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ABSTRACT

The rate constants for the hydronium ion, hydroxide, and water-catalyzed breakdown of N-(hydroxymethyl)benzamide (1), 4-chloro-N-
(hydroxymethyl)benzamide (2), and 2,4-dichloro-N-(hydroxymethyl)benzamide (3) in H2O, at 25 °C, I ) 1.0 (KCl), have been determined. The
reactions of 1, 2, and 3 were found to be specific acid and specific base catalyzed with a first-order dependence on hydronium and hydroxide
ions. At higher hydroxide concentrations, the reactions were found to be pH independent for each compound studied.

Carbinolamides have traditionally been used as sources of
electrophilic carbon for aromatic substitution via acid-
catalyzed breakdown producing amidinium ion intermedi-
ates.1 More recently, carbinolamides have been found to be
intermediates in the peptidylglycineR-amidating monooxy-
genase (EC 1.14.17.3) mediated transformation of glycine
extended precursor peptides to the biologically activeR-ami-
dated peptide hormones and glyoxylic acid.2 The carbinol-
amide functionality has also been proposed to play a critical
role in the activity of bicyclomycin, a commercially used
antibiotic.3 Considering the important role this functionality
plays in various biological venues, a thorough understanding
of the mechanism of reaction and the factors affecting the
carbinolamide reaction became an interesting problem.
Herein, we describe our investigation of the acid and base-
catalyzed reaction ofN-(hydroxymethyl)benzamide (1),
4-chloro-N-(hydroxymethyl)benzamide (2), and 2,4-dichloro-

N-(hydroxymethyl)benzamide (3) in H2O, I ) 1.0 (KCl), at
25 °C.

The carbinolamides studied were synthesized and purified
using a known procedure.1,4 The conversion of1, 2, and3
into their respective benzamides was followed by UV
spectroscopy5 and HPLC analyses.6 No detectable catalysis
of the reaction by buffers (e0.05 M), used to maintain pH
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during the course of the reaction, was observed. No
intermediates were detected by HPLC analysis, and the rate
constants (kobsd, s-1) for the appearance of product and the
disappearance of starting material (by HPLC) were found
to be the same.

Shown in Figure 1 is the relationship between pH and the
log kobsdfor the reaction of1, 2, and3 in H2O, I ) 1.0 (KCl),
at 25°C. Each carbinolamide studied has a domain that is
first order in H3O+ and HO-; however, the reaction becomes
hydroxide independent at higher pH (more clearly observed
in Figure 2). In addition,1 and 2 have a pH-independent
reaction occurring between pH 3 and 6.

The mechanism for the acid-catalyzed breakdown of the
carbinolamides studies here (shown in Scheme 1) involves
a preequilibrium protonation of the carbonyl oxygen (4),
followed by rate-limiting cleavage of the carbon-nitrogen
bond to form protonated formaldehyde and the tautomeric
form of the product amide. This proposed mechanism is
supported by the observed first-order dependence on [H3O+]
and the lack of buffer catalysis ([buffer]e 0.05 M).

In principle, protonation in the acid-catalyzed reaction
could occur on either the carbonyl oxygen or the nitrogen.
It is generally accepted in acid-catalyzed amide hydrolysis
studies that the thermodynamically favored position of
protonation is the carbonyl oxygen (pKa of O-protonated
amide 0 to-3;7 of N-protonated amide-7 to -88). The
addition of a methylene unit bearing a hydroxyl group should
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Figure 1. pH-rate profile for the aqueous reaction ofN-
(hydroxymethyl)benzamide (1), 4-chloro-N-(hydroxymethyl)-ben-
zamide (b), and 2,4-dichloro-N-(hydroxymethyl)benzamide (9) in
H2O, I ) 1.0 (KCl), at 25°C.

Figure 2. Effect of increasing hydroxide concentration (M) on
the observed rates of reaction (kobsd, s-1) for N-(hydroxymethyl)-
benzamide (1), 4-chloro-N-(hydroxymethyl)-benzamide (b), and
2,4-dichloro-N-(hydroxymethyl)benzamide (9) in H2O, I ) 1.0
(KCl), at 25 °C.

Scheme 1
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lower the pKa of the lone pair electrons on the nitrogen
further, thereby increasing the thermodynamic preference for
protonation on the carbonyl oxygen and leading to the
mechanism proposed in Scheme 1.

The proposed mechanism (Scheme 1) is further supported
by Perrin’s studies of the acid-catalyzed proton exchange
on nitrogen for amides,9 wherein it was shown that proton
exchange occurred by O-protonation when electron-with-
drawing groups were attached to the carbonyl carbon or the
nitrogen. In the case of the carbinolamides studied here, two
of the compounds (2, 3) have electron-withdrawing groups
attached to the amide portion of the molecule and all have
the hydroxy group attached to the methylene unit on the
nitrogen, as was discussed above. The mechanism in Scheme
1 was proposed on the basis of these arguments; however
the results presented here cannot distinguish between the two
mechanisms (O-protonation vs N-protonation) and further
study of the acid-catalyzed reaction is necessary.

Figure 2 shows the relationship betweenkobsd and the
[HO-] for the conversion of1, 2, and3 into their respective
benzamides and formaldehyde in H2O, I ) 1.0 (KCl), at 25
°C. At lower and intermediate [HO-], there is a first-order
dependence between thekobsd and the concentration of
hydroxide (Figures 1 and 2). At higher hydroxide concentra-
tions,kobsd becomes independent of [HO-]. Coupling these
observations with the absence of buffer catalysis yields a
mechanism wherein specific base-catalyzed deprotonation of
the hydroxyl group is followed by rate-determining break-
down of the anionic form of the carbinolamide (5, Scheme
2). As the carbinolamide becomes fully ionized (5), at high

[HO-], the overall reaction becomes hydroxide independent.
These results are in agreement with other studies involving
the hydroxide-catalyzed reaction of carbinolamides.10

Using the mechanism outlined in Scheme 2, the observed
rate for the hydroxide reaction ((kobsd)HO) can be defined as
in eq 1. The solid line in Figure 2 shows the nonlinear least-
squares fit11 of the our results for the hydroxide-catalyzed
reactions of1, 2, and3 to eq 1, whereKa is the dissociation
constant of the hydroxyl groups of1, 2, and3 andk1 is the
first-order rate constant for the breakdown of the deproto-
nated carbinolamide (5, Scheme 2).

The lines in Figure 1 were generated using eq 2, where
kH is the rate constant for the acid-catalyzed reaction,12 kHOH

is the rate for the water-catalyzed reaction, and the hydroxide
relationship has been explained for eq 1.

Given in Table 1 are the rate constants for the hydroxide-
catalyzed reactions of1, 2, and3 in H2O, I ) 1.0 (KCl), at
25 °C. It is clear, from the data in Table 1, that the addition
of electron-withdrawing groups to the aromatic ring has very
little effect on the pKa of the hydroxyl group but there is an
increase in the rate-determining breakdown of5 (k1) (see
krel in Table 1). The increases ink1 are attributable to the
decreased basicity of the amide anion which is a result of
the addition of the electron-withdrawing groups. These
observations support the mechanism shown in Scheme 2
where the addition of electron-withdrawing groups should
inductively stabilize the developing negative charge on the
nitrogen in the transition state and lead to an increase ink1.

(9) (a) Perrin, C. L.; Arrhenius, G. M. L.J. Am. Chem. Soc. 1982,104,
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Johansen, M.Int. J. Pharm.1980,5, 67-77. (c) Bundgaard, H.; Johansen,
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(11) The values ofk1 andKa were determined by fitting the data in Figure
2 to eq 1 using the nonlinear least-squares curve fitting program associated
with SigmaPlot 2000 from SPSS Science.

(12) Obtained from linear plots ofkobsd vs [H3O+].

Table 1. Dissociation and Rate Constants for the Hydronium Ion, Hydroxide, and Water-Catalyzed Breakdown of1, 2, and3 in H2O
(T ) 25 °C, I ) 1.0 (KCl))

kH
a (M-1s-1) kHOH (s-1) k1

b(s-1) krel
c pKa

b

1 (7.3 ( 0.2) × 10-6 (1.7 ( 0.1) × 10-9 0.042 ( 0.003 1 13.05 ( 0.05
2 (5.7 ( 0.2) × 10-6 (1.6 ( 0.1) × 10-9 0.068 ( 0.005 1.6 13.04 ( 0.05
3 (2.6 ( 0.13) × 10-7 0.19 ( 0.01 4.5 13.04 ( 0.05

a Errors obtained from linear least-squares analysis of the plot ofkobsd vs [H3O+]. b Errors obtained from nonlinear least-squares fits ofkobsd vs [HO-]
according to eq 1.cCalculated by dividingk1 for 1 into thek1 value for each amide studied.

Scheme 2

(kobsd)
HO ) k1

Ka[HO-]

Kw + Ka[HO-]
(1)

log kobsd) log(kH[H+] + kHOH + k1

Ka[HO-]

Kw + Ka[HO-]) (2)
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Also included in Table 1 are the second-order rate
constants for the acid-catalyzed reaction of the compounds
studied here. The effect of the electron-withdrawing groups
on kobsd is the opposite of what is observed fork1 of the
hydroxide-catalyzed reaction. That is, the overall rate of the
reaction decreases with the addition of electron-withdrawing
substituents. The exact nature of the effect of the substituents
is difficult to quantify askH (eq 2) consists of both a rate
constant for the breakdown of the protonated form of the
carbinolamide (4,k′H) and the dissociation constant for the
protonated form of the carbinolamide (K′a) (see Scheme 1
and eq 3).

In principle, the effect of the electron-withdrawing groups
on k′H should be smaller than those observed for the
hydroxide reaction (k1) because, in the case of the hydroxide
reaction, it is necessary to stabilize the developing negative
on the amide leaving group, whereas in the acid-catalyzed
reaction the leaving group is neutral. The role that the
substituents play in affecting the pK′a would then be expected
to dominate, leading to an overall decrease in the concentra-
tion of 4 and, thus, a decrease in the second-order rate
constant of the hydronium ion catalyzed reaction with the

addition of the electron-withdrawing substituents to the
aromatic ring (see Table 1).

The results presented here represent the first complete pH-
rate study for carbinolamides derived from formaldehyde and
benzamide derivatives. As with previous studies,10 we found
that, at intermediate pH, the reaction was specific base
catalyzed. In addition, we determined the rate constants for
the hydroxide-independent reactions, where the hydroxyl
group of the carbinolamide is fully deprotonated, and found
that the addition of electron-withdrawing groups to the amide
increases the nucleofugality of the amidic group, as evi-
denced by the increases ink1 (krel in Table 1). The hydronium
ion catalyzed reactions were also investigated, and it was
determined that this reaction occurred by a preequilibrium
protonation of the carbinolamide followed by rate-limiting
breakdown to the amide and protonated aldehyde. The
addition of electron-withdrawing groups to the amide portion
of the carbinolamide slowed the acid-catalyzed reaction
presumably through changes in theK′a of the O-protonated
carbinolamide (4).
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