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 Proton exchange of N-methyl amides with general acid catalysis in aqueous solution was studied by NMR.
Rate coefficients were determined by NMR lineshape analysis of the N-methyl protons. The imidic acid mecha-
nism is favored by amides with electron-withdrawing substituents. Only the imidic acid mechanism is expected
to show general acid catalysis, and this mechanism was observed with Brgnsted aa=0.16 for the Z proton of
N-methylformamide. No general acid catalysis was observed for N-methyl-2-chloroacetamide and N,N'-dimeth-
ylmalonamide which exchange protons via the imidic acid mechanism. This result is attributed to their Z

conformations.

Proton transfer? is a fundamental chemical reac-
tion. Proton exchange in amides is of interest because
it provides information about questions of biochemical
significance.?—1¥

The proton exchange reaction in N-methylacetamide
was studied by Berger et al. with NMR,*¥ who found
that the reaction is catalyzed by both acid and base.
They concluded that acid-catalyzed exchange occurs by
direct protonation on the amide nitrogen;

RCONHR' + H* = RCONH,R'* (1)

and this mechanism has been generally accepted. Ev-
idence to favor this mechanism includes the observa-
tion that electron-withdrawing substituents retard the
reaction,'>!® the rate of acid-catalyzed exchanged of
Hg is greater than that of Hz in primary amides,'”
and these rates and the rates of acid-catalyzed rotation
in N,N'-dimethyl amides are similar.'*®)

The evidence for this mechanism is also consis-
tent with an alternative mechanism, proposed by
Martin,'®?® proceeding by O-protonation and followed
by deprotonation to the imidic acid tautomer.

RCONHR' + Ht = RC(OH)=NHR'*
= RC(OH)=NR' + H" (2)

This mechanism, although more circuitous, is plausi-
ble, especially in view of the well known fact that the
amide oxygen is about 107 as basic as nitrogen.?") Bovey
and Tiers?? favored the imidic acid mechanism based
on NMR evidence that indicates that rotation of the
C-N bond does not occur synchronously with proton
exchange for aqueous polyacrylamide solutions.

Perrin and Johnston?® used saturation-transfer tech-
niques to investigate the reaction mechanisms of acid-
catalyzed proton exchange. By comparing intramolec-
ular exchange to intermolecular exchange, they con-
cluded that the N-protonation mechanism is operative
in many primary amides. They found that the in-
tramolecular exchange in amides with electron-with-
drawing substituents is significantly slower than the in-
termolecular exchange, they interpreted this result as

the first unambiguous evidence for the imidic acid mech-
anism.

Despite the fact that primary amides are certainly
of interest, proteins and peptides are structurally
more similar to N-alkyl amides, of which the mech-
anism of acid-catalyzed proton exchange ought to be
elucidated.?® Most MN-alkyl amides exist almost ex-
clusively as the Z stereoisomer, which has the N-
alkyl group cis to the carbonyl oxygen. The sat-
uration-transfer techniques and comparison of inter-
molecular exchange with intramolecular exchange are
therefore inapplicable to N-alkyl amides. Perrin and
Arrhenius® reported a correlation between log kg for
substituted N-methylacetamides and pK, of the cor-
responding RCOOH. A slope variation from 0.43 for
amides with electron-withdrawing substituents to about
1.84 for amides with electron-donating substituents was
observed. This alteration was taken as evidence for a
change from the imidic acid mechanism to the N-pro-
tonation mechanism. However, such arguments based
on substituent effects rely on analogy and cannot be
definitive. We therefore seek unambiguous evidence.

Our approach to this mechanistic problem rests on
the expectation that general acid catalysis can be di-
agnostic for the imidic acid mechanism, whereas spe-
cific acid catalysis is expected to be observed for the N-
protonation mechanism. The imidic acid pathway re-
quired protonation on oxygen, followed by removal of
a proton to form the imidic acid tautomer. However,
proton exchange is incomplete at this stage. To ful-
fill this process, this imidic acid intermediate must be
protonated by a new proton source and reverts to the
amide form by losing the oxygen proton with a rate
controlled by diffusion.?®> According to the principle of
microscopic reversibility,?® in a reversible reaction, if a
certain fraction of the molecules follow one path in the
forward direction, the same fraction follow that path in
the reverse direction. Therefore, we simply focus on the
reverse process of this proton exchange reaction. pK, of
the N-H proton in the protonated amide is about 7. A
general acid with pK, <7 is therefore capable of proto-
nating the imidic acid in a diffusion-controlled process.
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When such an acid is added as a new proton source,
the rate of protonation of the imidic acid is expected
to be enhanced. As a result, the rate of the proton ex-
change is increased. Such acceleration is not expected
for the N-protonation mechanism, as the concentration
of the NM-protonated amide, which resembles the transi-
tion structure, depends only on pH. Therefore, general
acid catalysis may enable one to distinguish the mech-
anisms of proton exchange in N-methyl amides.

Moreover, the Brgnsted «,2” which is the slope of the
plot of log kg vs. log K, of BH, is expected to be about
zero for these general acid-catalyzed reactions due to
the transfer of a proton, controlled by diffusion, from
general acids to the imidic acid. This general acid-cat-
alyzed proton exchange in amide is a process of specific
acid-general base catalysis in the forward direction.

N-Methylformamide is a compound of special inter-
est, as it exists as a mixture of both E and Z stereoiso-
mers, for which both mechanisms are operative.®) The
N-protonation mechanism permits not only proton ex-
change but also E~Z interconversion (Scheme 1). For
the imidic acid mechanism, no F~Z interconversion is al-
lowed because of configurational stability of the imidic
acid intermediates (see Scheme 2). Hence, general acid
catalysis, which occurs via the imidic acid mechanism,
enhances intermolecular proton exchange of both the F
and Z stereoisomers without affecting the F~Z intercon-
version.

Experimental

Chemicals and Sample Preparation. Amides were
either commercially available or synthesized as described be-
low. N-Methylacetamide and N-methylformamide (Aldrich)
were used without further purification. N-Methyl-2-chloro-
acetamide and N,N'-dimethylmalonamide were synthesized
by addition of excess methylamine in aqueous solution to
the corresponding ethyl ester.

Buffer solutions were prepared by adding hydrochloric
acid to the base or sodium hydroxide solution to the acid.
The concentration of buffer components were either calcu-
lated stoichiometrically or determined by titration if neces-
sary.

Exchange sample solutions were prepared by dissolving
the same amount of sample in buffer solutions with varied
concentrations of buffer. The range of buffer concentrations
was varied about 10 fold. Sodium chloride was added to
maintain constant ionic strength in the sample solutions.
Small discrepancies of pH between sample solutions with
various buffer concentrations were adjusted by adding mi-
croliter quantities of hydrochloric acid and/or sodium hy-
droxide solution. pH measurements were made with a pH
meter (Corning Model 125) connected to a combination pH
electrode (Orion or Ingold). The meter was calibrated with
standard buffer solutions (Merck, Germany). Electrodes
were rinsed with deionized water and dried before each mea-
surement.

Kinetics. The exchange rate coefficients were esti-
mated from analysis of the NMR lineshape of the N-methyl
doublet.?® NMR spectra were recorded on a 90-MHz NMR
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spectrometer (Varian EM 390). Samples for kinetic mea-
surement were allowed to equilibrate for 15 min to the probe
temperature 34 °C which was measured with a neat ethyl-
ene glycol sample.?® t-Butyl alcohol (1%,v/v) was invariably
included to test the field homogeneity.

Results and Discussion

General acid catalysis was studied through four N-
methyl amides. As both the specific acid HT and the
general acid BH can catalyze the proton exchange, the
pseudo-first-order rate coefficient is expressed as

kobsa = ku[HT] + ku[BH], (3)

in which kg is the second-order rate coefficient of spe-
cific acid catalysis and kgy is the second-order rate co-
efficient of general acid catalysis. At constant pH, the
first term in Eq. 3 is constant. Therefore, kgy can be
determined by plotting kobsa vs. [BH] and kg obtained
from the ordinate intercept. Rate coefficients for gen-
eral acid catalyzes of the amides are listed in Table 1.
First-order rate coefficients observed from analysis of
the NMR, lineshape are reproducible; the errors of re-
producibility are less than 5%. Errors listed in the data
table are standard deviations from least-square fitting.
Second-order rate coefficients generally have a standard
deviation in the range 5—10%. Therefore, the general
acid catalyzes that we observed are well beyond exper-
imental error. The Z form of N-methylformamide has
the N-methyl group cis to the carbonyl oxygen. In the
E form, the N-methyl group is trans to the carbonyl
oxygen. The FE:Z population ratio is 1:13.5. Kinetic
data of both isomers were measured and are listed in
Table 1.

The rate coefficients and pK, of conjugate acids
were corrected for statistical effects, which result from
the fact that in some acids and bases there may be
more than a single site which can donate or accept a
proton.3*Y) The intrinsic acidic strength pK9 of the
acidic functional group in a general acid can be ex-
pressed as

pK2 = pK7 + logg, (4)

in which p is the number of equivalent protons that can
be transferred from the conjugate acid and ¢ is the num-
ber of sites that can accept a proton in the conjugate
base.?? Modified Brgnsted expressions are given in

k
log k3 = log % = Cpu — a(pK? + log g), (5)

in which Cgy is a parameter. In Eq. 5, the general acid-
catalyzed rate coefficient kgy is divided by the statisti-
cal factor p due to the probability effect. « is obtained
as the slope of the plot of log &%y vs. pK?, for which
Ky and K? are statistically corrected values.

In general, the N-methyl amide RCONHCH; with
a superior electron-donating substituent R has a large
acid-catalyzed rate coefficient kg and the values for kg
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Scheme 1.

N-Protonation mechanism for exchange in N-methylformamide, including competition between deproton-

ation and rotation about the C-N single bond. (R=CHjs).

Table 1. Results for General Acid Catalysis of RCONHCH3 with Various Sub-
stituents R
R BH pK. kpa/M™'s™!  kg/M~ls7!
CH; 3-Cyanopyridinium 1.45 ND® 1350+40
3-Chloropyridinium 2.84 ND 1270+50
H(E isomer) H3POy4 2.12 10.3£2.0
H3PO,4 2.30° 3.4£0.7%
3-Cyanopyridinium 1.45 4.284+0.40 21243
4-Cyanopyridinium 1.90 3.841+0.21 217+12
3-Chloropyridinium 2.84 2.53+0.30 177+3
H(Z isomer) H3POy4 2.12 1.52 61.2
2.30° 0.51%)
CH3NHCOCH, H3POy4 2.12 ND 105+2
NCCH2;COOH 2.45 ND 110+2
CICH,COOH 2.85 ND 93+2
CICH, CHCI.COOH 1.29 ND 43.0+0.7
3-Cyanopyridinium 1.45 ND 43.4+£1.7

a) ND: not detected. b) Corrected with statistical factor.

Oy R H* HO_  , R B HO( R
C—N C=N C=N
v NH H* H’ NH BH 1274
o, M w HO ,,H__B _HO(
C—N _ C=N ——— C=N
H/ N R SH* H/ N R BH H/ NR
Scheme 2. Imidic acid medchanism for proton ex-

change in N-methylformamide. (R=CHjs).

are in good agreement with those reported.¥ For each
RCONHCHj3, kg observed in various buffers are consis-
tent. For instance, the values of kg for CH3CONHCH;
are 1350440 M~'s~! and 1270450 M~!s~! in 3-cy-
anopyridine and 3-chloropyridine buffers. (1 M=1
moldm~—3) However, there is no significant general acid
catalysis observed in buffered solutions of 3-cyanopyr-

idine or 3-chloropyridine samples within experimental
errors. Similar results were observed in other amides,
except in the F, Z isomers of N-methylformamide. Di-
rect proof is exhibited in Fig. 1, in which the F methyl
peaks are coalesced in the phosphate buffered sample
where as the unbuffered sample at identical pH shows
a well resolved doublet. The Z methyl peaks in Fig. 1
are off scale, but a small increase of the ratio of valley
to peak of the Z methyl doublet was observed for the
phosphate-buffered sample. The small peaks at greater
chemical shift than the £ methyl peaks are spinning
side band of the huge Z methyl peaks. The ratios of
valley to peak of the valley between F and Z methyl
peaks are comparable for these two samples. Therefore
the rate of E-Z isomerization, which affects the depth of
the valley between F and Z methyl peaks, depended on
only pH. The general acid H3PO4 has no effect on this
ratio. Other evidence of general acid catalysis for the
E isomer of N-methylformamide is presented in Fig. 2
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Fig. 1. Expanded spectra of N-methyl regions of N-
methylformamide in general acid catalysis. (a) phos-
phate buffered sample, pH 1.17. (b) unbuffered sam-
ple, pH 1.17. Plot widths are 50 Hz.

10 0 Hz

where 4-cyanopyridinium also shows a catalytic effect
in proton exchange. The ratio of valley to peak of the £
methyl peaks of the sample of 4-cyanopyridinium (0.73
M) is greater than that of the sample with 4-cyano-
pyridinium (0.04 M), as demonstrated in Figs. 2(a) and
2(b), although the pH of both solutions is 1.51. The
E-7 isomerization is not affected by a general acid, as
judged by the comparable ratios of valley to peak be-
tween E and Z methyl doublets in 2(a) and (b). In
order to increase the ratio of exchange of the sample
with 4-cyanopyridinium (0.04 M), further hydrochloric
acid was added. As shown in Fig. 2(c), this solution was
adjusted to pH 1.35 to produce a comparable rate of ex-
change of the Z proton (ratio of valley to peak of the £
methyl doublet) to Fig. 2(a). However, there is greater
isomerization in Fig. 2(c), judged from the greater ratio
of valley to peak between the two doublets. Therefore,
only specific acid Ht catalyzes isomerization, whereas
a general acid catalyzes proton exchange without iso-
merization.

A Brgnsted plot with statistically corrected data from
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Fig. 2. Expanded spectra of N-methyl regions of N-
methylformamide in general acid catalysis. (a) 4-
cyanopyridinium (0.73 M), pH 1.51. (b) 4-cyano-
pyridinium (0.04 M), pH 1.51. (¢) 4-cyanopyridinium
(0.04 M), pH 1.35. Plot widths are 50 Hz.

Table 1 is shown in Fig. 3. An « value 0.16+0.02 is ob-
served. This « value is consistent with the imidic acid
mechanism, which is expected to have o value nearly
zero due to proton transfer controlled by diffusion from
general acids to the imidic acid intermediate. Hence,
the general acid catalysis of N-methylformamide occurs
via the imidic acid mechanism, for which the F~Z iso-
merization is prohibited.

Reprotonations of both imidic acid tautomers of N-
methylformamide by general acid are controlled by dif-
fusion. By assuming that the coefficients of these dif-
fusion-controlled rates are equal, we derive the relative
stability of these two imidic acids from the general acid-
catalyzed rate coefficients of £ and Zisomers. The equi-
librium quotient KA for the imidic acids is
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Fig. 3. Brgnsted plot of N-methylformamide (E iso-
mer) with statistically corrected pK, and log ksu.-
1a _ [Z-HC(OH)=NCH3] _ _ ki
K= [E-HC(OH)=NCH;] ~ Ke kiR’ (©)

in which ki and kg are the coefficients for the rate
of exchange via imidic acid mechanisms only, and K,
is the equilibrium quotient between Z and E isomers
of N-methylformamide. There was detectable general
acid catalysis for the Z isomer only with H3POy, for
which the statistical factor of 3 for H3PO,4 advances
the general acid catalysis; a value of 1.52 M~1s~1 (see
Table 1) was obtained from analysis of spectral line-
shape. K.=13.5 and ku,po, of £ and Z N-methyl-
formamide from Table 1 were inserted into Eq. 6 to
yield K!A=2.0. Therefore, the Z imidic acid is more
stable than the E imidic acid, but the stability differ-
ence is quite small (about 2.0 kJ mol~!) as presented
in Fig. 4. By comparison with the F imidic acid, the Z
imidic acid has additional destabilization not found in

HO
\CH3 _
2.0
o
AG /kJ mol
Q,
H
6.6 — \\‘C_._N’
e \Cl-h .
N CH
\C—N/ 3
o n’ Ny

Fig. 4. Relative energies of the imidic acids of N-meth-
ylformamide.
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the amides. The origin of the stability difference in the
parent amides is unclear. An aromatic six-pi system3®
and dipole-induced dipole interactions®® have been in-
voked to resolve this question. We therefore propose an
explanation that whatever stabilizes the Z amide is re-
duced in the imidic acid. This idea is reasonable as the
imidic acid is less delocalized and less polarizable than
the amide; hence aromaticity or dipole-induced dipole
interaction would be reduced.

The equilibrium quotient for the amide/imidic acid
tautomerization is smaller for the Z conformer than in
the E conformer in the case of N-methylformamide.
The existence of the imidic acid mechanism is ex-
plained by the substituent effect. The transition struc-
ture of the N-protonation mechanism, which resem-
bles RCONH,CHY, is strongly destabilized by electron-
withdrawing substituents R. As a result, the N-proton-
ation mechanism is retarded and the imidic acid mech-
anism becomes dominant. The fact that no general
acid catalysis was observed in N-methylchloroacetamide
and N,N'-dimethylmalonamide might result from their
Z conformation.

We thank the National Science Council of the Repub-
lic of China for the support of this work.
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