaction does not proceed much faster than the alkyla-
tion of unsubstituted benzene, that is, the —OH group seems to have very little effect on the reaction.
This is because oxygen can also complex with the Lewis acid. The Friedel-Crafts alkylation of amines
is even worse and normally does not proceed at all—nitrogen forms an even stronger complex with
the Lewis acid than oxygen does. This complex then withdraws electrons from the ring, rather than
donating electrons as the neutral nitrogen did.

H H
% cl g
N;z\ | ON o ¢l

Al > SO » no further reaction
cr el e Ve

Friedel-Crafts alkylations are especially useful for forming polycyclic compounds. These are usu-
ally intramolecular reactions in which the electrophile and the aromatic system are all part of the
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same compound. Fairly elaborate examples are discussed in Chapter 51. A simple example reveals
the basic plan: an intramolecular Friedel-Crafts alkylation that will be faster than any other,
inevitably intermolecular, side reaction.

SRS Eerieaioe

Friedel-Crafts alkylation cannot be used with primary alkyl halides

Even if you successfully prevent multiple substitution from occurring, there is a second and more
serious problem—the alkyl cations often rearrange to yield more stable cations. We shall look into
such rearrangements more closely in Chapter 37 but for the moment we shall just consider
Friedel-Crafts alkylation with primary halides.

/\/ cl
other products of
+ T multiple substitution
AICI3

minor product major product

The major product is isopropyl benzene—approximately twice as much as n-propyl benzene. The
rearrangement in this mechanism occurs because primary cations do not exist in solution (Chapter
17) so that the alkyl halide—AICl3 complex must either react directly or rearrange to the more stable
secondary carbocation.

é ®
AlCls cl ?l ®
c|/\/ —_— 3 \U —_—
H
S H
rearrangement route  ClsAN_® H - .
to isopropyl benzene - W@ — >

Friedel-Crafts acylationis much more reliable >

Of more use than Friedel-Crafts alkylation is Friedel-Crafts acylation, the introduction of an acyl | In Friedel-Crafts alkylations using
group (RCO-) on to the ring. Instead of using an alkyl chloride, an acyl chloride (acid chloride) or | analkyl chloride, the Lewis acid is
an acid anhydride is used together with the Lewis acid to produce the reactive acylium ion. We have used in catalytic quantities. In an

. S . . . acylation, however, the Lewis
seen an acid chloride in action (p. 000); here is an anhydrlde. e eEmEED e T e Emy

CI oxygen atoms present, to the
AICI3 @0 A@ICI3 carbonyl in the product, for
)j\ )j\ cH \ % | | o example. As aresult, in acylation
—_—> —_— + reactions, more Lewis acid is
)\ required—just over one
R [0) R )
anhydride acylium ion equivalent per carbonyl group.

The acylium ion is then attacked by the aromatic system in the usual way. Multiple substitution is
rarely a problem because the deactivated conjugated ketone is much less reactive than benzene.

R SR

acyllum ion
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Ludwig Gatterman (1860-1920)
worked at Freiburg and had a taste for
danger. He made and studied the
dangerously explosive NCl3 and
noticed the strange taste that gaseous
HCN gave to a cigar.

22 - Electrophilic aromatic substitution

Cyclic anhydrides can be used to make keto-acids. Either carbonyl group is used for the acylation
and the other becomes an AICl; complex until work-up. Thus 3-benzoylpropanoic acid can be pre-
pared from benzene and succinic anhydride.

0
[0}
AICI3
+ 0 —_—
2.2 equivalents OH
o
o
succinic anhydride 3-benzoylpropanoic acid

The advantages of acylation over alkylation
Two problems in Friedel-Crafts alkylation do not arise with acylation.

e The acyl group in the product withdraws electrons from the Tt system making multiple substitu-
tions harder. Indeed, if the ring is too deactivated to start off with, Friedel-Crafts acylation may
not be possible at all—nitrobenzene is inert to Friedel-Crafts acylation and is often used as a sol-
vent for these reactions

e Rearrangements are also no longer a problem because the electrophile, the acylium cation, is
already relatively stable

Because the acylation reaction is so much more reliable than Friedel-Crafts alkylation, a common
method to alkylate is actually to acylate first and then reduce the carbonyl to a methylene group
(~CHj-). For example, the 3-benzoylpropanoic acid just made can be reduced to 4-phenylbutanoic acid
using acid and zinc amalgam. This sort of reaction is discussed in Chapter 24. We could go one step fur-
ther with the 4-phenylbutanoic acid and do an intramolecular Friedel-Crafts acylation. Intramolecular
reactions are easy to do and, when starting from carboxylic acids, polyphosphoric acid (represented in
the diagram as H3POy) is commonly used to make the OH group into a better leaving group.

(0] o (0]
Ph
N”‘ A
—_— OH ————
) Hel

3-benzoylpropanoic acid 4-phenylbutanoic acid

One-carbon electrophiles are difficult to use

When R-C=0" is used as the electrophile a ketone is produced. If an aldehyde were wanted,
H-C=0" would have to be used but it cannot be made from HCOCI because that is unstable.
Instead, it can be generated by passing carbon monoxide and hydrogen chloride through a mixture
of the aromatic hydrocarbon, a Lewis acid, and a co-catalyst, usually copper (I) chloride. Copper(I)
chloride is known to form a complex with carbon monoxide and this probably speeds up the proto-
nation step.

o ® CuCl
HCI + cC=0 + AICI3

carbon monoxide

® )
H—C=0 + AICl,

This reaction, known as the Gatterman—Koch reaction, does not work with phenolic or amino
aromatic species due to complex formation with the Lewis acid. It does work well with aromatic
hydrocarbons and is used industrially to prepare benzaldehyde and, as here, p-tolualdehyde.

® Clé) (0] o
H
P
C
| — >
H ®
about 50% yield
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For more reactive aromatic systems such as phenols (but still not amines) a variation of this
reaction, called the Gatterman reaction, can be useful in preparing aldehydes. Instead of using
protonated carbon monoxide, protonated hydrogen cyanide is used (the two are isoelectronic).
The reaction goes via an imine intermediate, ArCH=NH, which under the conditions of the
reaction is hydrolysed to the aldehyde (see p. 000). When such reactive aromatic species as phenols
are involved, the Lewis acid need not be so strong and zinc chloride is often used. With less reactive
systems, AlCl3 is needed. The zinc chloride can be conveniently generated from zinc cyanide,
Zn(CN),, and HCL. This has the added advantage of also generating the necessary HCN in situ as
well.

In a variation of the Gatterman reaction an alkyl cyanide RCN is used in place of HCN as a useful
way of preparing ketones from reactive aromatic species that do not react well under Friedel-Crafts
conditions. The electrophile involved is effectively R-C=NH™, although, perhaps, the imino chlo-
ride, R(C=NH)ClI, the analogue of an acyl chloride, RCOC], is also involved. As in the Gatterman
reaction, the imine is an intermediate.

These reactions work even when there are three hydroxyls on the benzene ring.

0.

H OH H OH
i) HCI / Zn(CN),

+ Me—C=N about 60% yield

ii) H20
OH OH

We have already seen how salicylic acid can be made by reaction of the sodium salt of phenol
(PhONa) with CO,. More important than these reactions is chloromethylation, a way of adding a
single carbon atom at the alcohol oxidation level. A combination of formaldehyde (CH,=0) and
HCI provides the one-carbon electrophile.

H
H HCI /@ HCI
—_— w\ — > HO — > H —»CI
H H 7
0 H ® H

Chloromethylation is an efficient process but H Hel warning: carcinogenic
it has a serious drawback. Small amounts of the
: : . : ——— o _o_-~
very carcinogenic (cancer-causing) bis(chloro- O H _
methyl)ether are formed in the reaction mixture so bis(chloromethyljether
that the process has fallen out of favour.

One-carbon electrophiles: summary of methods

Reaction Substrate Reagents Electrophile Intermediate Product

Gatterman—Koch hydrocarbons ~ CO, HCI, AICI3, CuCl ~ H-C=0" ArCHO

Gatterman phenols Zn(CN)o, HCI H-C=NH* ArCH=NH ArCHO

Hoesch phenols RCN, HCI, Zn(ll) R-C=NH* ArRC=NH ArCOR

chloromethylation  any CH5=0, HCI HoC=0H* ArCH>0H ArCHoCI

Kolbé-Schmidt phenoxides NaOH, CO» CO» ArCOsNa ArCOoH -

Reimer-Tiemann phenols CHCl3, NaOH CCly ArCHClo ArCHO The Reimer=Tiemann reaction has

dichlorocarbene (CCly) as an
intermediate and is discussed in
Chapter 40.
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Me

CO,Me

from vanilla

Cl

Br
53% yield

22 - Electrophilic aromatic substitution

Electrophilic substitution is the usual route to substituted
aromatic compounds

A group of potent anti-leukaemia compounds (the maytansinoids) has an aromatic ring as part of a
complex large-ring structure. The synthesis of these molecules could be imagined as starting from a
simple aromatic ring with four different substituents in the right positions.

Cl Me Cl Me
Me! NH
B o) Nacylate?
H -
organometallic
. Br---> oagent?

One complete synthesis is shown as the conclusion of this chapter. It is here to demonstrate that
manipulation of simple aromatic rings is very much part of modern organic chemistry and because
almost all the reactions are ones you have seen so far in the book.

AcOH

HNO, \@/ SOCl, \<>/ KO
—_— EE— —» —>
reflux

CO,Me CO,Me CO,H
86% yield 61% yield 93% yield
cl I\llle
CF; Me NH
SnC|2 (CF3CO)20 \[( 1 NaH
—_—
AcOH 2. Mel
3. NaOH
H20 Br
75% y|e|d not isolated 80% yield

Points to notice:

1 The starting material was chosen because it was cheap. It has the right number of substituents in
the right places but only one (MeO-) is still there at the end

2 Nitration is used to put in the nitrogen atom as NO», later reduced to the required amino group.
The nitro group goes in ortho to the OH group and meta to the CO,Me group as you might have
predicted

3 Step 3, the hydrolysis of the ester, and step 6, amide formation, are familiar reactions

4  Step 2, the replacement of OH by CI, will be discussed in Chapter 23 as it is a nucleophilic
aromatic substitution

5 Step 4 is an unusual type of electrophilic aromatic substitution. The leaving group is CO, rather
than the usual proton and occurs at the only place it can (though it is metato NOZ and parato Cl)

Sy
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6 The last step is a way to achieve monomethylation of an amino group. Problem 00 gives you a

chance to try your hand ata mechanism

Problems

1. All you have to do is to spot the aromatic rings in these
compounds. It may not be as easy as you think and you should
state some reasons for your choice!

1
I o thyroxine
H NH, (human hormone)
iodine carrier
in thyroid gland
HO I co,H " WrdE
|

0 CO,Me

aklavinone
tetracycline antibiotic
[why tetracycline?]

IIII
4
‘OH

OH

OH (o) OH
MeO
H
",
‘NHAc colchicine
MeO compound from
autumn crocus
OMe used to treat gout
(0]
OMe
OH
®
HO 0
X callistephin
natural red flower pigment
ZoR

methoxatin
coenzyme from bacteria
living on methane

2. Just to remind you—write out a detailed mechanism for these

steps. ®N02
X

NO
®N02 | \ ?
—
F FZ

In a standard nitration reaction with, say, HNO3 and H,SO,, each
of these compounds forms a single mono-nitration product. What
is its structure? Justify your answer with a mechanism.

o O

oy ©i><
Me Y

3. Write mechanisms for these reactions, justifying the position
of substitution.

HN03 + H2$04

(M Me cl Me
0 CI2 0
)I\ )I\
N Me N Me
H

H (o]

(i) OEt OEt OEt
HN03 CH20 cl
R —_—
HCI
N02 No2

4. How reactive are the different sites in toluene? Nitration of
toluene produces the three possible products in the ratios shown.
What would be the ratio of products if all sites were equally
reactive? What is the actual relative reactivity of the three sites?
(You could express this as x:y:1 or as a:b:c where a+ b+ ¢ = 100.)
Comment on the ratio you deduce.

Me Me Me Me
NO,
HNO; (Z
E— | + +
H2S04 ~ NO,
toluene 59% 4% 37% NO,



578

5. Revision problem. The local anaesthetic proparacaine is made
by this sequence of reactions. Deduce a structure for each product.
Draw a mechanism for each step and explain why it gives that

particular product.
CO5H
HNO3; base SOCl,
— > 2 — > 3 —» 4
HO n-PrCl
1
O Et,NH 4 Hy/Pd/C
/ \ » 5 > ——»  proparacaine
0
HaN NEt,
o/\/
\/\0 proparacaine

6. In the chapter, we established that electron-withdrawing
groups direct meta. Among such reactions is the nitration of
trifluoromethyl benzene. Draw out the detailed mechanism for
this reaction and also for a reaction that does not happen—the
nitration of the same compound in the para position. Draw all the
delocalized structures of the intermediates and convince yourself
that the intermediate for para substitution is destabilized by the
CFj3 group while that for meta substitution is not.

HNO;
_—

H>S0,4

HNO;

!

FaC”~ : FsC” : “NO,
FsC H2504 F3C” :

7. Draw mechanisms for the following reactions and explain the

position(s) of substitution.
OH OH
f Br< i
N02 NOZ
Cl
Br Br
(r )

AICI3

HNO,
—_—

BI‘2
E— .

ala

:

\

8. Nitration of these compounds gives products with the proton
NMR spectra shown. Deduce the structures of the products from
the NMR and explain the position of substitution.

22 - Electrophilic aromatic substitution

O
(4H, d, J 10)

®
NO. 7.77
8.26 (4H, d, J 10)

N

Oy
No2 5 T6(1H,d J10)
———— { 8.1(1H,dd, J10, 2)
8.3 (1H,d, J2)
®
NO, 2 On
_ Nox

= 7.15(2H,dd, J7,8)
8.19 (2H, dd, J6,8)

CI: :

Cl
9. Attempted Friedel-Crafts acylation of benzene with +-BuCOCI
gives some of the expected ketone, as a minor product, and also
some t-butyl benzene, but the major product is the disubstituted
compound C. Explain how these compounds are formed and
suggest the order in which the two substituents are added to form
compound C.

o o]
AICI;
+ —_—
CI
A
B (o]

(V]
10. Draw mechanisms for the following reactions.
@ Br

@ HF
+ —_—

()
HNO;
—_— N02
H,S0,
(d) 0
AICI3
cl — »
0



11. Nitration of this aromatic heterocycle with the usual mixture
of HNOj3 and H,SO, gives a product whose NMR spectrum is
given. Though you have not yet met heterocycles you should be
able to deduce the structure of the product and explain why it is
formed.

CgHgN20,

HN03 34 3.04 (2H, t, J TH2)
3.68 (2H, t, J THz)
H,50, 6.45 (1H, d, J 8H2)

7.28 (1H, broad s)
7.81 (1H, d, J 1 Hz)
7.90 (1H, dd, J 8, 1 Hz)

12, Explain the position of substitution in the following reactions
and predict the structure of the final product. Why is a Lewis acid
necessary for the second bromination but not for the first?

13. Suggest mechanisms for the methylation step at the end of the
synthesis that concludes the chapter. Why is it necessary to go to
these lengths rather than just react with MeI?

MeO NH,
(CF3CO)20

MeCOCI

AICI3

not isolated
H
1. NaH MeO N\
—_— Me
2. Mel
3. NaOH
H,0

Br 80% yield

A Head in progress 579

14. So what happens if we force phenol to react again with
bromine? Will reaction then occur in the meta positions? It is
possible to brominate 2,4,6-tribromophenol if we use bromine in
acetic acid. Account for the formation of the product.

OH o
Br Br Br, Br Br
HOAc, NaOAc
Br Br Br

2,4,6-tribromophenol

This product can be used for bromination as in the mono-
bromination of this amine. Suggest a mechanism and explain the

selectivity. Br
[0)
CF3 Br Br CF3
+ —
NMe, Br Br NMe,
90% yield




Electrophilic alkenes

Connections

Building on: Arriving at: Looking forward to:
® Conjugate addition ch10 ® Conjugate addition: conjugation of ® Conjugate addition of enolate-type
e Electrophilic additions to alkenes alkenes with electron-withdrawing nucleophiles ch29

ch20 groups other than C=0 (CN and NO>), ® Reactions of heterocyclic aromatic

® Electrophilic substitution on aromatic

| leophili k
rings ch22 allows nucleophilic attac!

@ Conjugate substitution: electrophilic
alkenes bearing leaving groups can
promote substitution reactions at C=C
related to those at C=0

® Nucleophilic aromatic substitution:
electron-poor aromatic rings that allow
substitution reactions with
nucleophiles rather than the usual
electrophiles

® Special leaving groups and
nucleophiles that allow nucleophilic
aromatic substitution on electron-rich
rings

@ Allylic systems: how double bonds
adjacent to leaving groups share the
electrophilic character of the carbon
atom carrying the leaving group, and
may allow more than one product to
form

This chapter is also the last chapter in the second cycle of chapters within this book, with which we
complete our survey of the important elementary types of organic reactions. We follow it with two
review chapters, before looking in more detail at enolate chemistry and how to make molecules.

Introduction—electrophilic alkenes

Alkenes are nucleophilic. Almost regardless of their substituents, they react with electrophiles like
bromine to form adducts in which the Ttbond of the alkene has been replaced by two 0 bonds.

Br

&
E :

Br

Even when the alkene is conjugated with an electron-withdrawing group, bromine addition still
occurs, though less readily. As we said, alkenes are nucleophilic.

(o] ® 0

Br ]
\ Br2 Br
R R e R R —> R

which makes them electrophilic and compounds ch43

Reactions like this were discussed in
Chapter 20.



582

We saw examples of this reaction in
Chapter 10.

Like many simple acrylic derivatives,
this nitrile is readily available as it is
manufactured on a large scale for
polymer synthesis. Superglue is a
polymerized acrylonitrile. There is more
about this in Chapter 52.

>

You will see a few mechanisms in
this chapter where we have
written an intramolecular
deprotonation. This saves writing
two steps—protonation of the
enolate and deprotonation of N
(here)—but quite possibly this is
not the actual mechanism by
which the proton transfer takes
place. Any proton will do, as will
any base—do not take the arrows
here too literally.

23 - Electrophilic alkenes

But this last type of alkene is also electrophilic. The carbonyl group dominates the alkene in the
interaction between the two groups and nucleophiles add so that the enolate is an intermediate and
the negative charge resulting from conjugate addition is stabilized by conjugation. This intermediate
is protonated on carbon to give the conjugate addition product—the result of a nucleophilic addi-
tion of HX to the alkene. The final product has an unchanged carbonyl group but without that car-
bonyl group no nucleophilic addition could have occurred.

enolate intermediate

X X 03 X 0
) _— - 1L
R R R R R R
H—E;(
We are going to extend this idea now and show that other groups besides the carbonyl group can
promote nucleophilic addition to alkenes and then extend the idea further into the reactions of

allylic and aromatic compounds. First of all we are going to look at other conjugating electron-with-
drawing groups.

Nucleophilic conjugate addition to alkenes

Unsaturated nitriles

The essential requirement for these reactions is a conjugating substituent that is about as anion-
stabilizing as a carbonyl group. One we have seen before is cyanide and we shall look first at conju-
gated nitriles. The simplest is acrylonitrile. This compound adds amines readily.

\/CN EtzN/\/CN 86% yield of an aminonitrile

acrylonitrile

Et,NH
—_—
50 °C
The amine first attacks the alkene in a typical conjugate addition to make a stable anion. Notice

that the nucleophile must attack the far end of the alkene to do this—attack next to the electron-
withdrawing group would not work.

Y 9" ® AN ® AN
.o L
Et,NH \\Q/ — > E -~ g N/\/
2 2 o)
stabilized, |
H delocalized anion H

The anion can have its charge drawn on the nitrogen atom but it is really delocalized over the two
neighbouring carbon atoms and is very like an enolate. Do not be put off by the odd appearance of
the ‘enolate’. The dot between the two double bonds is a reminder that there is a linear sp carbon
atom at this point.

Protonation at carbon restores the cyanide and gives the product—an amino-nitrile. The whole
process adds a 2-cyano-ethyl group to the amine and is known industrially as cyanoethylation.

With a primary amine, the reaction need not stop at that stage as the product is still nucleophilic
and a second addition can occur to replace the second hydrogen atom on nitrogen.



Nucleophilic conjugate addition to alkenes

acrylonitrile acrylonitrile

\/CN } HN/\/CN \/CN /\/CN

MeNH, ——> ——>» Me—N

CN

Other elements add too. Phenyl phosphine can undergo a double addition just as in the last exam-
ple, but alcohols can add only once.

NN

PhPH, ——>

L CN N
— Ph—P/\/ EtOH ——>

N

If there is a competition between a second row (for example, N or O) and a third row (for
example, S or P) element, the third row element normally wins. The lone pair electrons are of higher
energy (3Sp3 ) in the third-row element than in the second-row element (25p3 ).

NN+ o " ST S N

The cyanide group is a typical group for promoting conjugate addition. It is possible for
nucleophiles to attack directly at the CN group but it is not very electrophilic so that these reactions
tend to be thermodynamically controlled and attack is preferred in the conjugate position.

CN
Phlfl’/\/

CN

Unsaturated nitro compounds

The nitro group (NO,) is extremely electron-withdrawing—about twice as electron-withdrawing as
a carbonyl group. This should theoretically make it prefer direct attack rather than conjugate attack
but in practice direct attack at NO, is almost unknown. The products from direct attack are very
unstable compounds and revert to starting materials easily. You may rely on conjugate addition to
nitro-alkenes.

direct attack on the nitro group conjugate attack on the nitro group

@Co RGO R\/ﬁcﬁ/(o}

N - =
wa _X_> @(l)\X @5 o l

X o

unstable product not
formed

The intermediate is rather like an enolate anion, with a negatively charged oxygen atom conju-
gated to a (N=C) double bond. It reacts like an enolate, picking up a proton on carbon to re-form
the nitro group and give a stable product—the result of conjugate addition of HX. Here is the
full mechanism with borohydride acting as the nucleophile, reducing the nitroalkene to a nitro-
alkane.

<0 N0z NaBH4 < NO,
0 MeOH
- N
j@/\/@ - ®>No©
< 4
H-OMe
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CN
Eto” "

We discussed factors favouring direct
versus conjugate attack in Chapter 10,
p. 000.

stable "enolate"
intermediate formed
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Michael acceptors are dangerous

Any compound capable of conjugate addition (a Michael
acceptor—conjugate additions are also known as
Michael additions) is potentially dangerous to living

labelled ‘cancer suspect agent’. They attack enzymes,
particularly the vital DNA polymerase involved in cell
division by conjugate addition to thiol and amino groups in

things. Even simple compounds like ethylacrylate are the enzyme.
H
4 OEt  Michael
Enz—m addition ZQ)\‘S OEt S, OEt
enzyme (e.g. DNA 0 > Enz” @ > Enz” W
polymerase) ) 0

ethyl acrylate
Michael acceptor

Any compound that is good at conjugate addition is
probably toxic and carcinogenic (cancer-causing). In
Chapter 10, we mentioned some anticancer drugs that

inactivated enzyme

detail later in the book (Chapter 49) but notice for the
moment that this compound can be divided into three at
the two amide bonds.

work by this same mechansim, but do it more selectively glutathione SH

in rapidly proliferating cancer cells. Most Michael

acceptors are less benign, and damage the DNA C\/\)J\ H

replication process unselectively. Fortunately, we are \/COZH
offered some degree of protection by an important z

compound present in most tissues. The compound is NHZ [0}

glutathione, a tripeptide—a compound made from three glutamic acid cysteine glycine

amino acids. We shall discuss such compounds in more

The business end of glutathione is the thiol (SH) group,
which scavenges carcinogenic compounds by conjugate
addition. If we use an ‘exomethylene lactone’—a highly

detoxification of carcinogens by glutathione

R
carcmogen

If the normally abundant glutathione is removed by such
processes as oxidation (Chapter 46) and cannot any
longer scavenge toxins, then the organism is in danger.

Other nucleophiles in conjugate addition

reactive Michael acceptor—as an example and represent
glutathione as RCH,SH, you can see the sort of thing that
happens.

% oy ;Lw/ .y

inactivated carcinogen
cannot do conjugate addition

This is one reason why vitamin C is so beneficial—it
removes stray oxidizing agents and protects the supply of
glutathione. Keep eating the fruit and vegetables!

Since we introduced conjugate addition in Chapter 10, a number of new reactions have been covered
and a number of new nucleophiles introduced. Some of these can lead to conjugate addition. One
important new reaction is electrophilic aromatic substitution, which we met in the last chapter. Michael
acceptors can combine with Lewis acids to provide electrophiles for reactions with benzene derivatives.

o
[0) AICI3
+ —_— OH
A OH
82% yield

The Lewis acid (AICl3) must combine with the carboxylic acid to create a reactive electrophile
that is attacked by a benzene molecule. The first step is just like the reactions of benzene we discussed

in the last chapter. o o

.7\ icl, ® AlCl3 _Aici;

0 0 Y
M )@Jg ) 7



Conjugate substitution reactions

The next step must be the restoration of the aromaticity of the ring by the removal of the proton
at the site of attack. This gives the aluminium enolate of the ketone. There is a proton now available
to convert the aluminium enolate to the ketone and this is the final product. This is a useful reaction
because it has added a benzene ring to a quaternary carbon atom—conjugate addition has overcome
steric hindrance.

A|c|3 AICI3

me\h o~ Hel
o L e o

Another less-common class of nucleophile that does conjugate addition is nitriles. We used
unsaturated nitriles a moment ago as Michael acceptors, and nitriles are usually electrophiles rather
than nucleophiles. We did see in Chapter 17 that nitriles will act as nucleophiles in the Sy1 reaction
(the Ritter reaction). The next reaction is related to the Ritter reaction.

MﬁLM

H2S04, O

Protonation of the carbonyl group gives a very electrophilic cation that is reactive enough to per-
suade the nitrile to do conjugate addition.

M‘DM %xx

Tautomerization of the enol to a ketone, addition of water, and another tautomerization to an
amide complete the mechanism. Notice here that a nitrogen has been added to a tertiary centre—
this is not an easy result to accomplish and it is worth noting that conjugate addition is a good way to
make bonds to crowded centres.

H
0

P e e EKQM—:A Yo 4

Conjugate substitution reactions

Just as direct addition to C=0 (Chapter 6) becomes substitution at C=O (Chapter 12) when there is
a leaving group at the carbonyl carbon, so conjugate addition becomes conjugate substitution if there
is a leaving group, such as Cl, at the 3 carbon atom. Here is an example: substitution has replaced Cl
with OMe, just as it would have done in a reaction with an acyl chloride.

(0] (o]
c,/\)‘\@ MeOH Me/\)‘\@ 100% yield

585
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» Vinylogous behaviour

The conjugated double bond
serves as an electronic linker
between the carbonyl group and
the halogen or other heteroatom,
which makes the chemical and
spectroscopic behaviour of the
composite functional group
similar to that of the simple
relative. You could think of the (-
chloro enone at the beginning of
this section as a vinylogous acyl
chloride that reacts with methanol
to give a vinylogous ester.

BN

is the vinylogous version of,
and reacts similarly to,

o]

23 - Electrophilic alkenes

This apparently simple substitution formation of the enol intermediate
does not involve a direct displacement
of the leaving group in a single step! As Meq +H® OMe  OH
you will see again shortly, SN2 reactions /\\<>Jk )\/k
do not occur at sp? hybridized carbon. CI Ph
The mechanism starts in exactly the same way as for conjugate addition, giving an enol intermediate.
Now the leaving group can be expelled by the enol: the double bond moves back into its
original position in this step, which is exactly the same as the final step of an ElcB reaction
(Chapter 19). The ‘new’ double bond expulsion of the leaving group from the enol intermediate
usually has the E configuration as the ol oH
molecule can choose which of the two
possible perpendicular conformations to Me09\<>§\R
eliminate.
Halogens are excellent leaving groups and are often used in conjugate substitution reactions. In
the next example, two consecutive conjugate substitution reactions give a diamine.

F
c o0 O/ NH

A ’ AN

-H®

98% yield
Cl

At first sight, the product looks rather unstable—sensitive to water, or traces of acid perhaps. But,
in fact, it is remarkably resistant to reaction with both. The reason is conjugation: this isn’t really an
amine (or a diamine) at all, because the lone pairs of the nitrogen atoms are delocalized into the car-
bonyl group, very much as they are in an amide. This makes them less basic, and makes the carbonyl
group less electrophilic.

delocalization of the nitrogen's lone pair delocalization in an amide

NHR NHR 0© o? 0©
RHM = RHN RHr:>Jk = RH

Compounds like this are for this reason known as vinylogous amides—the C=C bond between
the N and C=0 allows conjugation still to take place but at a greater distance. This is the essence of
vinylogous behaviour.

Just as the cyanide (CN) and nitro (NO,) groups can be used to bring about conjugate addition,
so also they can initiate conjugate substitution. Examples of these reactions play vital roles in the syn-
thesis of two of the most important drugs known—the anti-ulcer drugs Tagamet (SmithKline
Beecham) and Zantac (GlaxoWellcome).

Preventing ulcers (1): Tagamet

One cause of ulcers is excess acid secretion by the stomach, and one method of prevention is to stop
this by blocking the acid-releasing action of histamine. You can see here the resemblance between
histamine and Tagamet (generic name cimetidine)

ON s T\ e

histamine H cimetidine—SmithKline Beecham's Tagamet guanidine



Conjugate substitution reactions

As well as the histamine-like portion of the molecule, Tagamet has a sulfur atom and then, at the
end of a short chain of carbon atoms, a complicated functional group based on guanidine. It is easy
to add the sulfur atom and the short carbon chain to the heterocyclic building block (see Chapter 43
for more about this) so that the only problem is how to build on the guanidine at the end of the
molecule.

N \ “NoH /\/NHz /\/NHz
4 HS 4 Tagamet?
H

see Chapter 43

Now enter the star of the show! This simple cyanoimine, with two SMe groups as built-in leaving
groups, is readily available and reacts with amines to give guanidines in two stages.

Each of the reactions is a conjugate substitution. It will be clearer if we draw the reaction with a
generalized primary amine RNH, first.

H 4SMe H
SMe _N SMe

® /N
r* MO R LYY

N

o \EN N\.@ \N

The first step is conjugate addition, exactly as we saw with acrylonitrile at the beginning of this
chapter. The second step shows the return of the negative charge and the expulsion of the best leav-
ing group. Thiols are acidic compounds, and MeS™ is a better leaving group than RNH™.

The reaction stops cleanly at this point and

SMe

H
more vigorous conditions are required to displace | ® |
the second MeS™ group. This is because the first R/N SMe R/N\ SMe
product is less reactive than the starting material. Y
Why is this? The introduced amino group is elec- N AN
y group <) e

tron-donating and a strong conjugation is estab-
lished between it and the cyano group.

Now a second and different amine can be introduced and the second MeS™ group displaced. In
the Tagamet synthesis; the second amine is MeNH,, and the synthesis is complete.

NH \[rli/ H
oo Do e e
/ ﬁ
N <N N\CN 4 \
H H
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Guanidine is an organic base, as strong
as NaOH, and it was discussed in
Chapter 8.

CN

cimetidine (Tagamet)

Preventing ulcers (2): the best selling drug of all time—GlaxoWellcome’s Zantac

This anti-ulcer drug has some obvious similarities to Tagamet, and some differences too. Here are
the two structures side-by-side.

H H H H
N /N\“/N\Me o /N N\Me
( \ N MesN \ \
N cN NO>
H

cimetidine—SmithKline Beecham’s Tagamet ranitidine—GlaxoWellcome's Zantac

The heterocyclic ring is still there but it is very different. The sulfur and its surrounding
CH; groups are the same and the guanidine seems to be still there. But it isn’t. Look closely at this
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8
MesN \
H 0. H 00
\o/ \H \o/
hydrogen hydroperoxide
peroxide anion
>

The same effect explains why
hydroxylamine and hydrazine are
more nucleophilic than ammonia:
p. 000.

| 2

The pK of hydrogen peroxide is
11.6.

23 - Electrophilic alkenes

‘guanidine’ and you will see that there are only two nitrogen atoms around the central carbon atom
instead of the three in a guanidine. This is an amidine. The nitrile has also been replaced by a nitro
group. The synthesis is ,however, remarkably similar to that of the real guanidine in Tagamet. Two
conjugate substitutions use MeS™ as leaving groups and amine as nucleophiles. Here is the first, with
mechanism.

H2|‘q_‘ Me Me H
Me ) SMe Me N Me NHMe
Me
© > O > O
/0 N /O /0
N, N hl@

&’ Ch !

o
The first step is conjugate addition, just like the conjugate additions to nitroalkenes at the begin-
ning of this chapter, and the second step brings the negative charge back and expels the best leaving
group. Again the reaction can be made to stop at this stage because this product is stabilized by con-

jugation between the green amino group and the nitro group. A second substitution puts together
the two halves of the drug.

H H
NH, NHMe N N
s NS N 0 \ s S “Me
. _o® Me,N N .
”@ ranitidine (Zantac) 0;
0

Nucleophilic epoxidation

The conjugate substitutions we have just been discussing rely on a starting material containing a leav-

ing group. In this section we are going to look at what happens if the leaving group is not attached to

the unsaturated carbonyl compound, but instead is attached to the nucleophile. We shall look at this

class of compounds—nucleophiles with leaving groups attached—in more detail in Chapter 40, but

for the moment the most important will be hydroperoxide, the anion of hydrogen peroxide.
Hydroperoxide is a good nucleophile

because of the alpha effect: interaction of

the two lone pairs on adjacent oxygen
atoms raises the HOMO of the anion @9 H new, higher energy HOMO of
and makes it a better and softer nucle- }x" hydroperoxide anion
ophile than hydroxide. %
Hydroperoxide is also less basic than
hydroxide because of the inductive elec- P’ sp
tron-withdrawing effect of the second %‘ %
oxygen atom. Basicity and nucleophilicity
usually go hand in hand—not here
though. This means that the hydro- %
peroxide anion can be formed by treating
hydrogen peroxide with aqueous sodium
hydroxide.
This is what happens when this mixture is added to an enone. First, there is the conjugate addition.

0 0©

©oH
H\O/O\H —_ HO—Oe/\ HO_
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The product is not stable, because hydroxide can

0 (0]
be lost from the oxygen atom that was the nucle- 5
ophile. Hydroxide is fine as a leaving group here— o
after all, hydroxide is lost from enolates in E1cB HO._ ;
Vo i

eliminations, and here the bond breaking is a weak
0-0 bond. The product is an epoxide.

The electrophilic epoxidizing agents such as m-CPBA, which you met in Chapter 20, are less good
with electron-deficient alkenes: we need a nucleophilic epoxidizing agent instead. There is another sig-
nificant difference between hydrogen peroxide and m-CPBA, highlighted by the pair of reactions below.

Ph H,0,, OHP /<i)/so o Ph mcpBa  Ph
—_—
K/SOZPh Ph 2 K/SOzPh x>/SOzPh

0

cis-alkene trans-epoxide cis-alkene cis-epoxide

m-CPBA epoxidation is stereospecific because the reaction happens in one step. But nucleophilic
epoxidation is a two-step reaction: there is free rotation about the bond marked in the anionic inter-
mediate, and the more stable, trans-epoxide results, whatever the geometry of the starting alkene.

free rotation
about this bond HOQ
Ph Ph 0 o
ﬁ SO,Ph — = HOQ /Q/SOZPh - h)\/sozph - /<'/502Ph
HO—oO @/ 2 0 \ﬁ P Ph

In general, conjugate substitution is not nearly as important as the next topic in this chapter—
nucleophilic aromatic substitution. Before we describe in detail those reactions that do occur, we
need to explain why the most obvious reactions do not occur.

Nucleophilic aromatic substitution

The simplest and most obvious nucleophilic substitu- (\ Br OH
tions on an aromatic ring, such as the displacement of X_o — X

bromide from bromobenzene with hydroxide ion, do OH

not occur.

reaction doesn’t happen
Please note—this mechanism is wrong! No such

reactions are known. You might well ask, ‘Why not?’ (\Br
The reaction looks all right and, if the ring were satu-
rated, it would be all right. OH
This is an SN2 reaction, and we know (Chapter 17)
that attack must occur in line with the C-Br bond
from the back, where the largest lobe of the 0* orbitals lies. That is perfectly all right for the aliphatic
ring because the carbon atom is tetrahedral and the C-Br bond is not in the plane of the ring.
Substitution of an equatorial bromine goes like this.

_ F
NN E G g P — = S
OH

line of attack is not in plane of ring

OH

_—

reaction does happen

But in the aromatic compound, the C-Br bond is in the plane of the ring as the carbon
atom is trigonal. To attack from the back, the nucleophile would have to appear inside the
benzene ring and invert the carbon atom in an absurd way. This reaction is not possible!

—X—>

Sn2 can’t happen

This is another example of the general rule. I ® S\2at sz C does notoccur
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If SN2 is impossible, what about Sy12 This is possible but very unfavourable. It would involve the
unaided loss of the leaving group and the formation of an aryl cation. All the cations we saw as inter-
mediates in the SN1 reaction (Chapter 17) were planar with an empty p orbital. This cation is planar
but the p orbital is full—it is part of the aromatic ring—and the empty orbital is an sp? orbital out-
side the ring.

®
> r o .
In fact, the mechanism can occur, but only with the best leaving group—a _X_> unstable phenyl catior

) with empty sp? orbital
molecule of gaseous nitrogen—as we shall see later.
Syl doesn’t happen

N%N @Q OH . . . -
OH The most important mechanism for aromatic nucleophilic
g substitution follows directly from conjugate substitution and we

=L shall introduce it that way. It is called the ‘addition—elimination
Sn1 does happen mechanism’

The addition—elimination mechanism

Imagine a cyclic B-fluoro-enone reacting with a secondary amine in a conjugate substitution reac-
tion. The normal addition to form the enolate followed by return of the negative charge to expel the

fluoride ion gives the product.
03 NR, O
ij)‘\
—_—

F (0] R2N
Rzﬁﬂ
E—

Now imagine just the same reaction with two extra double bonds in the ring. These play no partin
our mechanism; they just make what was an aliphatic ring into an aromatic one. Conjugate substitu-
tion has become nucleophilic aromatic substitution.

F 0 RoN 03 NR, O
Rzﬁﬂ

The mechanism involves addition of the nucleophile followed by elimination of the leaving
group—the addition—elimination mechanism. It is not necessary to have a carbonyl group—any
electron-withdrawing group will do—the only requirement is that the electrons must be able to get
out of the ring into this anion-stabilizing group. Here is an example with a para-nitro group.

HO @wCI H I OH

N N N
00" @Q 00" @‘(o\e 00" ®0

Everything is different about this example—the nucleophile (HO™), the leaving group (CI"), the
anion-stabilizing group (NO,), and its position (para)—but the reaction still works. The nucle-
ophile is a good one, the negative charge can be pushed through on to the oxygen atom(s) of the
nitro group, and chloride is a better leaving group than OH.

A typical nucleophilic aromatic substitution has:

® an oxygen, nitrogen, or cyanide nucleophile



The addition—elimination mechanism

e ahalide for aleaving group
® a carbonyl, nitro, or cyanide group ortho or para to the leaving group

Since the nitro group is usually introduced by electrophilic aromatic substitution (Chapter 22)
and halides direct ortho/para in nitration reactions, a common sequence is nitration followed by
nucleophilic substitution.

Br Br CN
i i _NO, i _NO,
eCN
—
R R R

This sequence is useful because the nitro group could not be added directly to give the final prod-
uct as nitration would go in the wrong position. The cyanide is meta-directing, while the alkyl group
(R) is ortho, para-directing.

HNO;
—_—
H,S0,

CN CN CN --. directs
s, meta
NO2  No, HNO; y
X — i
H.S04 H,S0,4 NO,
A
R R R -7 directs
ortho/para

Two activating electron-withdrawing groups are better than one and dinitration of chloroben-
zene makes a very electrophilic aryl halide. Reaction with hydrazine gives a useful reagent.

H,N
cl cl SNH
HNO3 NO2  H N—NH, NO:
H2S04 hydrazine
NO, NO,

This compound forms coloured crystalline imines (hydrazones) with most carbonyl com-
pounds—before the days of spectroscopy these were used to characterize aldehydes and ketones (see
p. 000).

The intermediate in the addition—elimination mechanism

What evidence is there for intermediates like the ones we have been using in this section? When reac-
tions like this last example are carried out, a purple colour often appears in the reaction mixture and
then fades away. In some cases the colour is persistent and thought to be due to the intermediate.
Here is an example with RO™ attacking a nitrated aniline.

delocalization of the negative charge in the intermediate
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If you try and do the same
reaction with a meta anion-
stabilizing group, it doesn’t work.
You can’t draw the arrows to push
the electrons through on to the
oxygen atom. Try it yourself.

Cl OH
NaOH
X~
PN NS
©0” ®™0 007 ®>o
>

It also makes a very toxic one!
The reason is the same as with
Michael acceptors—this
compound is carcinogenic.
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A reminder. A larger shift means
less electronic shielding and a
smaller shift more electronic
shielding.
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This intermediate is persistent because neither potential leaving group (NR; or OR) is very good.
If the nucleophile is part of the same molecule, the intermediate becomes a stable cyclic compound
and can be isolated. It is more stable because neither leaving group can get away from the molecule as
it is tethered by the rest of the ring. Notice that there are three active nitro groups in this molecule all
stabilizing the negative charge.

Me—N/\\ ( oMe
Me—N

N02 stable
red
compound

02N /@\o
o ©
What is the nature of this intermediate? We can best answer that by comparing the >C NMR
spectra of three species: benzene itself; the simplest version of our carbanion intermediate (that is,
with no substituents); and the simplest version of the cationic intermediate in electrophilic aromatic
substitution. Direct protonation of benzene gives this last compound.

H @H H H H H H H
® ®
- P A B
®

The intermediate in nucleophilic substitution cannot be made by adding H™ to benzene as no
reaction occurs. Olah, the carbocation pioneer (p. 000), managed to make it by treating dihydro-
benzene (cyclohexadiene) with a strong base. Deprotonation creates the anion.

H H H H H H H H
H
)
- e e
)

Here are the details of the NMR spectra side-by-side with those of benzene. We shall use a sum-
mary structure for each ion showing delocalized charges around the five trigonal atoms in the ring.
You may judge whether the NMR spectra justify these structures.

52.2

128.5

These results are very striking. The shifts of the meta carbons in both ions are very slightly differ-
ent from those of benzene itself (about 130 p.p.m.). But the ortho and para carbons in the cation have
gone downfield to much larger shifts while the ortho and para carbons in the anion have gone upfield
to much smaller shifts.

The differences are very great—about 100 p.p.m. between the cation and the anion! It is very clear
from these spectra that the ionic charge is delocalized almost exclusively to the ortho and para
carbons in both cases. The alternative structures in the margin show this delocalization.

This means that stabilizing groups, such as nitro or carbonyl in the case of the anion, must be on
the ortho or para carbons to have any effect. A good illustration of this is the selective displacement of
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one chlorine atom out of these two. It is the ortho chlorine group that is lost and the meta one that is
retained.

ci Br Br
/@: + H base S
00 e
c NG
|(|, ci NO,

The mechanism works well if we attack the chlorine position ortho to the nitro group with the
anion of the thiol nucleophile as the negative charge can then be pushed into the nitro group. Satisfy
yourself that you cannot do this if you attack the other chlorine position. This is a very practical re-
action and is used in the manufacture of a tranquillizing drug.

Br.
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Theleaving group and the mechanism

In the first nucleophilic aromatic substitution that we showed you, we used fluoride ion as a leaving
group. Fluoride works very well in these reactions, and even such a simple compound as 2-nitro-
fluorobenzene reacts efficiently with a variety of nucleophiles, as in these examples.

OMe <|>@ F |
o
N MeO N N
o0 « oo H oo
MeOH

The same reactions happen with the other 2-nitro-halobenzenes but less efficiently. The fluoro-
compound reacts about 10°~10> times faster than the chloro- or bromo-compounds and the iodo-

compound is even slower.
reactivity of 2-halo-1-nitrobenzenes in nucleophilic aromatic substitution
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This ought to surprise you. When we were looking at other nucleophilic substitutions such as
those at the carbonyl group or saturated carbon, we never used fluoride as a leaving group! The C-F
bond is very strong—the strongest of all the single bonds to carbon—and it is difficult to break.

these reactions are not used:

F@
E 0 : )‘L Clused F@ Cl, Br, or | used—I is best
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Azide is a good nucleophile
because of its shape—it is like a
needle—and because it is equally
nucleophilic at either end. We
discussed azides in Chapter 17,
p. 000.

>

Note carefully that this is an
inductive effect: there are no
arrows to be drawn to show how
fluorine withdraws electrons—it
does itjust by polarizing C-F
bonds towards itself. Contrast
the electron-withdrawing effect of
the nitro group, which works
(mainly) by conjugation.
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So why is fluoride often preferred in nucleophilic aromatic substitution and why does it react
faster than the other halogens when the reverse is true with other reactions? You will notice that we
have not said that fluoride is a better leaving group in nucleophilic aromatic substitution. It isn’t! The
explanation depends on a better understanding of the mechanism of the reaction. We shall use azide
ion as our nucleophile because this has been well studied, and because it is one of the best.

Fo° Ng 0©

N NaN N

N 3 N

@\0 . @\0 ¥ F@
MeOH

The mechanism is exactly the same as that we have been discussing all along—a two-stage addi-
tion—elimination sequence. In a two-step mechanism, one step is slower and rate-determining; the
other is unimportant to the rate. You may guess that, in the mechanism for nucleophilic aromatic
substitution, it is the first step that is slower because it disturbs the aromaticity. The second step
restores the aromaticity and is faster. The effect of fluoride, or any other leaving group, can only
come from its effect on the first step. How good a leaving group it might be does not matter: the rate
of the second step—the step where fluoride leaves—has no effect on the overall rate of the reaction.
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fluoride accelerates this step

because it is very electronegative the intermediate

Fluoride does, in fact, slow down the second step (relative to CI7, say), but it accelerates the first
step simply by its enormous inductive effect. It is the most electronegative element of all and it stabi-
lizes the anionic intermediate, assisting the acceptance of electrons by the benzene ring.

A dramatic illustration of the effect of fluorine is the reactions of benzene rings with more than
one fluorine substituent. These undergo nucleophilic substitution without any extra conjugation
from electron-withdrawing groups. All the fluorine atoms that are not reacting help to stabilize the
negative charge in the intermediate.

©
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delocalized negative charge
stabilized by two fluorines on ring

Intellectual health warning!

Some textbooks tell you that nucleophilic aromatic
substitution doesn’t happen with ordinary aryl halides
because of conjugation between the lone pairs of the
halide and the aromatic system.

This is supposed to stop the reaction by making the C-Br
bond stronger. This is nonsense. The reaction doesn’t
happen on simple aryl halides because there is no
available mechanism. It is easy to show that the false
textbook reason is wrong. The conjugation in this nitro
compound is much better than in bromobenzene, so it
should be even less reactive.

CBr

®Br
@e
CBr ®Br
/N\
00" ®> 0

A

In fact, as you now know, this compound is much more
reactive towards nucleophiles. The false textbook reason
would also suggest that fluoride would work really badly
because this same conjugation is stronger with fluoride
than with the other halogens as its p orbitals are the right
size (2sp2) to conjugate with carbon p orbitals. Again, you
already know the opposite to be true.

The strength of the bond to the leaving group does not
affect the efficiency of nucleophilic aromatic substitution
because that bond is not broken in the rate-determining
step. Understand the mechanism and it all becomes clear.
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The activating anion-stabilizing substituent

We have used nitro groups very extensively so far and that is only right and proper as they are the
best at stabilizing the anionic intermediate. Others that work include carbonyl, cyanide, and sulfur-
based groups such as sulfoxides and sulfones. Here is a direct comparison for the displacement of
bromide ion by the secondary amine piperidine. First the reaction with a carbonyl group.

Br H@ (\Br O
ARG
© 0

piperidine
Now we are going to give the rates for the same reaction but with different activating groups. The
mechanism is the same in each case; the only difference is the electron-withdrawing power of the
activating group. You recall that this is vital for the rate-determining first step and for stabilization of
the intermediate. The symbol Z represents the anion-stabilizing group and the margin shows what Z
might be. The numbers are the relative rates compared with Z = nitro.

Z=
rate-determining H 57’
step fast Me ~ -
@/ as P
S O ‘O *J@V T
0

kel = 0.013 ke = 0.031

All the compounds react more slowly than the nitro-compound. We have already mentioned
(Chapters 8 and 22) the great electron-withdrawing power of the nitro group—here is a new mea- Me “L[‘ S -77;
sure of that power. The sulfone reacts twenty times slower, the nitrile thirty times slower, and the g SN~
ketone a hundred times slower. )

The nitro is the best activating group, but the others will all perform well especially when com- Kooy = 1.
bined with a fluoride rather than a bromide as the leaving group. Here are two reactions that work
well in a preparative sense with other anion-stabilizing groups. Note that the trifluoromethyl group
works by using only its powerful inductive effect.

L

H'O/ Ph (\0

/@/F DMSO, KoCO3 Q/ /©/ DMSO, K2C03 N\)
_— >

F3C Me\

Me
\ o )
FsC 59% yield //\\ //\\ 97% yield

® To summarize

Any anion-stabilizing (electron-withdrawing) group ortho or parato a potential
leaving group can be used to make nucleophilic aromatic substitution possible.

Some medicinal chemistry—preparation of an antibiotic

We want to convince you that this chemistry is useful and also that it works in more complicated
molecules so we are going to describe in part the preparation of a new antibiotic, ofloxacin. The
sequence starts with an aromatic compound having four fluorine atoms. Three are replaced specifi-
cally by different nucleophiles and the last is present in the antibiotic itself. As a reminder of the first
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We had to draw the arrows going
the long way round the ring in the
addition step because we
happened to draw the double
bonds in those positions in the
starting material: this is the sort
of thing you will find happens
when you write mechanisms—
there is no significance in it and it
doesn’t matter which way round
the arrows go.

NaH
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section of this chapter, the preparation also involves a conjugate substitution. The structure of
ofloxacin (below) highlights the remaining fluorine atom and (in black) the four bonds made by
reactions discussed in this chapter. Underneath is the starting material with its four fluorine atoms.

0
CO,H F CO,Et
F F OEt

o
é—z o

)
MeN\) F
A starting material for
ofloxacin ofloxacin synthesis

The preparation of the starting material involves reactions that we will meet later in the book and
is described in Chapter 28. The next reaction is the conjugate substitution. An amino alcohol is used
as the nucleophile and it does a conjugate addition to the double bond. Notice that it is the more
nucleophilic amino group that adds to the alkene, not the hydroxyl group. And, when the negative
charge comes back to complete the conjugate substitution, the better leaving group is alkoxide rather
than a very unstable amine anion.

Q

(0 0 (V]

F CO,Et F CO,Et F CO,Et
_H®

e e I

F E™ “OEt F F /EEt F F
HN HN
F - F F
NH2 )\/(’H )\/(’H
)\/OH

The next step is the first nucleophilic aromatic substitution. The amino group attacks in the posi-
tion ortho to the carbonyl group so that an enolate intermediate can be formed. When the charge

returns, the first fluoride is expelled.
[0}
CO,Et F CO,Et
| — |
<F N F N
F )\/

F OH OH

Treatment with base (NaH can be used) now converts the OH group into an alkoxide and it does
the next aromatic nucleophilic substitution. In this reaction we are attacking the position meta to the
ketone so we cannot put the negative charge on the oxygen atom. The remaining three fluorines
must stabilize it by the inductive effect we described earlier.

[0)

0 0
F CO,Et F CO,Et F. CO,Et
| — | — |
F N F N F N
’ Q/K ¥ 0\)\ 0\)\

negative charge stabilized by
inductive effect only

When this charge returns to restore the benzene ring, the second fluoride is expelled and only two
are left. One of these is now displaced by, for the first time, an external nucleophile—an amine. It is
easy to predict which one because of the need to stabilize the charge in the intermediate.
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COEt ?
g Fjg%/coza
F —_— | —_—
(\NHJ o\/K O F)o N

MeN
MeN\)

CO,Et CO,H
NaOH
—»
K\N N N
MeN\) \)\

This displaces the third fluorine and all that is left is to hydrolyse the ester to the free acid with
aqueous base (Chapter 12). Every single reaction in this quite complicated sequence is one that you
have met earlier in the book, and it forms a fitting climax to this section on the addition—elimination
mechanism for aromatic nucleophilic substitution. We now need to mention two other less impor-
tant possibilities.

The SNy1 mechanism for nucleophilic aromatic substitution—
diazonium compounds

When primary amines are treated with nitrous acid (HONQO), or more usually with a nitrite salt or
an alkyl nitrite in acid solution, an unstable diazonium salt is formed. You met diazonium salts in
Chapter 22 undergoing coupling reactions to give axo compounds, but they can do other things as
well. First, a reminder of the mechanism of formation of these diazonium salts. The very first stage is
the formation of the reactive species NO™.

® nitrous acid alkyl nitrite
® N H N R N
sodium nitrite ® ®
H H

Ho0 —=

HZQNQ %)NQ —— ROH
®

N S

N=0®

The NO™ cation then attacks the lone pair of the amine and dehydration follows. The mechanism is
quite simple—it just involves a lot of proton transfers! There is, of course, an anion associated
with the nitrogen cation, and this will be the conjugate base (CI™ usually) of the acid used to form NO™.

LK.

R—NH,
If R is an alkyl group, this diazonium salt is very unstable and immediately loses nitrogen gas to

give a planar carbocation, which normally reacts with a nucleophile in an Sy1 process (Chapter 17) or
loses a proton in an E1 process (Chapter 19). It may, for example, react with water to give an alcohol.

H
- \ | @'\'
N=0p —> N/}/O H® — On_ _on — O\ H, — R
(‘\ R/@ NU R/%N/ 2

a diazonium salt
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N=N

-H®
L R®m:0H —> R—OH —> R—OH

R IC\?_N
A 2
If R is an aryl group, the carbocation is much less stable (for the reasons we discussed earlier—
chiefly that the empty orbital is an sp? rather than a p orbital) and that makes the loss of nitrogen
slower. If the diazotization is done at lowish temperatures (just above 0°C, classically at 5°C), the
diazonium salt is stable and can be reacted with various nucleophiles.

®_N
s
NH, N>
NaNO,, HCI
—_——
H,0, 5 °C c|@
‘aromatic‘ aryl diazonium salt
primary amine stable at low temperature

If the aqueous solution is heated, water again acts as the nucleophile and a phenol is formed
from the amine. The aryl cation is an intermediate and this is an Sy1 reaction at an aromatic
ring.

empty sp? orbital
® N

\'}/ heat a n=°"'2 -H® OH
_—
H20 -
c®

aryl cation

The point of this reaction is that it is rather difficult to add an oxygen atom to a benzene ring by
the normal electrophilic substitution as there is no good reagent for ‘OH™. A nitrogen atom can be
added easily by nitration, and reduction and diazotization provide a way of replacing the nitro group
by a hydroxyl group.

HNO,

e
H,S0,

X

cannot be done directly: no reagent for ‘OH*’

NO, NH,
H, NaNO,, Hel
—_—
Pd/C HQO 5 °C heat
R R

This is a practical sequence and is used in manufacturing medicines. An example is the drug
thymoxamine (Moxysylyte), which has a simple structure with ester and ether groups joined to a
benzene ring through their oxygen atoms.

ester

H 0 thymoxamine
? Y Yl
_—
[0}

It seems obvious to make this compound by alkylation and acylation of a dihydroxybenzene. But
how are we to make sure that the right phenol is acylated and the right phenol alkylated? French
pharmaceutical chemists had an ingenious answer. Start with a compound having only one OH
group, alkylate that, and only then introduce the second using the diazonium salt method. They used
a simple phenol and introduced nitrogen as a nitroso (NO) rather than a nitro (NO,) group. This
means using the same reagent, HONO, as we used for the diazotization. These were the first two
steps.
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the nitroso
ro
g ”po ¢N H,oN
NaNO, NH;SH
E— _—
OH HCI OH H,0 OH

The reduction of NO is easier than that of NO,, and HS™ is enough to do the job. The amine can
now be converted to an amide to lessen its nucleophilicity so that alkylation of the phenol occurs
cleanly.

H
NM N
Ac,0 Y CI/\/ €2
o
NaOEt

Finally, the amide must be hydrolysed, the amino converted into an OH group by diazotization
and hydrolysis, and the new phenol acetylated.

o/\/NMe2

NS
H,N P
1. conc. HCI M NaNO,, HCI -
—_— € — €s
2. NaOH o H,0, 5 °C o
97% yield
H 0.
heat, H,0 Ac,0 Y
_— NMe (0] NMe
0/\/ 2 pyridine o/\/ 2
88% yield 92% yield

This is yet another synthesis in which almost every step is a reaction that you have already met in
this book! There are three nucleophilic substitutions at the carbonyl group, one SN2 reaction, one
electrophilic and one nucleophilic aromatic substitution (the latter being an Sy1 reaction), and a
reduction. The chemistry you already know is enough for a patented manufacture of a useful drug.

Other nucleophiles

Because aryl diazonium salts are reasonably stable, other nucleophiles may be introduced to capture
the aryl cation when the diazonium salt is heated. Among these, iodide ion is important as it allows
the preparation of aryl iodides in good yield. These compounds are not so easy to make by elec-
trophilic substitution (Chapter 22) as aryl chlorides or bromides because iodine is not reactive
enough to attack benzene rings. Aryl iodides are useful in the more modern palladium chemistry of
the Heck reaction, which you will meet in Chapter 48.

NaNOz, HCI Kl, H20
75% yield

H2050

Other nucleophiles, such as chloride, bromide, and cyanide, are best added with copper(I)
salts. These reactions are almost certainly radical in character (Chapter 39). Since aromatic amines
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The nitrosation uses the same
intermediate (NO™) used in the
diazotization and is really very like
the nitrosation of the enol we
described on p. 000. There it
tautomerized to an oxime—it
can’t do that here. Make sure you
can draw a mechanism for this
reaction and explain why the NO
group goes in that position.

Reduction of -NO> groups is discussed
in Chapter 24, p. 000.

| 2

This is ‘protection’ of the amine
as an amide: protecting groups
are discussed in the next chapter.
The amino group is more
nucleophilic than the phenol so it
would be alkylated if we did not
protect it. Protection is selective
for the same reason—the amino
group attacks the anhydride
preferentially. Now the amide is
less nucleophilic than the phenol
so alkylation occurs at oxygen.
You should draw mechanisms for
all these steps and make sure
you understand why they happen
in the way that they do.
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This chemistry is very long-winded, and
now rather old-fashioned. Difficult-to-
make substitution patterns are more
usually set up using variants of the
directed metallation (ortholithiation)
chemistry we introduced in Chapter 9.
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are usually made by reduction of nitro-compounds, a common sequence of reactions goes like
this.

) ®/N
NO, reduction, NH, Né X
for example NaNO,, HCI CuX
—_— —_— —
H,/Pd/C H50, 5 °C
2/Pd/C o 2 R cl® R

X =Cl, Br, CN

A reaction that may seem rather pointless is the reduction of diazonium salts, that is, the replace-
ment of N3 by H. A good reagent is H3PO,.

N
Z

0\\ OH
7 — O

It would indeed be pointless to make benzene in this way, but this reaction allows the introduc-
tion of an amino group for the purpose of directing an electrophilic substitution and then its
removal once its job is done. Here is a famous example.

H
NH, N
1HM@H§% Ac,0 \W/ Br,
> o >
2, H2/Pd/c R
H
N NH
/©: Y NaOH /Oi 2 1. NaN02, HCI J@\
_—
0
. . HO o B 2 H3P02

Nitration puts in a substituent para to the alkyl group, which, after reduction, becomes a power-
ful ortho director so that the bromine is directed meta to the original alkyl group (Chapter 22).

Removal of the amino group by reduction allows the preparation of meta bromo alkyl benzenes that
cannot be made directly.

The benzyne mechanism

There is one last mechanism for aromatic nucleophilic substitution and you may well feel that this is
the weirdest mechanism you have ever seen with the most unlikely intermediate ever! For our part,
we hope to convince you that this mechanism is not only possible but useful.

At the start of the section on ‘Nucleophilic aromatic substitution” we said that ‘the displacement
of bromide from bromobenzene with hydroxide ion do(es) not occur’. That statement is not quite
correct. Substitution by hydroxide on bromobenzene can occur but only under the most vigorous
conditions—such as when bromobenzene and NaOH are melted together (fused) at very high tem-
perature. A similar reaction with the very powerful reagent NaNH, (which supplies NH7 ion) also
happens, at rather lower temperature.

NH, Br OH
NaNH, NaOH
- —_—
NH3(1) fuse

These reactions were known for a long time before anyone saw what was happening. They do not
happen by an SN2 mechanism, as we explained at the start of the section, and they can’t happen by
the addition—elimination mechanism because there is nowhere to put the negative charge in the
intermediate. The first clue to the true mechanism is that all the nucleophiles that react in this way
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are very basic, and it was suggested that they start the reaction off by removing a proton ortho to the
leaving group.

The carbanion is in an sp? orbital in the
plane of the ring. Indeed, this intermediate is
very similar to the aryl cation intermediate in
the Syy1 mechanism from diazonium salts. That
had no electrons in the sp? orbital; the carban-
ion has two.

Why should this proton be removed rather than any other? The bromine atom is electronegative
and the C-Br bond is in the plane of the sp? orbital and removes electrons from it. The stabilization
is nonetheless weak and only strong bases will do this reaction.

The next step is the loss of bromide ion in an elimination reaction. This is the step that is difficult
to believe as the intermediate we are proposing looks impossible. The orbitals are bad for the elimi-
nation too—it is a syn- rather than an anti-periplanar elimination. But it happens.

Br
- @ benzyne
9

The intermediate is called benzyne as it is an alkyne with a triple bond in a benzene ring. But what
does this triple bond mean? It certainly isn’t a normal alkyne as these are linear. In fact one Ttbond is
normal—it is just part of the aromatic system. One Tt bond—the new one—is abnormal and is
formed by overlap of two sp? orbitals outside the ring. This external Ttbond is very weak and benzyne
is a very unstable intermediate. Indeed, when the structure was proposed few chemists believed it
and some pretty solid evidence was needed before they did. We shall come to that shortly, but let us
first finish the mechanism. Unlike normal alkynes, benzyne is electrophilic as the weak third bond
can be attacked by nucleophiles.

|§\® NH, [ ] e
QJHL\NHz

Notice the symmetry in this mechanism. Benzyne is formed from an ortho carbanion and it gives
an ortho carbanion when it reacts with nucleophiles. The whole mechanism from bromobenzene
to aniline involves an elimination to give benzyne followed by an addition of the nucleophile to
the triple bond of benzyne. In many ways, this mechanism is the reverse of the normal
addition—elimination mechanism for nucleophilic aromatic substitution and it is sometimes called

the elimination—addition mechanism.

the elimination step
benzyne

Br Br

|-|(\@NH2 °

full sp? orbital

Br Br
@HP@ ( j‘e}
NH,

ortho-carbanion
the addition step

NH2
e

benzyne

NH, NH,

——
LV
ortho-carbanion
Any nucleophile basic enough to remove the ortho proton can carry out this reaction. Known
examples include oxyanions, amide anions (R,N7), and carbanions. The rather basic alkoxide
t-butoxide will do the reaction on bromobenzene if the potassium salt is used in the dipolar aprotic
solvent DMSO to maximize reactivity.
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It is important that you see for
yourself why an aryl anionis a
more stable intermediate than an
aryl cation. Having an empty sp2
orbital means that there are
electrons in a (higher energy) p
orbital that would be more stable
inthe sp2 orbital. Having a full
sp2 orbital on the other hand
leaves no empty low-energy
orbitals.

the Tt orbitals of benzyne

abnormal Tthond
two sp? orbitals
outside the ring

normal Tthond
two p orbitals
inside the ring

Remember. DMSO solvates K* but not
RO~ so RO is left as a reactive ‘naked
anion’.
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e OO O OO

benzyne

Evidence for benzyne as an intermediate

As you would expect, the formation of benzyne is the slow step in the reaction so there is no hope of
isolating benzyne from the reaction mixture or even of detecting it spectroscopically. However, it can
be made by other reactions where there are no nucleophiles to capture it. The most important is a
diazotization reaction.

CO,H CO,H CO,H
2" NaNOy, HCI 2 Ki 2
— > 100% yield
5 °C, H,0
NH, 2 ND H20 I

This diazotization is particularly efficient as you can see by the quantitative yield of the ortho-
iodo-acid on capture of the diazonium salt with iodide ion. However, if the diazonium salt is neu-
tralized with NaOH, it gives a zwitterion with the negative charge on the carboxylate balancing the
positive charge on the diazonium group. This diazotization is usually done with an alkyl nitrite in an
organic solvent (here, dimethoxyethane, DME) to avoid the chance that nucleophiles such as chlo-
ride or water might capture the product. When the zwitterion is heated it decomposes in an entropi-
cally favourable reaction to give carbon dioxide, nitrogen, and benzyne.

002H co2"I
@: RON 0 @: HO @: _heat Ol
Hy Me

Me zwitterion N2

You can’t isolate the benzyne because it reacts with itself to give a benzyne dimer having a four-
membered ring between two benzene rings. If the zwitterion is injected into a mass spectrometer,

there is a peak at 152 for the dimer but also a
strong peak at 76, which is benzyne itself. ’\&‘ .
The lifetime of a particle in the mass spec-

trometer is about 20 ns (nanosecond = 10~
second) so benzyne can exist for at least that
long in the gas phase.

Benzyne produced from the zwitterion can also be captured by dienes in a Diels—Alder reaction
(see Chapter 35). But this merely shows that benzyne can exist for a short time. It does not at all
prove that benzyne is an intermediate in aromatic substitution reactions. Fortunately, there is very
convincing evidence for this as well.

There is one very special feature of the benzyne mechanism. The triple bond could be attacked by
nucleophiles at either end. This is of no consequence when we are dealing with bromobenzene as the
products would be the same, but we can make the ends of the triple bond different and then we see
something interesting. ortho-Chloro aryl ethers are easy to prepare by chlorination of the ether
(Chapter 22). When these compounds are treated with NaNH; in liquid ammonia, a single amine is
formed in good yield.

OMe OMe OMe
Cl

benzyne, m/e 76 benzyne dimer, m/e 152

NaNH,

NH3 (1) NH,



The benzyne mechanism

There is no mistake in this scheme. The amine is really at the meta position even though the
chlorine was at the ortho position. It would be very difficult to explain this by any other mechanism
but very easy to explain using a benzyne mechanism. Using the same two steps that we have used

before, we can write this.
the elimination step

OMe OMe OMe
Cl cl
—_— —_—
ul o °©
NH,

the addition step

OMe OMe

OMe
H1—NH
e LA
A\ﬁNHZ NH2 NH,

That shows how the meta product might be formed, but why should it be formed? Attack
could also occur at the ortho position, so why is there no ortho product? There are two reasons:
electronic and steric. Electronically, the anion next to the electronegative oxygen atom is pre-
ferred, because oxygen is inductively electron-withdrawing. The same factor facilitates deprotona-
tion next to Cl in the formation of the benzyne. Sterically, it is better for the amide anion to attack
away from the OMe group rather than come in alongside it. Nucleophilic attack on a benzyne has
to occur in the plane of the benzene ring because that is where the orbitals are. This reaction is there-
fore very sensitive to steric hindrance as the nucleophile must attack in the plane of the substituent
as well.

attack close to OMe
OMe OMe

OMe OMe
JyJ:JeNHz NH, ©
L X p—
© \"@NHZ NH,

no stabilization
from OMe group

stabilization
from OMe group

This is a useful way to make amino ethers with a meta relationship as both groups are ortho,
para-directing and so the meta compounds cannot be made by electrophilic substitution. The
alternative is the long-winded approach using a diazonium salt that was described in the previous
section.

para-Disubstituted halides can again give only one benzyne and most of them give mixtures
of products. A simple alkyl substituent is too far away from the triple bond to have much steric
effect.

R R
NaNH,
Em— e +
NH3 (1)
74 NH>
Br NH, NH>
only one benzyne possible about 50:50

If the substituent is an electron-repelling anion, then the meta product is formed exclusively
because this puts the product anion as far as possible from the anion already there. This again is a
useful result as it creates a meta relationship between two ortho, para-directing groups.
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>

Oxygen is an electron-withdrawing
group here because the anion is
formed in the plane of the ring
and has nothing to do with the
benzene’s ttorbitals. Of course,
as far as the morbitals are
concerned, oxygen is electron-
donating because of its lone
pairs.
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Steric hindrance is not nearly as
important in electrophilic
substitution or in nucleophilic
substitution by the
addition—elimination mechanism.
In both of these reactions, the
reagent is attacking the p orbital
at right angles to the ring and is
some distance from an ortho
substituent.
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OH

Br

NaNH,

NH3 (1)

@)Qmmz @& "
H H

N
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© ©

o 0 0
NaNH, NH3 )
—
NH3 (I O/k\@ W°”‘ W
NH, @C)
Br only one benzyne

possible
two anions as far apart as possible
One case where selectivity of attack is no problem is in reactions with intramolecular nucle-
ophiles. These cyclizations simply give the only possible product—the result of cyclization to the
nearer end of the triple bond. One important example is the making of a four-membered ring. Only
one benzyne can be formed.

H
cl NaNH2 \\\
H H
NHs (n
CN CN

There are acidic protons next to the cyanide, and the amide ion is strong enough to form an
‘enolate’ by the removal of one of those. The enolate cyclizes on to the benzyne to give a four-
membered ring. As it happens, the nucleophile adds to the position originally occupied by the
chlorine, but that is not necessary.

CN

© CN
e

Nucleophilic attack on allylic compounds

We shall finish this chapter with some alkenes that are electrophilic, not because they are conjugated
with another Ttsystem, but because they have a leaving group adjacent to them. We shall start with
some substitution reactions with which you are familiar from Chapter 17. There we said that allyl
bromide is about 100 times more reactive towards simple SN2 reactions than is propyl bromide or
other saturated alkyl halides.

The double bond stabilizes the SN2 transition state by conjugation with the p orbital at the carbon
atom under attack. This full p orbital (shown in yellow in the diagram below) forms a partial bond
with the nucleophile and with the leaving group in the transition state. Any stabilization of the tran-
sition state will, of course, accelerate the reaction by lowering the energy barrier.

:F IBr(_)
allyl brom(i\dfB Br(_) :
I s2 : :
ST AN | AN a
Oy X )-((—)

v (5)
transition state X

There is an alternative mechanism for this reaction that involves nucleophilic attack on the alkene
instead of on the saturated carbon atom. This mechanism leads to the same product and is often
called the SN2 (pronounced ‘S-N-two-prime’) mechanism.

(\Br Sn2 the same ’
g s /ﬁ (\ s (@ﬁ

©x



Nucleophilic attack on allylic compounds

We can explain both mechanisms in a unified way if we look at the frontier orbitals involved. The
nucleophile must attack an empty orbital (the LUMO) which we might expect to be simply 0*
(C-Br) for the SN2 reaction.

But this ignores the alkene. The interaction betweenTtt* (C=C) and the adjacent 0* (C-Br) will as
usual produce two new orbitals, one higher and one lower in energy. The lower-energy orbital, Tt* +
0%, will now be the LUMO. To construct this orbital we must put all the atomic orbitals parallel and
make the contact between Tt* + 0* a bonding contact.

LUMO constructed from 1t* + o*

Sp2't

e Br add r Y ; nucleophilic
I T + 0% attack can

> occur at the

points marked

with dotted

LUMOs of molecular + . black arrows

localized bonds LUMO Sy2't 1Sy2

If the allylic halide is unsymmetrically substituted, we can tell which process occurs and the nor-
mal result is that nucleophilic attack occurs at the less hindered end of the allylic system whether that
means SN2 or SN2'. This important allylic bromide, known as ‘prenyl bromide’, normally reacts
entirely via the SN2 reaction.

prenyl bromide reacts like this and not like this

(Cer  sw2 rose
R N S

The two ends of the allylic system are contrasted sterically: direct (SN2) attack is at a primary car-
bon while allylic (SN2') attack is at a tertiary carbon atom so that steric hindrance favours the SN2
reaction. In addition, the number of substituents on the alkene product means that the SN2 product
is nearly always preferred—Sy2 gives a trisubstituted alkene while the Sii2' product has a less stable
monosubstituted alkene.

An important example is the reaction of prenyl bromide with phenols. This is simply carried out
with K,COj3 in acetone as phenols are acidic enough (pK, ~ 10) to be substantially deprotonated by
carbonate. The product is essentially entirely from the Sn2 route, and is used in the Claisen
rearrangement (Chapter 36).

B:)

OH  K,COs oRr S\2 0
e e
acetone
If we make the two ends of the allyl system more similar, say one end primary and one end
secondary, things are more equal. We could consider the two isomeric butenyl chlorides.

SN2
—_—

xS X
Td T T T

1-chlorobut-2-ene 1-chlorobut-2-ene

)

T i =
Cl ©) Cl

3-chlorobut-1-ene

3-chlorobut-1-ene

(2]

ﬁx/\
T\
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orbitals treated as for ‘simple’ S\2

HOMO
= lone pair
orbital on X

| 2

So far we have used the word
‘allyl’ to describe these
compounds. Strictly, that word
applies only to specific
compounds CHy=CH-CH2X with
no substituents other than
hydrogen. Allyl is often used
loosely to describe any compound
with a functional group on the
carbon atom next to the alkene.
We shall use ‘allylic’ for that and
‘allyl” only for the unsubstituted
version.
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All routes look reasonable, though we might again prefer attack at the primary centre kinetically
and the disubstituted alkene thermodynamically and this is the usual outcome. The reactions in the
left-hand box are preferred to those in the right-hand box. But there is no special preference for the
SN2 over the SN2' mechanism or vice versa—the individual case decides. If we react the secondary
butenyl chloride with an amine we get the SN2' mechanism entirely.

)

H  NHEt,
\’& v Clet NE
<> — \/\/5 2 —_— \/\/ 2
H—NEt,
If the primary chloride is used, only the SN2 reaction normally occurs so that once again we get

nucleophilic attack at the primary centre and the more stable product with the more highly substi-
tuted alkene. Here is a slightly more advanced example.

/—(\QH N A1 /_(\o/\/\

0. 0 > 0. 0

Bu,N® HSOF
NaOH, H20, CH20I2

84% yield

Phase transfer catalysis

The last example is interesting because the starting
material contains an acetal as well as a primary alcohol
group. Acetals are very easily destroyed by acid so the
conditions must be kept strictly alkaline. Sodium

hydroxide does this but it is insoluble in organic solvents.

The method shown here uses a two-phase system of
water and dichloromethane (CHxCl»). The organic
molecules are in the CH,Cl, layer and the NaOH is in the

This method is called phase transfer catalysis because the

tetraalkyl ammonium salt acts as a phase transfer agent,
allowing ions to pass into the organic phase. The ether

® Na OH
@?H NR;3
v """""""""""""" Iéb}i%i; """""
ROH — -
cl
e Yt M

water layer. The tetraalkyl ammonium salt has a polar
group (N*) and hydrocarbon side chains (butyl groups).
These chains mean that, although it is charged,
BusN*HO™ ion pairs are soluble in the organic layer. The
ammonium salt allows a low concentration of hydroxide
ions to pass into the CH,Cl layer where they act as a
base catalyst for the reaction. Here are the layers shown
schematically.

product is, of course, soluble in the organic phase and the
work-up is very simple—separation of the phases removes
unchanged NaOH and the inorganic by-product, NaCl.

Notice that these reactions take place with allylic chlorides. We should not expect an alkyl chloride
to be particularly good at SN2 reactions as chloride ion is only a moderate leaving group and we
should normally prefer alkyl bromides or iodides. Allylic chlorides are more reactive because of the
alkene. Even if the reaction occurs by a simple SN2 mechanism without rearrangement, the alkene is
still making the molecule more electrophilic.

You might ask a very good question at this point. How do we know that these reactions really take
place by SN2 and SN2 mechanisms and not by an Siy1 mechanism via the stable allyl cation? Well in the
case of prenyl bromide, we don’t! In fact, we suspect that the cation probably is an intermediate,
because prenyl bromide and its allylic isomer are in rapid equilibrium in solution at room temperature.



Nucleophilic attack on allylic compounds

B

g

- - - - P
Br
rimary i or alternative representations: tertiary isomer
pri isom iary i
prenyl bromide <1%

>99%

The equilibrium is entirely in favour of prenyl bromide because of its more highly substituted
double bond. Reactions on the tertiary allylic isomer are very likely to take place by the Siy1 mecha-
nism: the cation is stable because it is tertiary and allylic and the equilibration tells us it is already
there. Even if the reactions were bimolecular, no SN2° mechanism would be necessary for the tertiary
bromide because it can equilibrate to the primary isomer more rapidly than the S2 or SN2’ reaction
takes place.

Even the secondary system we also considered is in rapid equilibrium when the leaving group
is bromide. This time both allylic isomers are present, and the primary allylic isomer (known as
‘crotyl bromide’) is an E/Z mixture. The bromides can be made from either alcohol with HBr, and
the same ratio of products results, indicating a common intermediate in the two mechanisms. You
saw at the beginning of Chapter 17 that this reaction (Chapter 16) is restricted to alcohols that can
react by Sy 1.

P 2 T N O\ A

© | 80-87%;ca. 4:1 EZ

2

® @ @) Br
OH “oH, o Br
HBr
13-20%

Displacement of the bromide by cyanide ion, using the copper(I) salt as the nucleophile, gives a
mixture of nitriles in which the more stable primary nitrile predominates even more. These can be
separated by a clever device. Hydrolysis in concentrated HCl is successful with the predominant pri-
mary nitrile but the more hindered secondary nitrile does not hydrolyse. Separation of compounds
having two different functional groups is easy: in this case the acid can be extracted into aqueous
base, leaving the neutral nitrile in the organic layer.

JJJ\/\B ; -“‘J\/\CN J“J\/\cozu
80-87% CuCN 92% °g':;' 70% yield
— CN — >
Br )\/ CN
8%
13-20%

Once again, we do not know for sure whether this displacement by cyanide goes by the Sy1, SN2,
or SN2' mechanism, as the reagents equilibrate under the reaction conditions. However, the
chlorides do not equilibrate and so, if we want a clear cut result on a single well-defined starting
material, the chlorides are the compounds to use.

Regiospecific preparation of allylic chlorides

Allylic alcohols are good starting materials for making allylic compounds with control over where
the double bond and the leaving group will be. Allylic alcohols are easily made by addition of
Grignard reagents or organolithium compounds to enals or enones (Chapter 9) or by reduction of
enals or enones (Chapter 24). More to the point, they do not equilibrate except in strongly acidic
solution, so we know which allylic isomer we have.
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allylic chlorides do not equilibrate

/\/\c|

)

F
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By analogy with stereospecific, we
can define regiospecific to mean a
reaction where the regiochemistry
(that is, the location of the
functional groups) of the product is
determined by the regiochemistry
of the starting material.
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The Mitsunobu reaction was discussed
in Chapter 17, p. 000. Mitsunobu
chemistry involves using a phosphorus
atom to remove the OH group, after the
style of PBr3 as a reagent to make alkyl
bromides from alcohols.

>

Phosphorus doing a substitution
at a C-Cl bond the wrong way
round! But P is soft, so it cares
little about the polarization of the
bond, only about the energy of the
C-Cl o*. The energy is the same
whichever end of the bond is
attacked. You may see similar
reactions of PPhg with CBr4 or
CCly: all produce stabilized
carbanions.

23 - Electrophilic alkenes

[0)
NaBH4 /\/g
RMgBr + )k/ R0y = RN 0
H

need strong acid
to equilibrate
0] [0}

)k NG NaBH,

-
R H R R 7

Conversion of the alcohols into the chlorides is easier with the primary than with the secondary
alcohols. We need to convert OH into a leaving group and provide a source of chloride ion to act as a
nucleophile. One way to do this is with methanesulfonyl chloride (MeSO,Cl) and LiCL

CI@) 0\\ //0

N, Mesoqci Lic PN
R OH — N S ——> R Cl
DMF, base R (ro Me

This result hardly looks worth reporting and, anyway, how do we know that equilibration or Sy1
reactions aren’t happening? Well, here the mechanism must be SN2 because the corresponding Z-
allylic alcohol preserves its alkene configuration. If there were equilibration of any sort, the Z-alkene
would give the E-alkene because Eand Zallylic cations are not geometrically stable.

MeSO0,Cl, LiCl
E series
DMF, base
R R
) MeSO0,Cl, LiCl k/\
Z series '\/\OH X cl
DMF, base

Sadly, this method fails to preserve the integrity of the secondary allylic alcohol, which gives a
mixture of allylic chlorides.
OH

P

Reliable clean Sn2 reactions with secondary allylic alcohols can be achieved only with Mitsunobu
chemistry. Here is a well-behaved example with a Z-alkene. The reagents have changed since your
last encounter with a Mitsunobu-type reaction: instead of DEAD and a carboxylic acid we have hexa-
chloroacetone. 0

Me )]\ Me
K/\ ClsC CCl3 K/\
~ OH ~ Cl

PhsP

The first thing that happens is that the lone pair on phosphorus attacks one of the chlorine atoms
in the chloroketone. The leaving group in this S2 reaction at chlorine is an enolate, which is a basic
species and can remove the proton from the OH group in the allylic alcohol.

0

Cl

RN "N+ R)\/

about 3:1

MeS0,Cl, LiCl

DMF, base

e "N

0.5 parts

99.5 parts

ci
CcCl,

0 ® €]
) PhzP—CI 0 cl
cl
Cl Me
o CCl3 _A, CCl; _A, K/\
cl Me ci \ 0®

AN _

0

PhgP:



Nucleophilic attack on allylic compounds

Now the alkoxide anion can attack the positively charged phosphorus atom. This is a good reac-
tion in two ways. First, there is the obvious neutralization of charge and, second, the P-O bond is
very strong. This reaction, which we have drawn as an SN2 reaction at phosphorus, really goes
through a pentacovalent intermediate shown to the right, but you will usually see it drawn in a
concerted fashion.

<|)R
Me Me ‘u,
® /P—Ph
PH
K/\oe/\ ® R N _PPh, (|:|

probable intermediate
The next step is a true SN2 reaction at carbon as the very good leaving group is displaced. The
already strong P—O single bond becomes an even stronger P=0O double bond to compensate for the
loss of the strong C-O single bond.
Me

Cl Me
@
AN PPhz; X + 0—PPh;
(Y Cl

There is obviously no Sy1 component in this displacement (otherwise the Z-alkene would
have partly isomerized to the E-alkene) and very little S\2' as only 0.5% of the rearrangement
product is formed. These displacements of Ph3P=0 are often the ‘tightest’ of SN2 reactions. Now
for the really impressive result. Even if the alcohol is secondary, and the rearranged product would
be thermodynamically more stable, very little of it is formed and almost all the reaction is clean

Sn2. ol

OH PhsP e)\/
3
> Z o+ e VN
Me)\/ o M Me Cl
94% yield

C|3c)kcc|3

There is a bit more rearrangement than there was with the other isomer but that is only to be
expected. The very high proportion of direct SN2 product shows that there is a real preference for the
SN2 over the SN2’ reaction in this displacement.

6% yield

More evidence for Sy2 on the phosphonium intermediate

Itis possible to show that the stereochemistry of the H OH D CL gy D

double bond is not affected during this reaction and that it SS PhsP 5

goes with clean inversion by using an optically active M 0 — M G
[o]

alcohol with a labelled hydrogen (deuterium) on the alkene.

. . . . . Z and Z and
Note the inversion at the stereogenic centre (see discussion optically )k optically
of this as a criterion of the Sy2 reaction in Chapter 17) but o— Ci;C CCl; active

retention in the geometry of the alkene. This is clear
evidence for an SN2 reaction at the secondary centre.

Now that we know how to make allylic chlorides of known structure—whether primary or sec-
ondary—we need to discover how to replace the chlorine with a nucleophile with predictable regios-
electivity. We have said little so far about carbon nucleophiles (except cyanide ion) so we shall
concentrate on simple carbon nucleophiles in the SN2’ reaction of allylic chlorides.

The SN2’ reaction of carbon nucleophiles on allylic chlorides

Ordinary carbon nucleophiles such as cyanide or Grignard reagents or organolithium compounds fit
the patterns we have described already. They usually give the more stable product by SN2 or Sn2'
reactions depending on the starting material. If we use copper compounds, there is a tendency—no
more than that—to favour the SN2’ reaction. You will recall that copper(I) was the metal we used to
ensure conjugate addition to enones (Chapter 10) and its use in SN2 reactions is obviously related.
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Probably all ‘Sn2 reactions’ at Si,
P, and S go through addition
intermediates because these
elements can sustain five full
bonds. The substitution
mechanism is then: (1) addition
to give an anionic species; (2)
elimination of the best leaving
group. Do you see an analogy with
some reactions from earlier in
this chapter?

We looked at the converse—‘loose’
SN2 transition states with considerable
Sn1 character—in the reactions of
bromonium ions and protonated
epoxides in Chapter 19.

Sn2 preferred to Sy2'

®
Ph
3P\o

Me)

CIG
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The nature of metal-alkene complexes
is discussed in Chapter 48.

retention in S\2' reactions?

SN2
X~ does i
‘Sy2’ on r
Tthond with
inversion

Ttbond does ‘Sp2’
with inversion
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Simple alkyl copper reagents (RCu, known as Gilman reagents) generally favour the SN2’ reaction
but we can do much better by using RCu complexed with BF;.

R
RCu, BF
Mo NN TR M F me” NN

major product minor product
generally >98:2

transfer the alkyl group to the Sy2' position as it

gathers in the chloride. This might well be the
mechanism, though it is often difficult to draw pre-
cise mechanisms for organometallic reactions.

The secondary allylic isomer also gives almost entirely the rearranged product. This is perhaps less
surprising, as the major product is the more stable isomer, but it means that either product can be
formed in high yield simply by choosing the right (or should we say wrong, since there is complete
allylic rearrangement during the reaction) isomer. The reaction is regiospecific.

The copper must complex to the alkene and then .
(i_ u

cl R
RCu, BF3 e/\/\
+
e)\/ m R M G
M
major product minor product

generally >96:4

The most remarkable result of all is that prenyl chloride gives rearranged products in good yield.
This is about the only way in which these compounds suffer attack at the tertiary centre by SN2’ reac-
tion when there is the alternative of an SN2 reaction at a primary centre.

Me R M
e)\/\ M:>k/ i
RCu, BF3 =t e)\/\
M N ct ———————> M Me N R
major product minor product
95:5

Stereochemistry of the SN2’ reaction

There is some controversy over this issue. There is, of course, none over the SN2 reaction on these
allylic compounds—inversion occurs as in all SN2 reactions. It used to be supposed than SN2’ reac-
tions went with ‘retention’—that is, the nucleophile attacked the same face of the allylic system (we
shall call this syn attack). The attractive rationalization was that the Ttbond attacked the C—Br bond
from the back and then was itself attacked from the back by the nucleophile. This results in an anti
reaction of the Ttbond and overall syn attack of the nucleophile with respect to the leaving group.

We now know that the picture is not as simple as this. syn SN2' reactions are preferred but anti
SN2’ reactions are also possible and the result found depends on the molecule under observation.
Here is a convincing example of SN2' reactions going with syn stereochemistry. The molecule is a
planar cyclobutene, which makes the stereochemistry easy to see.

The deuterium labels are there so that we can see that the S\2' reaction is indeed taking place.
This reaction is entirely syn even though the methoxide nucleophile must attack alongside the other
chlorine atom. The reaction does not stop there since a second methoxide displaces the other chlo-
ride—also in a syn fashion. Here too there must be considerable resistance to syn attack as the second
methoxide anion must approach alongside the first.
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In other cases, especially in open-chain compounds, the stereochemical outcome is not so clear
cut and mixtures are often formed. The best generalization is that the S\2' reaction prefers syn stere-
ochemistry but that anti stereochemistry is also possible. In the absence of other evidence, you
should first suggest a syn course for the reaction—but do not be surprised if your suggestion turns
out to be wrong.

To conclude...

This chapter is about electrophilic alkenes. We started by saying that alkenes are really nucleophilic
and not electrophilic but in this chapter (and in Chapter 10) we have managed to find a remarkable

collection of electrophilic alkenes from various types of chemistry. Here is a summary chart.

Page no. Type of alkene Examples Reaction
000 unsaturated carbonyl Nu @} o) conjugate addition
(ch. 10) compounds /\\<‘)J\
R X
000 unsaturated nitriles N © ) 0) conjugate addition
and nitroalkenes S Ll‘
R N9 09
S
000 enones, etc. with Nu ) OD conjugate substitution
B-leaving group
r4 X
000 guanidines, amidines, Nu @1 0 conjugate substitution
and nitroalkenes with Ll‘
Bleaving group Me ®>Mo
000 benzene rings with F OD nucleophilic aromatic
electron-withdrawing @A substitution: addition—
substituents and leaving \u R elimination mechanism
groups
) €] . )
000 aryl cations ® Nu ’> nucleophilic aromatic
Ny ® substitution:
Py Sn1 mechanism
-
000 benzyne FeNu nucleophilic aromatic
|) substitution: elimination—
addition mechanism
000 allylic halides and esters © nucleophilic substitution

of allylic alcohols

(SN2 and Sy2')

Still to come:

000
(ch. 29)

enolates and enolate
equivalents as
nucleophiles

conjugate addition
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Problems

1. What is the structure of the product of this reaction and how is

it formed?
CHO NaH

OH __
+ “nezN ///\\\w//

C11H15NO2
Vmax(cm™) 1730
d¢c(p.p-m.) 191, 164, 132, 130, 115, 64, 41, 29
O4(p.p.m.) 2.32 (6H, s), 3.05 (2H, t, J 6 Hz),
4.20 (2H, t, J6 Hz), 6.97 (2H, d, J 7 Hz),
7.82(2H,d, J7 Hz), 9.97 (1H, s)

2. Draw a detailed mechanism for this reaction. Note that no base
is added to the mixture. Why is base unnecessary?

PhPH, + — > Ph—FP

\/\CN
3. Which of the two routes suggested here would actually lead to
the product? What might happen in the other sequence?

0 1. EtMgBr 2. HCI

1. HCI, 2. EtMgBr

\/CN

excess

4. Suggest reasons for the different outcome of each of these
reactions. Your answer must, of course, include a mechanism for

each reaction. 0SiMe3

EtsN, Me3SiCl )\)\

—_—

(V]
LiAlH,

/// _—
R,NH, RCO,H M

"

5. Suggest mechanisms for these reactions. You should explain
why one of the cyanides is lost but not the other.

o C02Et  Nacn, EtoH
CN
CN CO,H
COEt  HOL K0 CO,H

CN heat

6. Suggesta mechanism for this reaction.

o AICI3
! )\/”\
X aqueous
work-up

7. Suggest a mechanism for this reaction explaining the

selectivity.
F (0]
F CO,Et
(\NH
+ N\)
F F Me”
F
F (o]
F CO,Et
e
(YT
N
Me””

8. Suggest mechanisms for all of the steps in this synthesis of 2,4-
dinitrophenylhydrazone given in the chapter

HN03 NO hydrazme

H2804 HzN—NH2

2,4-dinitro-
phenylhydrazine

9. Pyridine is a six-electron aromatic system like benzene. You
have not yet been taught anything systematic about pyridine but

see if you can work out why 2- and 4-chloropyridines react with
nucleophiles but 3-chloropyridine doesnot. ¢

Cl
X X X
P P =
N Cl N N
2-chloropyridine 3-chloropyridine 4-chloropyridine
x X
RNH,
Z —_— o /R
N Cl N N
H

2-chloropyridine



10. Draw detailed mechanisms for the last two steps in the
ranitidine synthesis that involve conjugate substitution. Why is it
possible to replace one MeS group at a time?

MeS MeS NHMe

SMe  MeNH, RNH,
7[
NO, NO,
H
o s//\\//N NHMe
MesN \ \
NO,

ranitidine - GlaxoWellcome’s Zantac

11. How would you convert this aromatic compound into the

two derivatives shown?
OMe om

e OMe
2 2 CN
- —
HoN
Me Me Me

12. Comment on the selectivity shown in these reactions.

ROCO\/Y\
Br Br Bi

/\<l\/ RoNH OH
0 RaN \/\)\/

RCOS
s

r

Problems 613

13. Suggest what products might be formed from the unsaturated
lactone and the various reagents given and comment on your
choice.

EtMgBr RCu

A = —> B
BF3
RNH, HBr

C = —>D

14. Suggest mechanisms for these reactions, pointing out what

guided you to choose these pathways. CN
\/\/CN
_—
cl NaNH,
OMe OMe
Br NaCN NC
—_—
0,N NH, 0,N NH,
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Connections
Building on: Arriving at: Looking forward to:
® Carbonyl addition and substitution ® Regio-, stereo-, and chemoselectivity ® Synthesis in action ch25
ch6, ch12, & ch14 ® Reagents for reduction of alkenes and ® Enolates especially aldol chemistry
® Conjugate addition ch10 carbonyl compounds ch26-ch29
® Mechanisms and catalysis ch13 ® Removal of functional groups ® Retrosynthetic analysis ch30
@ Electrophilic addition to alkene ch20 ® Reduction of benzene rings ® Cycloadditions ch35
® Nucleophilic aromatic substitution ® Protection of aldehydes, ketones, ® Rearrangements ch37
ch23 alcohols, and amines ® Sulfur chemistry ch46
® Reagents for oxidation of alcohols
Selectivity

Most organic molecules contain more than one functional group, and most functional groups can
react in more than one way, so organic chemists often have to predict which functional group will
react, where it will react, and how it will react. These questions are what we call selectivity.

Selectivity comes in three sorts: chemoselectivity, regioselectivity, and stereoselectivity.
Chemoselectivity is which group reacts; regioselectivity is where it reacts. Stereoselectivity is how the
group reacts with regard to the stereochemistry of the product.

@ There are three main types of selectivity

® Chemoselectivity: which functional group will react
® Regioselectivity: where it will react
® Stereoselectivity: how it will react (stereochemistry of the products)

We talked a lot about regioselectivity two chapters ago, when you learned how to predict and
explain which product(s) you get from electrophilic aromatic substitution reactions. The functional
group is the aromatic ring: where it reacts is the reaction’s regioselectivity. Going back further, one of
the first examples of regioselectivity you came across was nucleophilic addition to an unsaturated
ketone. Addition can take place in a 1,2- or a 1,4-fashion—the question of which happens (where the
unsaturated ketone reacts) is a question of regioselectivity, which we discussed in Chapters 10 and
23. We shall leave all discussion of stereoselectivity until Chapters 31-34.

0 regioselective bromination 0 regioselective
)]\ of aromatic amide )]\ Nu conjugate addition W
Ha ——————
D et '
HN Me HN Me ./; :? Nu 0
Bry / AcOH V '
room temperature W
(o] - - F
aromatic ring reacts r(_agloselegt!ve
\/—wara to electron- direct addition HO Nu
donating amide group Br

84% yield
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oblivon

We've already discussed this sequence
of reactivity in relation to acid
derivatives in Chapters 12 and 14—
make sure you understand the reason
for the ordering of ester > amide >
carboxylate. Here we’re adding on
aldehyde (the most reactive, for steric
reasons—it is the least hindered) and
ketone (more reactive than esters
because the carbonyl group is not
stabilized by conjugation with a lone
pair).

24 - Chemoselectivity: selective reactions and protection

This chapter is about chemoselectivity—in a compound with more than one functional group,
which group reacts? Let’s start with a straightforward example—the synthesis of paracetamol briefly
described in Chapter 22. 4-Aminophenol could react with acetic anhydride on both nitrogen and
oxygen to give a compound containing an amide and an ester functional group. This is what happens
on heating with excess Ac,O in toluene.

H 0.
excess Ac,0 Y 0
> o} )k
100 °C N
H

NH> toluene, reflux

But with just one equivalent of acetic anhydride in the presence of a base (pyridine) only the NH,
group is acylated, and paracetamol is the product. This is chemoselectivity, and it is to be expected
that the NH, group is more nucleophilic than the OH group. It is even possible to hydrolyse the dou-
bly acetylated product to paracetamol with aqueous sodium hydroxide. The ester is more reactive
than the amide and hydrolyses much more easily (Chapter 12).

H 0.
one equivalent Ac,0 0 NaOH Y 0
> )k - o} )k
pyridine N H»0 N
H

NH,
paracetamol

We know that ketones are more reactive towards Grignard reagents and organolithiums than
esters because you can’t isolate a ketone from the reaction of an ester with a Grignard reagent or an
organolithium (in Chapter 12 we devoted some time to what you can react with an organometallic
compound to get a ketone—p. 000). So it should come as no surprise that, when some chemists at
Pfizer were developing anticonvulsants related to the tranquillizer oblivon by adding lithium
acetylide to ketones, they were successful in making a tertiary alcohol by chemoselective reaction of a
ketone in the presence of an ester.

ketone is more electrophilic than ester

OMe OMe

= //

These reactions work because, although each starting material contains two carbonyl groups, one
is more electrophilic and therefore more reactive towards nucleophiles (OH™ in the first case; lithi-
um acetylide in the second) than the other. We can order carbonyl compounds into a sequence in
which it will usually be possible to react those on the left with nucleophiles in the presence of those
on the right.

reactivity towards nucleophiles

aldehyde ketone ester amide
[0} (0] [0) (o]
R H R R R OR R NR,
Reducing agents

Chemists at Glaxo exploited this reactivity sequence in their synthesis of the anti-asthma drug,
salmefamol (sister of the best seller salbutamol, which will be discussed in Chapter 25). Three reduc-
ing agents are used in the sequence: sodium borohydride (NaBH,); lithium aluminium hydride
(LiAlHy); and hydrogen gas over a palladium catalyst.
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H,, Pd/C, H®

0 r/Ph 0 r/
M N T wm N o
B CARURES SRl

OMe

[0}
H H
N LiAlH4 N
Me j/\@\ T quij/\/ j/\@\
H OMe H OMe

salmefamol

We shall use this synthesis as a basis for discussion on chemoselectivity in reductions. In the first
step, sodium borohydride leaves the black carbonyl group of the ester untouched while it reduces the
ketone (in yellow); in the last step, lithium aluminium hydride reduces the ester (in black). These
chemoselectivities are typical of these two most commonly used reducing agents: borohydride can
usually be relied upon to reduce an aldehyde or a ketone in the presence of an ester, while lithium
aluminium hydride will reduce almost any carbonyl group.

| reduced by NaBH,4 | | not reduced by NaBHy4 |

aldehyde ketone ester amide

0 0 o (] o
R)]\H = RJJ\R = RJJ\OR = R)]\NR2> R)J\OH

| reduced by LiAIH, |

carboxylic acid

Each reduction gives an alcohol, apart from the reduction of an amide with LiAlHy, which gives
an amine, which we shall explain next. We shall return to the salmefamol synthesis later to explain
the reductions with hydrogen gas catalysed by palladium.

Reduction of carbonyl groups

We should now look in detail at reductions of carbonyl compounds, and in doing so we shall intro-
duce a few more specialized reducing agents. Then we will come back to the other type of reduction
in the salmefamol synthesis—catalytic hydrogenation.

How to reduce aldehydes and ketones to alcohols

0 OH 0
A, — L e
R R2 R® R RY H

We don’t need to spend much time on this—sodium borohydride does it very well, and is a lot easier
to handle than lithium aluminium hydride. It is also more selective: it will reduce this nitroketone,
for example, where LiAlH, would reduce the nitro group as well.

[o] OH
)k/\No )\/\Noz

You met borohydride in Chapter 6, where we discussed the mechanism of its reactions. Sodium
borohydride will reduce only in protic solvents (usually ethanol, methanol, or water) or in the pres-
ence of electrophilic metal cations such as Li* or Mg®* (LiBH, can be used in THF, for example).
The precise mechanism, surprisingly, is still unclear, but follows a course something like this with the
dotted lines representing some association, perhaps coordination or bond formation.

NaBH,
_—

2 EtOH

| 2

In general, it’s best to use the
mildest conditions possible for
any particular reaction—the
potential for unwanted side-
reactions is lessened. What is
more, NaBHy4 is a lot easier to
handle than LiAIH,—for example,
it simply dissolves in water while
LiAIH4 catches fire if it gets wet.
NaBHyg4 is usually used to reduce
aldehydes and ketones, even
though LiAlH4 also works.
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Why not try writing the mechanism out
now to make sure you understand it,
before checking back to p. 000? In a
moment, we will show you a slightly
more sophisticated version, in which
we account for the fate of the Li and Al
species.

The ester mechanism has rather more
detail than the simplified one we
presented to you in Chapter 12.

24 - Chemoselectivity: selective reactions and protection

0 NaBH, H—OEt Y OH o
- \ R 33- ---H—OEt —>» )\ + EtOABH3
R R EtOH H \Bw R R
3 :
© R still a reducing agent

The essence of the reaction is the transfer of a hydrogen atom with two electrons (called hydride
transfer though no hydride ion is involved). In addition, the developing negative charge on oxygen
gets help from the alcohol or the sodium ion or both and a molecule of alcohol adds to the boron
during or immediately after the reduction. The by-product, an alkoxyborohydride anion, is itself a
reducing agent, and can go on to reduce three more molecules of carbonyl compound, transferring
step-by-step all of its hydrogen atoms.

How to reduce esters to alcohols
LiAlH, is often the best reagent, and gives )(])\

H H
alcohols by the mechanism we discussed - = X + R?OH
in Chapter 12. As a milder alternative (LiAlH,4 R* R OH
has caused countless fires through careless handling), lithium borohydride in alcoholic solution will
reduce esters—in fact, it has useful selectivity for esters over acids or amides that LiAIH, does not
have. Sodium borohydride reduces most esters only rather slowly.

LiBH,4 H H
Meozc\)\/cozl-l — COH

EtOH

OR?

How to reduce amides to amines

Again, LiAlH, is a good reagent for this transforma-

o
tion. The mechanism follows very much the same course )k — )4
as the reduction of esters, but there is a key difference at NR3 NR2

the steps boxed in yellow and in green.

LiAlH4 reduction of esters

RH
3
0 0 0 o~
R OR R H R H R H R L H
H

H3AI~(}1

LiAIH4 reduction of amides

-
8"

These complexes are Lewis salts: BH3
is a Lewis acid that accepts a lone pair
of electrons from the basic ether or
sulfide.

L®

Li Liaxc X\ AlH3
X quench OH

H H
S}
H3Al
tetrahedral intermediate
collapses to give an aldehyde
Liax X\ AH (RIH H
1 3 3 ® (Y
\ Co/ NR2 NR2 t
> /JY(‘) > > R/k\H R NR,
NR, R NR, R H H H
H H
o
3Al DOES NOT HAPPEN

tetrahedral intermediate collapses

to give an iminium ion NRels not eliminated in this step

How to reduce carboxylic acids to alcohols

The best reagent for this is borane, BH3. Borane is, in 0 H OH

fact, a gas with the structure B,Hg, but it can be ‘tamed’ )]\ , X
as a liquid by complexing it with ether (Et,O), THF, or R OH R

dimethyl sulfide (DMS, Me,S).

OH
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Although borane appears superficially similar to borohydride, it is not an ion and that makes all
the difference to its reactivity. Whereas borohydride reacts best with the most electrophilic carbonyl
groups, borane’s reactivity is dominated by its desire to accept an electron pair into its empty p
orbital. In the context of carbonyl group reductions, this means that it reduces electron-rich car-
bonyl groups fastest. The carbonyl groups of acyl chlorides and esters are relatively electron-poor (CI
and OR are very electronegative); borane will not touch acyl chlorides and reduces esters only slowly.
But it will reduce amides.

0 H H
BHs "
N/Me _— N E T9% yield
THF |
Me Me

The Lewis basic carbonyl group forms a complex with the empty p orbital of the Lewis acidic
borane. Hydride transfer is then possible from anionic boron to electrophilic carbon. The resulting

tetrahedral intermediate collapses to an iminium ion that is reduced again by the borane.

empty p orbital tetrahedral intermediate collapses
to give an iminium ion

B2 ey H20
H H2B quench
!._Me > X /L Me > /\|/Me =~ Me
R N R R N R N
Ho 1© ®] |
Me Me Me Me

Borane also makes a good alternative to LiAlH4 for reducing amides as the two reagents have slight-
ly different chemoselectivity—in this example borane reduces an amide in the presence of an ester.

COZMe 002Me

BH;, THF
H

" U

\j

0 N

S

Ph Ph

Borane is an excellent reagent for reducing carboxylic acids. It reacts with them first of all by |, scr donates 1one pair electrons
forming triacylborates, with evolution of hydrogen gas. Esters are usually less electrophilic than into boron’s empty p orbital
ketones because of conjugation between the carbonyl group and the lone pair of the sp> hybridized 0
oxygen atom—but, in these boron esters, the oxygen next to the boron has to share its lone pair )J\@/B /OR
between the carbonyl group and the boron’s empty p orbital, so they are considerably more reactive R 8_ ~OR
than normal esters, or the lithium carboxylates formed from carboxylic acids and LiAlH,.

triacylborate

0 0
0
/U\ o @ LiAH BH3 BH3
R 0 Li - _— B — » R/\OH
R (0]

. R OH 3 fast
unreactive )
reactive

Borane is a highly chemoselective reagent for the reduction of carboxylic acids in the presence of
other reducible functional groups such as esters, and even ketones.

HO,C  CO,Me BH;

—_—

CO,Me

0 0
BH; oH
COH — >
H H
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This type of asymmetric synthesis is
discussed in Chapter 45.
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Borane and lithium borohydride are a most useful pair of reducing agents, with opposite
selectivities. Japanese chemists used an enzyme to make a single enantiomer of the acid below, and
were able to reduce either the ester or the carboxylic acid by choosing lithium borohydride or
borane as their reagent. Check for yourself that the lactones (cyclic esters) in black frames are
enantiomers.

\ /

readily available

enantiomer single e_nantiomer enantiomer
of other lactone made using enzyme of other lactone
H Me I'L Me H Me I'L Me H Me
W % LiBH, %, BH3 2 H® %
- e — —_—
’ CO,H CO0,Et COLH CO,Et
0 0 0 0
How to reduce esters and amides to aldehydes
0 (o] (o}
R OR? R H R1 NR3
ester aldehyde amide
The step boxed in yellow in the ester reduction scheme on p. 000 gave an aldehyde. The aldehyde is
more readily reduced than the ester, so the reduction doesn’t stop there, but carries on to the alcohol
oxidation level. How, then, can you reduce an ester to an aldehyde? This is a real problem in synthet-
ic chemistry—the ester below, for example, is easy to make by methods you will meet in Chapter 27.
But an important synthesis of the antibiotic monensin requires the aldehyde.
o LiAIH, o OH cr(v1) 0
CO,Et _ > _ = CHO

\ _/

required for synthesis of
antibiotic monensin

/N

A
k<

bridged dimer

H
. \AI
\H,

7

In this case, the chemists decided simply to put up with the fact that LiAlH, gives the alcohol, and
re-oxidize the alcohol back to the aldehyde using chromium(VI) (see later for details of this step).
There is, however, a reagent that will sometimes do the job in a single step, though you must bear in
mind that this is not at all a general reaction. The reagent is known as DIBAL (or DIBAH or
DIBALH—diisobutyl aluminium hydride, i-Bu,AlH).

DIBAL is in some ways like borane—it exists as a bridged dimer, and it becomes a reducing agent
only after it has formed a Lewis acid—base complex, so it too reduces electron-rich carbonyl groups
most rapidly. DIBAL will reduce esters even at =70 °C, and at this temperature the tetrahedral inter-
mediate may be stable. Only in the aqueous work-up does it collapse to the aldehyde when excess
DIBAL has been destroyed so that no further reduction is possible.

AliBu
0 o~ 2 ® 0
)J\ DIBAL 4\ H30 )k

—_—
R OEt hexane, R OEt R H
~70 °C H

tetrahedral intermediate 88% yield (R = n-C11Ho3)

stable at -70 °C
A stable tetrahedral intermediate is more likely in the reduction of lactones, and DIBAL is most
reliable in the reduction of lactones to lactols (cyclic hemiacetals), as in E.J. Corey’s synthesis of the
prostaglandins. The key step, the hydride transfer from Al, is shown in the green frame.
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R
® | _R
0—Al 6 OAIR,
0 ! P——H
—>
A e .
stable, cyclic

tetrahedral intermediate

In the amide reduction scheme on p. 000, the step framed in green gives an iminium ion.
Stopping the reaction here would therefore provide a way of making aldehydes from amides.
Because these tetrahedral intermediates are rather more stable than those from ester reduction, this
can often be achieved simply by carrying out the amide reduction, and quenching, at 0°C (-70°C is
usually needed to stop esters overreducing to alcohols).

AlH3
) Li® @o/ 0
LiAlH4 H30®
_— e
NMe2 THF, 0 °C NMe2 H
tetrahedral intermediate 80% yield

stable at O °C

Indeed, this reaction and the reduction of

DIBAL is also good for reducing nitriles to aldehydes.
lactones to lactols are the best things that DIBAL does.

CHO
1. DIBAL, -70 °C

o

2. H,0, H®

96% yield

Now, let’s go back to the salmefamol synthesis we
started with on p. 000. The other reducing agent used
in the sequence is hydrogen gas over a palladium cata-
lyst. Catalytic hydrogenation has two functions here:
firstly, it removes the two benzyl groups from the
nitrogen, revealing a primary amine (this reaction is
discussed later in this chapter), and, secondly, it
reduces the imine that forms between this amine and
the ketone added in this second step—an instance of reductive amination. We shall consider the sec-
ond first, because it is another example of chemoselectivity in the reduction of a carbonyl-like group.
You met reductive amination in Chapter 14, but as a reminder, here is the process again.

>

| 2

Reminder. Cyclic hemiacetals are
more stable than acyclic ones.
Note how the product stays as a
lactol—an acyclic hemiacetal
would revert to alcohol plus
aldehyde.

>

Carboxylic acids can be reduced
to aldehydes via their acyl
chlorides using the Rosenmund
reaction—see below.

‘Pd/C’ means palladium metal dispersed on a charcoal support—usually 5-10% by mass
Pd and 90-95% C. It is made