
Tetrahedron Letters 46 (2005) 3079–3083

Tetrahedron
Letters
General-buffer catalysis of the reaction of
N-(hydroxymethyl)benzamide: a new pathway for the

aqueous reaction of carbinolamides

Amanda G. Mennenga, Amy L. Johnson and Richard W. Nagorski*

Department of Chemistry, Illinois State University, Normal, IL 61790-4160, USA

Received 4 January 2005; revised 1 March 2005; accepted 1 March 2005

Available online 18 March 2005
Abstract—The second-order rate constants for the general-buffer catalyzed breakdown of N-(hydroxymethyl)benzamide (1) in water
at 25 �C, I = 1.0 (KCl) by pivalic, acetic, chloroacetic, and dichloroacetic acid were determined by initial rates. The observed rate
increased with increasing amounts of the acidic form of the buffer and a Brønsted correlation of a = 0.35 was determined. The results
presented here, represent the first evidence for a general-buffer catalytic mechanism for the aqueous reaction of 1 and for carbinol-
amides in general.
� 2005 Elsevier Ltd. All rights reserved.
Carbonyl derivatives, such as acetals,1–3 acylals,4–6 and
hemiacetals7–9 play important roles in both synthetic
and biological chemistry. Mechanistic studies of the
aqueous reaction and methods of catalyzing this reac-
tion have been crucial in providing both an understand-
ing of their intrinsic reactivity and insight into the
biological systems in which they are utilized.1–5 The
broad nature of the types of functionality found within
these structurally similar groups are reflected in the
diverse mechanisms by which they react. For example,
both acetals and acylals were thought to react exclu-
sively via specific-acid catalyzed mechanisms, however,
examples of acetals were found, which reacted by gen-
eral-acid mechanisms.10–14 In addition, acylals have
been proposed to react through ester hydrolysis mecha-
nisms under circumstances where the electron-donating
ability of the alkoxy group was diminished due to the
presence of electron-withdrawing groups.4,5 The focus
of the study described here was on the general-buffer
catalysis of the aqueous reaction of carbinolamides,
which were previously thought to react only via spe-
cific-acid catalysis in the acidic region of their pH-rate
profiles.15–21
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Carbinolamides are biological intermediates, which are
enzymatically generated and cleaved during the biosyn-
thesis of peptide hormones.22–27 In general, carbinol-
amides are known to react via both hydronium ion
and hydroxide-catalyzed routes.15–21

(a) Hydroxide-catalyzed mechanism: Overall, a specific-
base catalyzed mechanism, which involves deproton-
ation of the hydroxyl group followed by rate-limiting
breakdown of the alkoxide to form aldehyde and the
anionic amide (Scheme 1).15–21

(b) Hydronium ion-catalyzed mechanism: This reaction is
thought to occur via specific-acid catalyzed protonation
of the amide portion of the carbinolamide,20 followed by
rate-limiting breakdown to the amide and protonated
aldehyde (Scheme 2).16,18,20 (A water reaction (kHOH)
must be included in the rate expression to explain the
appearance of the pH-rate profile, see Eq. 1.)16,18,20
kobsd ¼ kH½Hþ� þ kHOH þ k1
Ka½HO��

Kw þ Ka½HO�� ð1Þ
The dichotomy between the currently accepted mecha-
nisms and the existence of an enzyme, which catalyzes
the breakdown of carbinolamides was puzzling when
the general-acid/general-base catalytic schemes, often
associated with enzymatic systems, was considered.28,29

If the lyase portion of PAM (peptidylglycine a-amidating
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Scheme 2. Specific-acid catalyzed mechanism.
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Scheme 1. Specific-base catalyzed reaction.
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monooxygenase, EC 1.14.17.3)22–27 utilizes a general-
base/acid catalytic method to cleave the carbinolamide
intermediates (such a mechanism has been sugges-
ted),26,30 why has general-catalysis of the aqueous reac-
tion of carbinolamides not been previously observed?
Herein, we provide the first evidence for general-buffer
catalysis of the aqueous reaction of a carbinolamide
(N-(hydroxymethyl)benzamide, 1), as a pathway for its
breakdown in the acidic and water-catalyzed regions
of its pH-rate profile.
Acar

ðAcar þ ð1:8ÞðAamideÞÞ
¼ �kobsd t ð2Þ
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Figure 1. Effect of increasing concentrations of chloroacetic acid on

the rate of the aqueous reaction (kobsd) of N-(hydroxymethyl)benz-

amide in H2O at 25 �C, I = 1.0 (KCl) at pH�s = 2.1, 2.5, and 3.8.
N-(Hydroxymethyl)benzamide (1) was synthesized and
purified as previously reported.20,31 The conversion of
1 into benzamide (2) and formaldehyde was followed
in H2O, I = 1.0 (KCl), at 25 �C in the presence of vary-
ing concentrations of pivalate, acetate, chloroacetate, or
dichloroacetate buffer, as a function of pH. A typical
experiment involved the injection of a volume of concen-
trated stock solution of 1, dissolved in CH3CN, into a
thermally equilibrated aqueous solution, yielding a final
substrate concentration of 5 · 10�5–1 · 10�4 M.20 The
progress of the reactions were monitored by following
the disappearance of the starting material and the
appearance of amide, using HPLC.32 As a result of the
sluggish nature of these reactions,20 an initial rates
method28 was employed where the disappearance of
the first 3–4% of 1 and the appearance of 2 was fol-
lowed. The observed rate of the reaction (kobsd) was
determined from the linear plot of the fraction of 1
remaining versus time (s) according to Eq 2, where Acar

was the observed area of the peak of 1, Aamide was the
area of the peak for the amide product and a correction
factor of 1.8 was used that statistically corrected the ob-
served area of 2 for differences in the molar absorptivi-
ties between 1 and 2, at the wavelength at which
reaction progress was followed.32

Previous investigations, performed at low buffer concen-
trations ([Btot] 6 0.05 M), did not report any buffer
catalysis, leading to the conclusion that the acid-pro-
moted reaction occurred via a specific-acid catalyzed
mechanism.20 Further investigations at higher buffer
concentrations have shown that as the [buffer] was in-
creased, at the same pH, there was an increase in kobsd
for the reaction of 1. A plot of kobsd versus the total
concentration of chloroacetic acid (see Fig. 1) showed
a linear correlation between [buffer] and kobsd for the
reaction of 1 in H2O, at 25 �C, I = 1.0 (KCl). From Fig-
ure 1, as the pH of the solution decreased and, therefore,
the concentration of the acidic form of the buffer rose,
there was an associated rise in the slope of the correl-
ation, yielding an initial conclusion that the acidic form
of the buffer was catalyzing the reaction of 1.

The y-intercepts, of the plots in Figure 1, yielded the rate
of the buffer independent reaction at that pH, and those
values were in good agreement with previous studies of
the aqueous reaction of 1 (see Table 1).20 The second-
order rate constant for the reaction of 1 (kHA), as a func-
tion of the acidic form of the buffer, was obtained by
plotting the second-order rates (k0HA) from Figure 1
(kobsd vs [total buffer]) versus the fraction of the acidic
form of the buffer and was found to be kHA =
2.0 · 10�7 M�1 s�1 for chloroacetic acid (see Supple-
mental materials for plot). Similar studies to those
described above were performed with acetic acid, dichlo-
roacetic acid, and pivalic acid.33 In all cases, a linear cor-
relation between the [buffer] and kobsd was found and
y-intercepts correlated with the calculated values from
previous studies20 (plots of kobsd vs [buffer] available in
the Supplemental material).

Shown in Table 1 are the second-order rate constants
(kHA), determined as a function of the acidic form of
the buffer, for the aqueous reaction of 1 at 25 �C,



NH2

O

2

N
H

OO

1

H

+ HA
O

H H
+ + A

H
kHA

3

Scheme 3. General-acid catalyzed mechanism.

Table 1. Second-order rate constants for the buffer-catalyzed breakdown of N-(hydroxymethyl)benzamide (1) and the experimental and calculated

rates for the buffer-independent reaction in H2O, at 25 �C, I = 1.0 (KCl)

Buffer pKa
a pHb kHA (M�1 s�1) kbkg

e (s�1) kbkg
calc f

CH3CO2H 4.76 5.61 (2.5 ± 0.2) · 10�9 3.2 · 10�9

4.44 (5.2 ± 0.5) · 10�8 c (1.4 ± 0.6) · 10�9 2.1 · 10�9

3.80 (3.4 ± 0.4) · 10�9 2.9 · 10�9

ClCH2CO2H 2.86 3.81 (3.0 ± 0.4) · 10�9 2.9 · 10�9

2.51 (2.0 ± 0.3) · 10�7 c (2.2 ± 0.1) · 10�8 2.4 · 10�8

2.10 (4.7 ± 0.3) · 10�8 6.0 · 10�8

Cl2CHCO2H 1.29 1.50 (2.0 ± 0.1) · 10�6 d (1.9 ± 0.2) · 10�7 2.3 · 10�7

(CH3)3CCO2H 5.05 4.92 (4.1 ± 0.3) · 10�8 d (2.0 ± 0.3) · 10�9 2.1 · 10�9

a pKa values from Ref. 45b.
b pH of the solution in which the experiment was performed.
c Calculated by plotting k0HA for the buffer-catalyzed reaction versus fraction of the buffer in the acidic form.
d Calculated from the slope of the kobsd versus fraction acidic form of the buffer.
e The y-intercept values of the plots of kobsd versus [buffer].
f Calculated using Eq. 1 (see Ref. 20).
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I = 1.0 (KCl). From Table 1, as the acidity of the buffer
increases, its catalytic effectiveness also increases. This
observation can be more easily observed in Figure 2
where the Brønsted correlation between the acidity of
the buffer catalyst was plotted versus logkHA, and re-
sulted in an a = 0.35. A point for H3O

+ has also been in-
cluded in the plot (rate for H3O

+-catalyzed reaction was
determined previously, kH = 7.3 · 10�6 M�1 s�1)20 and
showed a good correlation with the acetate buffers indi-
cating a consistent mechanism between the buffer-
catalyzed reactions and the hydronium-ion catalyzed
reaction. Even more interesting was the observation that
the second-order rate for the water-catalyzed reaction
(kHOH = 3.1 · 10�11 M�1 s�1)20,34 of 1 correlated well
with the buffer and hydronium ion points. This observ-
ation suggested that the water-catalyzed reaction, a diffi-
cult reaction to study due to the slow reaction rates,35
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Figure 2. Brønsted plot of the logkHA (second-order rate of buffer

catalyzed reaction of N-(hydroxymethyl)benzamide in H2O at 25 �C,
I = 1.0 (KCl)) versus the pKa for the acid catalysts used to catalyze the

reaction.
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Scheme 4. Specific-acid followed by general-base.
reacts via the same mechanism as the acetate and hydro-
nium ion-catalyzed reactions.

The catalytic effect of carboxylate buffers can be inter-
preted in two ways:36

(a) General-acid catalysis (Scheme 3): The rate determin-
ing step of the reaction involves proton transfer from an
H+ source to the amide portion of 1 as breakdown into 2
and 3 occurs. In Scheme 3, proton transfer to the nitro-
gen has been shown as the carbinolamide cleaves, how-
ever an equally valid mechanism could be written
wherein proton transfer occurs at the carbonyl oxygen
of the amide.37 The mechanism (Scheme 3) correlates
with the suggested mechanisms for the general-acid cat-
alyzed breakdown of acetals and would lead to an over-
all rate expression for the reaction of carbinolamides
shown in Eq. 3.
(b) Specific-acid followed by general-base (Scheme 4):
Here, the amide portion of the carbinolamide is proton-
ated, followed by rate-limiting general-base catalyzed
deprotonation of the hydroxyl group to produce formal-
dehyde and a tautomeric form of benzamide.20,37 Such a
mechanism yields the same acid dependence as in
Scheme 3 (see Eqs. 3 and 4, where KHA

a is the Ka of
the buffer catalyst and k2[A

�] can be dropped from the
denominator of Eq. 4 as it is assumed to be slow com-
pared to k�1).
O
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Based on the results presented here, both of the mecha-
nisms discussed above are feasible. The general-acid cat-
alyzed mechanism could be criticized on the basis of the
generation of protonated formaldehyde (3). Mechanistic
studies of the reaction of acetals have shown that gen-
eral-acid catalysis only occurred in those cases where a
stable carbocation was created.1–3 Under the conditions
of the studies described here, 3 would not be stable en-
ough to exist in solution38–44 and, therefore, the gen-
eral-acid mechanism suggested in Scheme 3 would not
be possible. However, the mobility of the proton on 3
versus the alkylated version in acetal studies could avoid
the generation of this unstable intermediate.45
kobsd ¼ kH½Hþ� þ kHA½HA� þ kHOH

þ kHO

Ka½HO��
Kw þ Ka½HO�� ð3Þ
kHA½HA� ¼ k1k2½Hþ�½A��
k�1 þ k2½A�� ¼

k1k2KHA
a ½HA�

k�1 þ k2½A��

¼ k1k2KHA
a ½HA�
k�1

ð4Þ
Further evidence supporting a mechanism such as that
shown in Scheme 4 comes from buffer catalysis studies
of the aqueous reaction of hemiacetals formed from
formaldehyde and a variety of alcohols (pKa�s ranging
from 12.4–16).8 Cross-interaction coefficients generated
by correlating structure/reactivity studies and Brønsted
a�s (a-values varied between 0.28 and 0.36 for formalde-
hyde hemiacetals) led to the conclusion that, under
acidic conditions, the hemiacetals studied reacted via a
buffer-catalyzed mechanism similar to that shown in
Scheme 4.8 The structural relationship of these hemiace-
tals to 1 and the similarity of the Brønsted a-values to
that determined for 1 provide support for the reaction
of 1 occurring via mechanism like that shown in Scheme
4. Although no conclusion, with respect to the mecha-
nism of the catalysis by carboxylate buffers, is possible
based on the results presented here, cross-interaction
coefficient studies should lead to a resolution of this
kinetic ambiguity.7–9

In conclusion, it has been shown that carboxylate
buffers catalyze the aqueous reaction of N-(hydroxy-
methyl)benzamide (1). Previous studies,15–21 focused
on the aqueous breakdown of carbinolamides, failed
to note any catalytic effect by buffers, which, for 1,
was probably due to the low total [buffer]20 used in those
studies and the modest rate enhancements observed for
the catalysts in general. It can be argued that the cata-
lytic effect of acetate derivatives are as a result of
general-acid catalysis or specific-acid followed by general-
base catalysis with further studies necessary to resolve
this issue. Also, the correlation of the second-order rate
constants in the Brønsted plot suggests that the buffer,
hydronium ion, and water-catalyzed reactions occur
via a consistent mechanism, which is quite remarkable
when the broad range in their pKa�s are considered.
The results of these studies have provided the first
evidence that the aqueous reaction of carbinolamides can
occur via a general acid/base mechanism. This observa-
tion could provide insight into the mechanism by which
PAM catalyzes the breakdown of the carbinolamide
intermediates generated in peptide hormone synthesis.
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of buffer in the acidic form are available free of charge
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