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24.7: REACTIONS OF AMINES

40 OBJECTIVES

After completing this section, you should be able to

1. write an equation to represent the reaction that takes place between ammonia, a primary or secondary amine, and an acid chloride.

. identify the product formed when a given amine reacts with a given acid chloride.

. identify the amine, the acid chloride, or both, needed to synthesize a given amide.

. write a reaction sequence to illustrate the overall conversion of an amine to an alkene via a Hofmann elimination.

. identify the alkene most likely to be formed when a given quaternary ammonium salt is heated with moist silver oxide (or silver
hydroxide).

6. deduce the structure of an unknown quaternary ammonium salt, given the identity of the alkene or alkenes produced when the salt is

heated with moist silver oxide.
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Make certain that you can define, and use in context, the key term below.

e Hofmann elimination

X STUDY NOTES

The alkylation and acylation of amines have been dealt with in previous sections: alkylation in Section 24.6 and acylation in Sections
21.4 and 21.5. Review these sections if necessary.

One explanation is given for Hofmann elimination further on in this reading. Another argument, based on the consideration of the
structures of the possible transition states, has been suggested by Joseph Bunnett and is widely accepted. We can begin to understand
Bunnett’s reasoning by considering the elimination products formed from by the dehydrohalogenation of a number of substituted
hexanes in the reaction

\/\/I\ CH,0ONa/CH,0H .
—_—
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Zaitsev product Hofrmann product
2-hexene 1-hexene

The table below describes the proportion of each product you would expect when X in the above reaction represents a given halogen.

X % 2-hexene % hexene
1 81 19
Br 72 28
Cl 67 33
F 30 70

As we descend this table, the electron-withdrawing ability of X increases, and the percentage of Hofmann product also increases. Given
that the (CH3)3N™ group is strongly electron-withdrawing, it is quite consistent for a compound of the type

*N(CHg)3 [ OH™

to give 96% Hofmann product and 4% Zaitsev product in an E2 elimination reaction. But why does the proportion of Hofmann product
increase as the electron-withdrawing ability of X increases? Bunnett suggests that the transition state in an E2 process can vary from
being “carbocation-like” on one hand to “carbanion-like” on the other.
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Figure 24.1 Various transition states for an E2 elimination reaction
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In a carbocation-like transition state, the C-X bond is broken to a greater extent than the C-H bond; in the central transition state both,
the C-X bond and the C-H bond are broken to an equal extent; and in the carbanion-like transition state, the C-H bond is broken to a
greater extent than the C-X bond. In the latter case, a partial negative charge will develop on the carbon atom to which the hydrogen is
attached, hence the term “carbanion-like.” As we already know, any species or transition state bearing a full or partial negative charge
is stabilized by the presence of electron-withdrawing groups and destabilized by the presence of electron-releasing groups.

Let us now consider the two possible transition states for an E2 elimination of (CH3)sNH" from a quaternary ammonium hydroxide,

*N(CHz); | OH

One transition state leads to Zaitsev elimination, the other to Hofmann elimination.

+ +
H N(CHy) H N(CHy)
s . )
Hsc—qzc[:—cH3 Hac—(|3—(|)=QH2
B-—H H H H H-—-B
Zaitsev elimination Hofmann elimination

Figure 24.2 Possible carbanion-like transition states
In the transition state leading to the Zaitsev product, the carbon atom carrying the partial negative charge is bonded to an
electron-releasing methyl group. This is clearly a less favourable situation than the one that exists in the transition state leading to
Hofmann elimination, where there are no electron-releasing groups attached to the carbon atom bearing the partial negative charge.

Bunnett’s argument is that carbanion-like transition states are much more likely when the atom or group X in a compound such as
X

\/\)\

is strongly electron withdrawing, because the \(\ce{C-X}\) bond becomes stronger as the electron-withdrawing ability of X increases.

Thus, as we go along the series X =1, Br, CL, F, (CH3)3N+, the electron-withdrawing ability of X increases, the C-X bond becomes
more difficult to break, the transition state becomes more carbanion-like in character, and Hofmann elimination becomes more
pronounced.

ALKYLATION OF AMINES

It is instructive to examine these nitrogen substitution reactions using the common alkyl halide class of electrophiles. Thus, reaction of a
primary alkyl bromide with a large excess of ammonia yields the corresponding 1°-amine, presumably by an Sy2 mechanism. The hydrogen
bromide produced in the reaction combines with some of the excess ammonia, giving ammonium bromide as a by-product. Water does not
normally react with 1°-alkyl halides to give alcohols, so the enhanced nucleophilicity of nitrogen relative to oxygen is clearly demonstrated.

2RCH,Br + NH, (large excess) — RCH,NH,, + NH[(j)Br(’)

It follows that simple amines should also be more nucleophilic than their alcohol or ether equivalents. If, for example, we wish to carry out
an SN2 reaction of an alcohol with an alkyl halide to produce an ether (the Williamson synthesis), it is necessary to convert the weakly
nucleophilic alcohol to its more nucleophilic conjugate base for the reaction to occur. In contrast, amines react with alkyl halides directly to
give N-alkylated products. Since this reaction produces HBr as a byproduct, hydrobromide salts of the alkylated amine or unreacted starting
amine (in equilibrium) will also be formed.

2RNH, + C,H,Br — RNHC, H, + RNH|"'Br() = RNH,C,H{"'Br*) + RNH,

Unfortunately, the direct alkylation of 1° or 2°-amines to give a more substituted product does not proceed cleanly. If a 1:1 ratio of amine to
alkyl halide is used, only 50% of the amine will react because the remaining amine will be tied up as an ammonium halide salt (remember
that one equivalent of the strong acid HX is produced). If a 2:1 ratio of amine to alkylating agent is used, as in the above equation, the HX
issue is solved, but another problem arises. Both the starting amine and the product amine are nucleophiles. Consequently, once the reaction
has started, the product amine competes with the starting material in the later stages of alkylation, and some higher alkylated products are
also formed. Even 3°-amines may be alkylated to form quaternary (4°) ammonium salts. When tetraalkyl ammonium salts are desired, as
shown in the following example, Hiinig's base (N,N-diisopropylethylamine) may be used to scavenge the HI produced in the three Sy2
reactions. Steric hindrance prevents this 3°-amine (Hiinig's base) from being methylated.

C¢H;NH, + 3 CH, I + Hinig'sbase — CgH;N(CH,)!" 10 + HI salt of Hinig’s base
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ACYLATION OF AMINES

Ammonia, 1° amines, and 2° amines react rapidly with acid chlorides or acid anhydrides to form 1°, 2° and 3° amides respectively
(Sections 21-4 and 21.5). These reactions typically take place rapidly at room temperature and provide high reaction yields.

The reaction is commonly run with a base, such as NaOH or pyridine, to neutralize the HCI produced. Over-acylation does not occur
because the lone pair electrons on the amide nitrogen are conjugated with the carbonyl making it less nucleophilic than an amine starting
material.

v EXAMPLE 24.7.1

(.J, Pyridine ‘?
+  — -C. + HCI
Rl R
Acid Chloride Ammonia 17 Amide
9 Pyridine 9
RS T — r& £ Hol
Acid Chloride 1° Amine 26 Amide
i Pyridine 0
-C. * - C + Hel
R™Cl R’C“
Acid Chloride 2° Amine
3% Amide

HOFMANN ELIMINATION

Amine functions seldom serve as leaving groups in nucleophilic substitution or base-catalyzed elimination reactions. Indeed, they are even
less effective in this role than are hydroxyl and alkoxyl groups. As noted earlier, 1° and 2°-amines are much weaker acids than alcohols, so it
is not surprising that it is difficult to force the nitrogen function to assume the role of a leaving group. In this context we note that the acidity
of the potential ammonium leaving group is at least ten powers of ten less than that of an analogous oxonium species. However, amines can
be turned into a good leaving group by alkylation with an alkyl halide to form a quarternary ammonium salt. Upon elimination the
quarternary ammonium salt produces a stable 3° amine as a leaving group.

Elimination reactions of 4°-ammonium salts are termed Hofmann eliminations. Since the counter anion in most 4°-ammonium salts is
halide, this is often replaced by the more basic hydroxide ion through reaction with silver hydroxide (or silver oxide). The resulting
hydroxide salt must then be heated (100 - 200 °C) to affect the E2-like elimination of a 3°-amine. For an elimination to occur one of the
alkyl substituents on nitrogen must have one or more beta-hydrogens, which is similar to elimination reactions of alkyl halides. Simple
amines are easily converted to the necessary 4°-ammonium salts by exhaustive alkylation, usually with methyl iodide (methyl has no beta-
hydrogens and cannot compete in the elimination reaction).
General Reaction
Excess
5 OH- .

1-Methylbutylamine . 1-Pentene

(1-Methylbutyl)trimethyl- (1-Methylbutyl)trimethyl- (Major Product)
ammonium idide ammonium hydroxide ’ !

MECHANISM

During the Hofmann elimination, the hydroxide counter ion acts as a base to remove a beta-hydrogen and cause an E2 elimination to form
an alkene. A trialkyl amine is eliminated as a leaving group during this reaction.

H-0 :\
H o y- E2
E ¥ ——— — P NR
‘.-;, ‘() . Reaction > < foRO0 7 ¢
NR

8 Alkene Trialkylamine

Quarternary
Ammonium Salt
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When predicting the products of an E2 elimination, the more substituted alkene is expected to be the preferred product based on Zaitsev's
rule. The tendency of Hofmann eliminations to give the less-substituted double bond isomer is commonly referred to as the Hofmann Rule.
To understand why the base-induced elimination of 4°-ammonium salts behaves differently from that of alkyl halides it is necessary to
reexamine the nature of the E2 transition state.

The reason for the difference in products in a Hofmann elimination is most likely due to steric hindrance of the base. The large size of of the
quaternary ammonium group forces the base to remove a hydrogen from the least sterically hindered position. This correspondingly leads to
the alkene with the least number of substituents to be preferred.

HsC_ CHs
H N-CH;

v

HsCH.C.. C. H

cC
T H
H ) More Sterically Hindered

(1-Methylbutyl)trimethyl-
ammonium hydroxide

|

More Accessible Hydrogens

Ha
) 4+  HsCH,C. ..
H3CH2C,C\ .CH; 3CH; ﬁ CH,
1-Pentene 2-Pentene (1-Methylbutyl)trimethyl-
(Major Product) (Minor Product) ammonium hydroxide

Examples

4

NaOH saln.
—_—
/ﬁ/\ @ ©/\® reflux N @
2 CH,
1) AgOH
2. 2 CHg-l (replaces I with OH™) 1) CHz-I L
i~ ~CH, MaOH soln, & cH,  2) heat N oy, 2)AGOH

0 HC CHy o Hal” TH, ? 3)heat + (CHalaM
I

i _3CHsI 3@ 1) AQOH
"MaoH saln. heat (B0%) 40% + [CHajzM

trans- cyclooctene cig- cyclooctene

Example #1 is interesting in two respects. First, it generates a 4°-ammonium halide salt in a manner different from exhaustive methylation.
Second, this salt is not converted to its hydroxide analog prior to elimination. A concentrated aqueous solution of the halide salt is simply
dropped into a refluxing sodium hydroxide solution, and the volatile hydrocarbon product is isolated by distillation.

Example #2 illustrates an important aspect of the Hofmann elimination. If the nitrogen atom is part of a ring, then a single application of this
elimination procedure does not remove the nitrogen as a separate 3°-amine product. In order to sever the nitrogen function from the
molecule, a second Hofmann elimination must be carried out. Indeed, if the nitrogen atom was a member of two rings (fused or spiro), then
three repetitions of the Hofmann elimination would be required to remove the nitrogen from the remaining molecular framework.

Example #3 is noteworthy because the less stable trans-cyclooctene is the chief product, accompanied by the cis-isomer. An anti-E2-
transition state would necessarily give the cis-cycloalkene, so the trans-isomer must be generated by a syn-elimination. The cis-cyclooctene
produced in this reaction could also be formed by a syn-elimination. Cyclooctane is a conformationally complex structure. Several puckered
conformations that avoid angle strain are possible, and one of the most stable of these is shown on the right. Some eclipsed bonds occur in
all these conformers, and transannular hydrogen crowding is unavoidable. Since the trimethylammonium substituent is large (about the size
of tert-butyl) it will probably assume an equatorial-like orientation to avoid steric crowding. An anti-E2 transition state is likely to require
an axial-like orientation of this bulky group, making this an unfavorable path.

Eliminations analogous to the Hofmann elimination are often seen in biological systems. In these cases, ammonium ions (protonated
amines) are used instead of quaternary ammonium salts. An example is seen in the biosynthesis of nucleic acids where a biological base
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causes a Hofmann-like elimination of protonated adenylosuccinate to produce the alkene containing fumarate and adenosine

(-:B

monophosphate.

H\ /H
C (COZ'
OZC H%g_' o- NHZ
2+ o N = N
vy OSSN ¢
4 N - NN
<N < o W
; N !
T Fumarate Adenosine
monophosphate

Adenylosuccinate

? WORKED EXERCISE 24.7.1

Predict the preferred product of a Hofmann elimination with the following molecule.

H. _CH,CH
N 2Lz

Answer

Predicting the product of a Hofmann elimination can be difficult so it is best done stepwise.

Step 1: Find the least sterically hindered beta hydrogens. Beta hydrogens are on the second carbon away from the nitrogen. The
order of preferred hydrogens are 1° > 2°> 3°. If the molecule is presented as a line structure it is usually beneficial to convert to a
condensed structure first.

O R-
3° B-Hydrogens _CH,CH, =— 1° p-Hydrogens (Preferred)

R
'H_C. __CH
CH 3

(g

Step 2: Break the C-N bond of the alkyl group which contains the preferred hydrogens. This will form two fragments.
CHz-CHj;

2° B-Hydrogens

.CH,CH
H\N:IL 23

+
Heéo cH, =

CHC
I

CH;s

Step 3: Remove one of the original beta hydrogens in the alkyl fragment then draw a C=C between the alpha and beta carbon. This
produces the alkene product of the Hofmann elimination. Sometimes the amine fragment of a Hofmann elimination is of interest.
Remember that prior to elimination the amine is exhaustively alkylated with CH3l. This means any hydrogens attached to amine
will starting material will be removed and the amine product will have enough methyl (-CHs) groups added to become a tertiary
amine. In this case two methyl groups are added to the nitrogen. The end result are the two products of a Hofmann elimination.
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CHyCH, > CHyCH, ©C————p H:C=CH: The alkene poduct

Remove a B-hydrogen Connect the a and B-carbon

with a C=C
HsC.  CHs
H.. N
N N  — H_C. _CH; The amine product
H.G. _CHs > \ cH G
C'HC” H.C. _CH; Add-CHj; groups H.
H; Remove any hydrogens C’C H ﬁz to create a tertiary
amine.

from the nitrogen

? EXERCISE 24.7.1

Draw the product for a Hofmann elimination for each of the following molecules.

NH,
a /\/I\/
NH,
b. :
NH,
2 \/\)\/\/
H

O/N\/\
d.

Answer

a. AN Xy~ and NN

b.
N
C.
and -~
d.

? EXERCISE 24.7.2

Draw the product of a Hofmann elimination for the following molecule.
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Answer

This page titled 24.7: Reactions of Amines is shared under a CC BY-SA 4.0 license and was authored, remixed, and/or curated by Steven Farmer, Dietmar
Kennepohl, Layne Morsch, William Reusch, & William Reusch.

e 24.7: Reactions of Amines by Dietmar Kennepohl, Layne Morsch, Steven Farmer, William Reusch is licensed CC BY-SA 4.0.
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