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ABSTRACT OF THE DISSERTATION

NMR Studies of Proton Exchange in Amides

by

Eric Richard Johnston
Doctor of Philosophy in Chemistry
University of California, San Diego, 1980

Professor Charles L, Perrin, Chairman

Acid-catalyzed proton exchange in a number of primary and
secondary amides has been studied by NMR methods, Exchange
may conceivably occur by protonation on nitrogen, or by protona-
tion on oxygen followed by N-deprotonation to the imidic-acid
tautomer., These mechanisms may be distinguished experimentally,
since the former pathway requires that the rate of acid-catalyzed
intramolecular exchange of the diastereotopic E and Z protons be
comparable to the rates of solvent exchange, whereas the latter
pathway requires that the rate of acid-catalyzed intramolecular
exchange be zero,

To measure rate constants in these three-site proton ex-

change reactions, we have extended the NMR saturation-transfer
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technique of Forsen and Hoffman. The method involves the measure-
ment of intensities and spin-lattice relaxation rates in Fourier trans-
form NMR spectra under conditions of selective saturation. Satura-
tion-transfer experiments have been supplemented with line-broad-
ening and lineshape analysis measurements where necessary,

Uncatalyzed rotation about the C~N bond in a number of
amides was initially studied with the saturation-transfer method,

The rate of rotation is very small for formaide, N-methylformamide,
N~t-butylformamaide, ethyl oxamate, malonamide, and dichloro-
acetamide, and slightly larger for acetamide, cyanoacetamide, and
chloroacetamide. The rate of rotation is considerably larger in
acrylamide, methacrylamide, benzamide, and salicylamide, These
variations in rotation rate are rationalized in terms of the effect of
substituents on the transition-state for rotation.

To confirm the reliability of the three-site saturation-transfer
method, we have examined the base-catalyzed exchange in a number
of primary and secondary amides, where there is no mech;nistic
ambiguity. In all the amides examined, there is no base-catalyzed
intramolecular exchange, as expected, and the E and Z protons ex-
change at different rates, The latter observation is rationalized in
terms of electronic effects in the resulting imidate anions, We have
additionally studied solvent effects on exchange rates, and have

elucidated the role of the o~hydroxy substituent of salicylamide in

x1i
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providing intramolecular catalysis of proton exchange in this com-
pound.

Water-~catalyzed proton exchange in two protonated imidic
esters, ethyl acetimidate and 2-iminotetrahydrofuran, has been
studied by saturation-transfer, since exchange in these compounds
serves as a model for the imidic-acid route, We find that HZ ex~-

changes faster than H_ in ethyl acetimidate, and slower than HE in

E
2-iminotetrahydrofuran, These results are consistent with the
expectations that the Eap and ZSp configurations, respectively, are
the more stable forms of the imidic esters,

Proton exchange in fuming sulfuric acid has been examined
for acetamide, 3, 5-dinitrobenzamide, and trichloroacetamide., In
this solvent, where the amides are quantitatively O-protonated,
exchange proceeds by proton removal from oxygen, followed by re-
protonation on nitrogen, as evidenced by the observation that HE
and HZ exchange at equal rates with solvent and with each other,

With a combination of saturation-transfer and lineshape
analysis methods, we have elucidated the mechanism of the dilute
acid-catalyzed exchange in ten primary and two secondary amides.
For acetamide, acrylamide, methacrylamide, benzamide, and
formamide, where the rate of acid~catalyzed intramolecular ex-
change of the E and Z protons is comparable to the rates of solvent

exchange, it is concluded that exchange proceeds predominantly by

protonation on nitrogen, Nevertheless, HE exchanges faster, and

xii
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this is interpreted in terms of competition between rapid deprotona-

+
3

acetamide, ethyl oxamate, chloroacetamide, malonamide, and

tion of RCONH, and rotation about its C-N single bond, In cyano-
dichloroacetamide, intramolecular exchanges is significantly slower
than solvent exchange, This result is evidence for exchange proceed-
ing primarily or exclusively via the imidic-acid pathway, For all
these amides except the last one, HE exchanges faster than HZ ,
opposite to the behavior observed in the model compound ethyl
acetimidate,

In N-methylformamide, exchange occurs largely via the
imidic~acid pathway, whereas in N«t-butylformamide, exchange
occurs through protonation on nitrogen., In both cases, HZ exchanges
faster than HE' These conclusions are supported by the observation
of general-acid catalysis in N~-methylformamide, and the absence of
such catalysis in N-t-butylformamide,

Several additional aspects of the exchange pathways have been
investigated, including the effects of solvent polarity on the relative

stabilities of the isomeric imidic acids and imidate anions, the inter-

+

5 group and solvent, and the effect of substi-

action between the -NH
tuents on the barrier to rotation in the N-conjugate acid, Finally, the
variability of mechanism in dilute acid is rationalized in terms of a
polar effect of substituents, and the dominance of the N-protonation

pathway in strong acid is rationalized in terms of the acidity depend-

ence of the two pathways,

xiii
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A, Introduction

During recent years proton exchange in amides has been a
popular field of researchl-”, with interest in the reaction due in
part to its applicability to questions of biochemical significance. It
has, for example, been utilized as a probe of static and dynamic
18-24

w

aspects of polypeptide molecular structure by biochemists, ho

have inferred that slowly exchanging hydrogens are intramolecularly
hydrogen-bonded and/or buried within the hydrophobic protein
interior. More recently, amide hydrogen exchange has been used to
study binding of NADH to various dehydrogenases, 2> and to study
cation binding by cyclic peptides. 26

Interest in acid-catalyzed amide hydrogen exchange is due as
well to its obvious relevance to questions pertaining to the major site

of protonation in amides 27-29 and to the mechanism of amide hydrol-

30-33

ysis These issues, in turn, have a direct bearing on the ques-

tion of the mechanism of action of the serine proteases, an important
class of enzymes responsible for peptide-bond cleavage. -36 How-
ever, in spite of the fundamental importance of this hydrogen ex-
change reaction, its mechanism remains unknown,

The reaction was originally studied by Berger, Loewenstein,
and Meiboom, 31 who found that it is both acid- and base-catalyzed.

They concluded that acid-catalyzed exchange in N-methylacetamide

occurs by direct protonation on nitrogen
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RCONHR’ + H30+ — RCONHZR'+ +H,0

and this mechanism has been generally accepted. However, the evi-

dence for this mechanism is also consistent with an alternative but
.3

more circuitous mechanism, proposed by Martin, ? that proceeds by

protonation on oxygen followed by deprotonation to the imidic~-acid

tautomer,

O == RC(OH)NR’ + H. 0"

ot==rcoou)Nur'" + H, \

RCONHR' + H3

This mechanism is quite reasonable, especially in view of the well-
known40 fact that the amide oxygen is more basic than the nitrogen,

Molday and Kallen have asserted38 that the lower pH required
to produce proton exchange when R- is electron-withdrawing is evi-
dence against the imidic-acid pathway, on the basis of the assumption
that for this pathway the decrease in the concentration of O~-protonated
amide should be balanced by the increased rate of N~H proton removal
from it, so that this mechanism should be relatively insensitive to
substituents. However, since both mechanisms involve acid catalysis,
both must involve partial positive charge due to the proton in the trans-
ition state, and both would be expected to show a rate decrease when
R- is electron-withdrawing, so this observation does not constitute
evidence in favor of either mechanism.

Martin39 has favored the latter mechanism on the basis of the

observation that rates of acid-catalyzed proton exchange in secondary
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amides exceed rates of acid~catalyzed isomerization in tertiary
amides., Although proton exchange in secondary amides can conceiv=
ably occur through either pathway, isomerization in tertiary amides
can occur only by protonation on nitrogen. The rate of this process
thus provides an estimate for the rate of exchange occurring by pro-
tonation on nitrogen. Martin assumed that the PKa values for N-
protonated secondary and tertiary amides parallel the measured pKa's
of the corresponding O-protonated amides, and, subject to this assump-
tion, estimated the amount of exchange in secondary amides occurring
via N-protonation. He then attributed the excess exchange rate in
secondary amides to incursion of the imidic-acid mechanism. There
is no a priori reason to assume, however, that his assumption con=-
cerning the transferability of pKa's is justified, and his conclusion is
therefore not firm,

Bovey and Tier 841 have also favored the imidic~-acid pathway
on the basis of NMR evidence for aqueous polyacrylamide solutions
which suggests that C-N bond rotation does not occur concurrently
with exchange, Their experiments, however, were conducted at
40 MHz, where the amide N-H signals appeared on the shoulder of an
intense water peak, and it is doubtful that their spectra were suffi-
ciently sensitive to the small lineshape changes which serve to dis~

tinguish the two mechanisms,

In the most recent effort to elucidate the mechanism of the

acid-catalyzed exchange, Perrinél;2 has studied proton exchange in
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primary amides (R' = H) by nuclear magnetic resonance, The E and
Z protons (respectively trans and cis to oxygen) are magnetically
nonequivalent and separately detectable in the NMR spectrum, due to
slow rotation about the C-N bond at room temperature, 40 He demon-
strated that these hydrogens undergo acid-catalyzed exchange at dif-
ferent rates, and that, for the amides examined, HE is the faster to
exchange. He reasoned that if exchange proceeded via the imidic-acid
pathway, the more stable E configura,t:ion43 ~45 of the imidic acid, 1,

should be formed faster, so that I-IZ should exchange faster than HE.

OH

Since this is opposite to the observed exchange behavior, he concluded
that exchange proceeds entirely by protonatioh on nitrogen, and that
HE and HZ’ which might have been expected to be equivalent in

RCONH+ exchange at different rates because hindered rotation about

3
the C-N single bond in the N-protonated species prevents them from
becoming equivalent in the very short lifetime of the cation. The N-
protonated amide is a strong acid (PKa ca. —9)34 which undergoes
proton transfer to water at a diffu.zs&i.on-contro1le<:14'6 rate, so that rates

of rotation and deprotonation might be expected to be comparable,

This mechanistic conclusion, however, rests on the assumption that
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the relative stabilities of the isomeric imidic acids parallel the known
relative stabilities of imidic esters, RC(OR’)NR”, and it is not clear
that imidic esters are adequate models for imidic acids,

The experiments described here were thus initiated to obtain
more compelling evidence for the N-protonation mechanism in pri-
mary amides, and to further investigate the dynamics of the two very
fast processes involved, diffusion-controlled proton transfer and rota-
tion about single bonds, We have additionally sought (and found) ex-
amples of exchange proceeding by the imidic-acid mechanism.

Our approach to this problem rests on the mechanistic dis-
tinction provided by comparing rate constants for intermolecular and
intramolecular exchange in primary amides, Unlike Martin's com-
parison of rate constants for exchange and isomerization in second-
ary and tertiary amides, 39 which required an assumption about the
transferability of pKa's, these rate constants can be directly com-
pared in the same primary amide, We define kEZ and kES to be the
pseudo-first-order rate constants for exchange from the E site to the
Z site and to the solvent site, respectively; other kij 's are defined
analogously (see Figure 1),

The imidic-acid pathway requires that kEZ and kZE be zero,
since the configurational stability47 of the resulting imidic acids

precludes acid-catalyzed isomerization. In contrast, protonation on

nitrogen should result in both proton exchange and isomerization. A
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SZ
)X—N k k kZS -OH(solvent)

Figure 1, Three-site system in hydrogen exchange in amides,

detailed analysis of these N-protonation exchange kinetics is possible,
and (as will be shown later) this mechanism requires that HZ exchange
into the solvent and E sites at equal rates, The distinction between

the imidic-acid and N-protonation routes thus depends on whéther kZE

is equal to zero or k respectively, We have followed the same

zs’
approach in our studies of N-methylformamide and N-t-butylformamide,
which exist as equilibrium mixtures of the Z and E forms. For ease
of comparison with primary amides, the amide protons of the Z and

E stereoisomers are labeled HE and HZ, respectively.

Lineshape analysis is too inaccurate for comparing intramolec-
ular exchange with intermolecular exchange. We have therefore ex-
tendedq"'8 the NMR saturation-transfer technique of Forsen and

49 e . .

Hoffman ~ to the determination of all six rate constants in these
three-gite systems, The method involves the measurement of intensi-

ties and longitudinal relaxation rates in Fourier transform NMR spec-

tra under conditions of selective saturation, When rates of chemical
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exchange and longitudinal relaxation are comparable, kinetic transfer
of saturation leads to decreases in signal intensities.

From the equations describing the time-dependence of the
magnetization of the three-component spin system, 20 expressions for
the rate constants in Figure 1 are derived in terms of experimentally
measured relaxation rates and magnetization decreases, To check the
reliability of the method, we then examine a) the base-catalyzed ex-
change in a number of primary and secondary amides, where there is
no mechanistic ambiguity, 42 and b) water-catalyzed proton exchange
in two protonated imidic esters, since these are likewise mechanisti~
cally unambiguous and serve as models for the imidic-acid route., We
then apply the technique to amide proton exchange in both dilute and
strong acid to investigate the dynamics of the proton transfer reac-

tions in these media,
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B. Experimental

1, Chemicals and Sample Preparation

Amides were used without further purification. The ratio of
solvent protons to amide N-H protons was determined by carefully
weighing both amide and solvent, Thorough dissolution of amides in
ethylene glycol (Mallinckrodt, Analytical Reagent quality) was effected
with a Vortex mixer. Solutions were not degassed, pH measurements
were made with a Corning Model 5 pH meter connected to a dual func-
tion probe., The electrode was rinsed with distilled water and dried
prior to each pH measurement, NMR probe temperature measure-
ments were made with an ethylene glycol sample according to the
method of Van Geet. 51

a. Acetamide

Acetamide was purchased from Eastman Organic Chemicals.
Acetamide 99% enriched in 15N was obtained from Stohler Isotope
Chemicals. To study proton exchange in strong acid, 364.4 mg
acetamide was dissolved, with cooling, in 1,786 g 96% sulfuric acid
and 1,920 g 20% fuming sulfuric acid (both purchased from Mallinc~
krodt). To study the amide in strong acid under nonexchange condi-
tions, 182.3 acetamide was dissolved, with cooling, in 1,984 g 20%
fuming sulfuric acid. Acetamide samples in ethylene glycol

(Mallinckrodt? Analytical Reagent grade) were about 3 M in amide,
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b. Acrylamide

Acrylamide was purchased from Aldrich Chemical Co. and
was of Gold Label quality. Ethylene glycol solutions were about 3 M
in amide, and a trace of hydroquinone (less than 1 mg/ml) was added
to prevent amide polymerization.

c. Methacrylamide

Methacrylamide was purchased from Aldrich Chemical Co.
Sample preparation was identical to that for acrylamide.

d. Benzamide

Benzamide was obtained from Mathe son, Coleman and Bell,
Benzamide 99% enriched in 15N was purchased from Stohler Isotope
Chemicals. Proton exchange was studied in both ethylene glycol at
ca. 1 M concentration, and in 60% vAr aqueous methanol at ca, 0,5 M
concentration,

e, Salicylamide

Salicylamide was purchased from Aldrich and solutions were

0. 5 M amide in ethylene glycol.

f. Formamide -dl

Formamide-dl, 99% enriched in deuterium at the formyl posi-

tion, was obtained from Stohler Isotope Chemicals. Samples were
about 3 M amide in ethylene glycol.

g. Ethyl Oxamate

This compound was purchased from Aldrich Chemical Co. and

was studied at 0, 5 M concentration in ethylene glycol.
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h, Cyanoacetamide

This compound was obtained from Matheson, Coleman, and
Bell, and was studied at 1. 5 M amide in ethylene glycol.

i. Malonamide

Malonamide was purchased from Aldrich and was studied at

0.7 M amide in ethylene glycol.

j. Chloroacetamide

Chloroacetamide was obtained from Aldrich Chemical Co. and

was studied at 1,5 M amide in ethylene glycol.

k. Dichloroacetamide

This compound was purchased from Aldrich Chemical Co. and

was about 3 M amide in ethylene glycol.

1. Trichloroacetamide

Trichloroacetamide was purchased from Tridom Fluka.

m. 3,5-Dinitrobenzamide

This compound was obtained from Aldrich Chemical Co. To
study exchange in strong acid, 710. 0 mg amide was added, with
cooling, to 2.615 g 96% sulfuric acid and 2.660 g 20% fuming sulfuric
acid. A second, nonexchanging sample consisted of 299.3 mg amide
in 2.351 g 20% fuming sulfuric acid. The amide does not undergo
aromatic sulfonation under these conditions.

n. N-Methylformamide

N-Methylformamide was purchased from Aldrich Chemical Co,

Amide solutions were 2 M in water, Amide solutions in 10%
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and 16% fuming sulfuric acid were prepared, with cooling, to study

exchange in strong acid.

o. N-t-Butylformamide

This compound was purchased from Aldrich Chemical Co,

Solutions were 2 M amide in ethylene glycol.

p. Ethyl Acetimidate Hydrochloride, MeC(OEt )NH;CI-'

The method of MacKenzie et al. °2 was followed. Equimolar
amounts of ethanol (14.5 ml, 0,25 mole) and acetonitrile (13, 0 ml,
0. 25 mole) were placed in a dry 100 ml 3-necked flask. To this solu-
tion was added 25 ml dry ether, and HCl gas was bubbled through the
solution for 45 minutes with vigorous stirring. The flask was main-
tained at room temperature. After 45 minutes the solution was de-
canted into an Erlenmeyer flask which was stoppered and placed in a
freezer to induce crystallization of the imidic ester hydrochloride,
Three to seven days were required for crystallization, Crystals were
suction filtered, washed twice with cold dry ether, and stored under
nitrogen in a freezer., Yield: 6.0 g (20%). In DMSO-dé, the salt has
the following NMR spectrum: 51,32 (t, 3 H), 2.45 (s, 3 H), 4.50 (q,
2 H), 11.25 (s, 1 H, broad), 12.20 (s, 1 H, broad). It decomposes
slowly at room temperature in this solvent to give acetamide and
ethyl chloride, and hydrolyzes slowly in aqueous sulfuric acid to give

5
ethyl acetate and ammonium chloride. ~

A sample of ethyl acetimidate for saturation-transfer experi-

ments was prepared as follows, To produce water-catalyzed exchange,
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a 46% w/w aqueous sulfuric acid solution was first prepared by addi-

tion of 2.3774 g 96% I-IZSO to 2. 5562 g distilled water. To 0,9156 g

4
of this solution was added 712.3 mg of the imidic ester hydrochloride,
and dissolution was accomplished with a Vortex mixer. Data acquisi-
tion for Tl and saturation-transfer experiments was complete within
two hours from the time of mixing. After this time, less than 5%
hydrolysis had occurred, as determined by integration of the NMR
spectrum.,

To produce nonexchange conditions, a 57% w/w aqueous
HZSO4 solution consisting of 2.332 g HZSO4 and 1,750 g distilled
water was prepared. To 0.9181 g of this solution was added 533, 6 mg
of the imidic ester, No hydrolysis had occurred in the time neces-

sary for data acquisition,

q. 2-Iminotetrahydrofuran hydrochloride, >4

4-Hydroxybutyronitrile was synthesized according to the
method of Asknes and Prue, 53 To £0 ml of 3:1 EtOH/HZO (v/v) was
added 10 g l-chloro -3-hyroxypropane (purchased from Aldrich
Chemical Co. ) and 8,5 g KCN, The solution was refluxed with
vigorous stirring for 1.5 hr, The solution was then cooled and fil-
tered, and solvent was removed on a rotary evaporator., The brown
solution was vacuum distilled, and the fraction boiling at 98-100°C/
6 mm was collected (lit bp 107-108°C/1l mm (4), 122°C/15 mm (5)).
Yield: 1.8 g (20%). NMR (CDC13): $1.95 (m, 2 H), 2.60 (¢, 2 H),

2.80 (s, 1 H, broad), 3.85 (t, 2 H).
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Dry hydrogen chloride was passed into a solution of 1.8 g
4-hydroxybutyronitrile in 65 ml dry ether maintained at 10-15°C with
external cooling, After 45 minutes, the solution was decanted into a
second flask, stoppered, and stored at room temperature for several
days, A light yellow oil precipitated out and eventually set to crystals,
The NMR spectrum in DMSO-d6 had the following signals: § 2.30
(m, 2 H), 3.20 (t, 2 H), 4.80 (t, 2 H), 11.49 (s, 1 H, broad), 11.75
(8, 1 H, broad).

Water-catalyzed exchange of the imine hydrochloride in DMSO-

cI6 was produced by addition of several drops of distilled water to the

NMR sample tube,

2. pH Adjustment

Acid catalysis was induced by addition of microliter quantities
of 0.5 M HCIl or concentrated sulfuric acid to 1-ml samples. The
0.5 M HCI solution used in most of the experiments was aqueous,
but similar kinetics could be obtained by using a 0.5 M sulfuric acid
solution in ethylene glycol, The small amounts of water introduced
into ethylene glycol solutions of the amides by use of aq. 0.5 M HC1
thus appear to have no significant effecd on the kinetic results (see,
e.g., columns 1 and 2 of Table 7. These samples were pH-adjusted
with sulfuric acid in ethylene glycol and aqueous HCIl, respectively).

In the case of formamide-dl, addition of sulfuric acid to the

sample tube resulted in amide hydrolysis and an unstable pH., To
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minimize these effects, acid-catalyzed exchange was produced with
trichloroacetate buffers (stock solutions were 0.5 M CCISCOOH and
0.5 M CClBCOONa in ethylene glycol), and ST values were constant
over the time period required to make the measurementa,

Base-catalyzed exchange was induced with phosphate buffers
prepared from stock solutions 0.25 M NaZHPO4 and 0,25 M NaHZPO4
in ethylene glycol. Non-exchanging samples were either unbuffered
or were acetate-buffered with stock solutions 0.5 M HOAc and 0.5 M
NaOAc inethylene glycol.

The anions of the E and Z isomers of N-methylformamide in
DM.SO-d6 and dixoane were generated by adding a large excess of
potassium t-butoxide to a dioxane solution 0,2 M in N-methylformamide
and to a DMSO-d6 solution 1 M in N-methylformamide, The isomeric

N-methyl signals appeared as sharp signals, and the anion equilibrium

constant was determined by direct integration of the 220 MHz spectrum.

3. Spin Assignment in O-protonated Formamide

The 220 MHz spectrum of a 1 M solution of formamide in 20%
fuming sulfuric acid was recorded. In this solvent, amide proton ex-
change with solvent is slow, and the formyl signals appear upfield of
the N-H region. The formyl portion of the spectrum (consisting of
four lines) was calculated with the computer program ITRCAL. 56

With assumed trans and cis formyl-NH coupling constants of 15 and

7 Haz, respeci:ivelys7 (appropriate to alkenes), spectra were calculated
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assuming 1) that the downfield N-H proton was responsible for the
(larger) trans coupling, and 2) that the upfield N-H proton was
responsible for the trans coupling. The iterative feature of ITRCAL,
which requires a nearly complete experimental spectrum in which
most transitions are assigned, was not used because the N-H protons

were too broad to be delineated.

4, NOE Experiments

Signal assignments were made in 2, 2-dichloroacetamide,
salicylamide, Nmethylformamide, and N-t-butylformamide with NOE
experiments., Dichloroacetamide was examined under non-exchange
conditions at 3 M concentration in non-degassed ethylene glycol. HE
and HZ were separately irradiated, and the intensity change of the
a-C-H proton was measured with difference spectra, obtained by
subtracting the on-resonance spectrum from the off-resonance spec-
trum. NOE experiments on salicylamide were conducted under non-
exchange conditions at 1 M concentration in non-degassed ethylene
glycol, HE and HZ were separately irradiated, and the intensity
enhancement of the phenyl proton ortho to the amide group was meas-

ured with difference spectra.

Signal assignments for the isomeric methyls in N-methyl-
formamide were made with NOE measurements on a non-degassed
2 M solution in DZO' where N-methyl and formyl signals appear as

sharp singlets. N-methyl signals were separately irradiated, and
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intensity changes at the corresponding formyl signals were measured.
The isomeric amide protons in N-butylformamide were assigned

with NOE experiments on a 2 M solution of the amide in non-degassed

ethylene glycol. Amide protons were separately irradiated, and in-

tensity changes at the corresponding formyl sites were measured with

difference spectra.

5. Line-shape Measurements

a) Measurements of the line-broadening due to exchange in
acrylamide, acetamide, and 15N-benzarnide were made on a Varian
HR-220 NMR spectrometer in the FT mode. A sweep width of 2000 Hz
and memory storage of 16 K were used, Between four and thirty-two
acquisitions were obtained, using a 40 microsecond pulse and a delay
time between pulses of 3 sec, 3 Hz of artificial line-broadening was
employed. Width at half-height was obtained from a 60 Hz expanded
plot (50 cm long) of the peak in question. Non-exchange, acid-cata-
lyzed, and base-catalyzed samples were each recorded at several
different pH values., t-Butyl alcohol was employed as internal stand-
ard. Spectrometer homogeneity was readjusted after each pH adjust-
ment by maximizing the ringing of the t-butanol signal. Finally, the
following procedure was used to obtain exchange rates for the N-H
protons:

1)  Width at half-height of the t-BuOH standard ( = A\)‘I)/Z , in-

homogeneity) was subtracted from non-exchange N-H half-height
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widths (= A\)cl’/2 = A\)flz, inhomogeneity + A\JT/Z » quadrupolar),

3) Al of the non-exchange widths for a given N-H proton were
averaged (= A\)(I)/Z » quadrupolar).

3) Width at half-height of the t-BuOH standard was subtracted
from exchanging N-H half-height widths (= A\)I/Z).

4) Total exchange rates were computed from the equation 59
k=m (A\)I/Z - A\)';/z » quadrupolar),

5) The ratio of exchange rates of the N-H protons was then com-
puted at a given pH by taking the quotient of the results in step 4 for
HE and Hz .

b) The N-H line shape of acrylamide was also recorded for
intermediate acid-catalyzed exchange rates on a Varian EM-390 NMR
spectrometer. The amide was 3 M in ethylene glycol. The N-H
region was expanded to 90 Hz and plotted out 30 em long. The non-
exchange line shape was recorded in unbuffered solution, with suc-
cessive spectra recorded upon addition of microliter aliquots of
0.5 M HCI, and, finally, concentrated sulfuric acid. Under non-
exchange conditions, the N-H signals are 52 Hz apart, and have line-
widths of 10. 3 Hz,

c) Proton exchange rates in water were measured on a JECL
PFT-100 NMR spectrometer. A concentric tube arrangement was

employed in order to use the internal lock system of the spectrometer,

An inner 5-mm tube containing the aqueous amide solution was placed
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inside a 10-mm tube containing 99% acetone-dé. The 5-mm tube was
held in place by two 10 mm vortex plugs bored with holes large enough
to allow the 5 mm tube to be easily inserted and removed, but small
enough to keep the arrangement from wobbling during operation. The
spectrometer was locked on the deuterium signal and tuned on the

free induction decay of the protic solvent,

An 14N--decoupling power of approximately 16 watts at a fre-
quency of 7191148 Hz was used. Spectra had a sweep width of 1000 Hz,
and 2 Hz of artificial line-broadening was employed., Spectra were
plotted out 33, 3 cm long, with a horizontal scale of 50 Hz., Linewidths
were measured, and relative exchange rates were computed as in a)
above.

d) NMR lineshapes of N-methyl- and N-t-butylformamide
under exchange conditions were simulated with a computer program
employing Bloch equations médified for chemical exchange effects.59’ 60
In the absence of strong coupling, the NMR absorption-mode intensity
function I(w) is equal to the imaginary part of iC| 1-(T,+B +i2§)'1. p]
where Ez is a diagonal matrix containing ]./T2 values for the various
sites, 25 is a constant matrix containing the frequency variable m in
radians-/sec, and E = 5 - i%, whe re ’% is a diagonal chemical shift
matrix with elements w.. in radians/sec for each site and K isa
rate-constant matrix with off-diagonal elements kij defined to be the

first-order rate constant for exchange from site j to site i and diag-

onal elements kii = - z kij . 1 and p are unit row vectors and
j -~ ~7
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population column vectors, respectively, and C 1is a scaling con-
stant. To calculate the NMR lineshape from this expression, a
matrix inversion must be performed for each frequency value, To
avoid this time-consuming process, we have written a computer
program which diagonalizes Zz + B by calculating transformation

. D . 5! . Substituting

n

matrices S and E-l such T2 + B =

this expression for 32 + B into the expression above yields
-1

I(w) = Im iC[L+ S+ (D +iX)"' - 51+ p]. The diagonal matrix
sum 2 + i}i is then readily inverted and the indicated matrix
multiplication performed. Since the diagonalization needs only be
performed once, and then inversion of a diagonal matrix is trivial,

a considerable savings in computing time is realized. Input parame-
ters are fractional site populations, chemical shifts in Hz, T2 values
in the absence of exchange (related to the width at half-height for each
signal by T2 = l/TTA\J(;/Z), and first-order rate constants for site
interchange. Unequal linewidths resulting from different long-range
coupling constants were accounted for with effective T2 values that

duplicated the measured linewidths. 62 For N-methylformamide, the

rate constant matrix K has the form
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where kg is the rate constant for exchange of the E methyl into the

Z

Z site, and site pairs (1, 2) and (3, 4) are doublet components of E and
Z methyls, respectively. N-methyl doublet components exchange with
each other as a result of proton exchange, and with the corresponding
component of the other doublet as a result of isomerization. The rate
of doublet collapse is one-half the rate of proton exchange, since only
those exchanges which result in replacement of a proton with opposite

spin are detectable.
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For N-t-butylformamide, the rate constant matrix K is given

by
kgz
kg7
K =
ksg
ksg
kys kyg kes KEs

where site groups [1,2 - 3,4] and [5,6 - 7.8] are [formyl-amide]
doublet components in the E and Z isomers, respectively, and site
9 is solvent. Formyl doublet components exchange with each other as
a result of proton exchange, the rate of doublet collapse again being
one-half the rate of proton exchange. Amide N-H doublet components
exchange directly into the solvent site. For both K matrices pre-
sented above, the diagonal elements have been omitted, but these are
added by our computer program. Calculations were performed on a
Burroughs B6700 computer, and the best fit between experimental and

calculated spectra was based on visible superposition of the spectra,
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6. Saturation-transfer Studies

Saturation-transfer studies were performed on a Varian HR-200
NMR spectrometer in the FT mode. Ethylene glycol was used as sol-
vent for exchange studies in dilute acid or base because we have ob-
served that its greater viscosity relative to water decreases scalar
relaxation of N-H protons bound to the quadrupolar 14N nucleus.
The N-H signals are considerably sharpened, with half-widths of
7-10 Hz.. Formamide-dl, however, has N-H half-widths of 18 Hz.

Computer storage size was typically 4 K,

a. Saturation-transfer (ST) Experiments

Saturation-transfer experiments were conducted as follows.
Employing a sweep width of 2500 Hz, an offset of zero (OF = 0), and
from four to thirty-two acquisitions (depending on sample concentra-
tion), an initial spectrum was acquired while irradiating 104 Hz down-
field of the right-hand edge of the spectrum. Computer-controlled
saturation during only the delay part of the acquisition sequence was
utilized, and the first acquisition was discarded (DG = 1), since satu-
ration had not been achieved. Sufficient signal attenuation was used
to prevent ''clipping'' of the free induction decay (FID). A pulse time
P2 (typically 70 microseconds) approximating a 90° pulse was used to
obtain the initial spectrum, which was then phased. With this phasing
maintained, 180° pulse times were determined as those which gave

pure dispersion spectra for the NH and OH protons. These two 180°
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pulses generally differed by 6-8 microseconds, so half their average
was taken as the 90° pulse. We have found that a 90° sampling pulse
is necessary to reject x-y magnetization created by the saturating
irradiation. Using the new P2 value, the off-resonance spectrum was
reacquired and rephased. The resultant phasing parameters were
used in subsequent ST experiments. A delay between acquisitions
(D5) of 3 seconds was adequate, except in the case of N-methylform-
amide, where a D5 of 15 seconds was employed.

Decoupler power levels slightly more than adequate for satura-
tion were used. Nevertheless, appreciable (about 10%) '"'spillover' of
radiation applied at one N-H site to the other N-H site was sometimes
observed, owing to finite frequency synthesizer bandwidth, There-
fore, I° for the upfield site was taken to be the intensity upon irradi-
ating upfield of this site by an amount equal to the chemical shift dif-
ference of the two sites, and likewise for the downfield site. These
equilibrium intensities were then used to calculate saturation transfer
values involving the two sites.

For 15N- substituted acetamide and benzamide, HE and HZ
appear as sharp 90 Hz doublets due to coupling to 15N. Saturation-
transfer measurements involving these protons were performed by
simultaneously irradiating both components of HE or HZ (vide infra)
and measuring intensity changes at the downfield and upfield compo-
nents of HE and HZ » respectively, Direct spillover was not signifi-

cant with the very low decoupler power levels used.
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To measure an N-methyl ST.value in N-methylformamide,
where the isomeric N-methyls appear as 5 Hz doublets, both compo-
nents of the E doublet were saturated, a line-broadening parameter of
1 Hz was employed, and the peak height of one component of the Z
doublet was used as a measure of signal intensity,

Using computer control of the second irradiating frequency,
free induction decays (FID's) were acquired while irradiating down-
field of site E, upfield of site Z, and at the solvent site S, This cycle
was repeated five times. Another set of FID's was then acquired
while irradiating off-resonance (104 Hz downfield), at site E, and at
site Z. This cycle was also repeated five times, Using the link
ZEDGSA at the outset of data acquisition allowed all thirty FID's to
be stored on disk. Acquiring raw data as rapidly as possible in this
way minimized the effects of amide hydrolysis, instrument instability,
and homogeneity changes during the experiments.

After data collection was complete, all FID's were processed
and restored with identical line-broadening, nhasing, scaling, and
baseline-leveling parameters, using the link GAEMFTPSBFAISA,
Since heights of Lorentzian lines are proportional to intensity, a line-
broadening parameter of 3 Hz was generally used to impart idealized
shape to the signals, so that changes in corrected peak heights could
be used as a measure of intensity changes. We verified that signal
integration gave the same reult as that obtained by use of peak heights,

but the latter method was considerably more accurate., The region to
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be baseline-fixed was specified by zooming in (using Z0) on a region
encompassing the signals of interest. It was not necessary to baseline-
fix the solvent signal. Each intensity used in the calculation of satura-
tion-transfer values was thus the average of five separate determina-
tions. Such values typically had a standard deviation of + 3%, so that
the standard error of their mean was typically 1, 5%.

b. Measurement of Apparent Spin-Lattice Relaxation Rates
(-'51 Experiments)

Two types of transient experiments were performed. Apparent
relaxation rates for E and Z sites were determined while saturating
the solvent site S, and the apparent relaxation rate of the solvent was
measured while simultaneously saturating E and Z sites. The irradi-
ating frequency was fixed and not under computer control. Double
irradiation was accomplished by modulation of a saturating side band.
This was achieved by using a Wavetek audio generator (Model 131A)
connected to a double-balance mixer (Scientific Components Corp.,
Model ZAD-1H) to add and subtract the proper audio frequency from
the carrier frequency, which was positioned midway between the sites
to be saturated. In the case of 15N-substituted benzamide aﬁd acet-
amide, both E and Z doublets were simultaneously saturated utilizing
a higher decoupler power level and irradiating frequencies centered
midway between components of a given doublet. No leakage to the sol-

vent site was detected,

To measure N-methyl relaxation rates in N-methylformamide,
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where the isomeric N-methyls appear as 5 Hz doublets, a line-
broadening parameter of 1 Hz was employed, Solvent was not de-
coupled, and the peak height of one component of each doublet was
used as a measure of signal intensity.

Relaxation rate data were obtained using a nonselective 180°-
T -90° inversion-recovery pulse sequence. Typically, a total of
twenty delay times T was entered randomly, and included four
infinity values (T = D5), Delay times spanned about four half-lives,

From eight to thirty-two acquisitions were used in T, E, Z(S) experi-

1
ments; four acquisitions sufficed for the T1 S(E, Z) experiment.
Transient experiments were performed by applying the saturating
frequency or frequencies, waiting long enough to accomplish satura-
tion (= 7 Tl)’ then executing the 180° -T-90° pulse sequence, The
saturating frequency was maintained continuously except during the
actual pulses. The link WTZEGOSA was used to collect and store
relaxation data as rapidly as possible, again to minimize the effect
of instrumental instabilities on the data. Once collected, stored
FID's were processed using the same link and parameters as in ST
experiments. Corrected peak heights were used as intensity values,
and plots of ln(IcD - It) vs time were made, where I is the average
of four infinity values and It the NMR intensity at time t. Relaxation

data were fitted to straight lines using a weighted linear least-squares

2
program with weighting factors Wt = (Im- It) . Weighting minimizes
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in importance intensity values at long delay times. These values are
inherently less accurate, since the quantity (Iw-— It) is the (small)
difference between two large numbers. It is especially important to
minimize in importance intensity differences at long delay times for
E and Z spins, which we expect to be less accurate than intensity dif-
ferences for delay times near one half-life, Semi-logarithmic plots
of relaxation data were always highly linear.

Due to the existence of positive nuclear Overhauser enhance-
ment958 involving the E and Z protons under nonexchange conditions,

it was necessary to perform ST and T_  experiments on both non-

1

exchanging and exchanging samples. The rate constants measured

under nonexchange conditions are equal to k?j - Uij , where k?j is

the uncatalyzed rate of exchange from site i to site j, and cij is a

term involving transition probabilities linking the mutually relaxing

spins. Rate constants mzasured under exchange conditions are equal

to kO - 0. + kI._I.+[H +] or k> -o0.. + kc.)F_I-[OH-], so k,.(exchange)
1) 1) 1) 1] 1) 1) 1)
H -
- kij (nonexchange) gives the true value of kij+ or k?;{ .
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C. Results

1, Signal Assignment

It is generally accepted that the E substituent appears down-

40,63, 64

field of the Z substituent in amides, We have sought to con-.

firm this assignment, wherever necessary, with lanthanide shift
studies, computer simulation of the NMR spectrum, and NOE experi-
ments,

It was particularly important to confirm the signal assignment
in ethyl oxamate, where the anisotropy of the second carbonyl group

might produce a reversal in chemical shifts, moving HE upfield of

67, 68
HZ‘

taken employing the paramagnetic shift reagent Eu(fod )3(Aldrich

To make the signal assignment, a shift study was under-

Chemical Company) in a dilute solution of ethyl oxamate in CDCIB.
This reagent has been shown to complex at the carbonyl oxygen of
tertiary amides, 69 shifting the Z substituent downfield to a greater
extent than the E substituent. Moreover, Eu(fod )3 complexes prefer-
entially at amide oxygen relative to ester oxygen by a factor of about
five.70 In the present study, both amide protons moved downfield
upon incremental addition of Eu(fod )3, but the upfield proton moved
downfield to a greater extent, passing under the downfield proton and
re-emerging at lower field, thereby establishing it as HZ'

In the case of the imidic esters, all NOE experiments were

inconclusive, Nevertheless, the lower-~field N-H singlet can be

28
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assigned to HE by analogy to the ::),ssignment:()6 (based on NOE) in
HC(OMe )N-*‘I\/Ie2 of the downfield N-methyl signal to the E methyl.
Such a constancy holds in the case of primary and tertiary amides.
Further support for this assignment comes from a computer simula-
tion of the 220 MHz spectrum of O-protonated formamide (see
Experimental and Figure 2). This spin system is a second order ABC
system, and could best be simulated (Fig. 2b) by assuming that the
upfield N-H proton is responsible for the larger, presumably trans
coupling to the formyl proton (15 Hz), On this basis, the upfield
amide proton in O-protonated formamide, and presumably in the
structurally analogous imidic esters as well, is HZ’

Irradiation of the downfield amide proton of 2, 2-dichloro-
acetamide, as shown in Figure 3, results in an intensity enhancement
of 8,1% at the oo C-H proton, whereas irradiation of the upfield amide
signal has no effect, Since the magnitude of the enhancement is pro-
portional to the spatial closeness of the interacting spins, 58 the

downfield proton is therefore H Likewise, irradiation of the down-

E
field amide proton in salicylamide resulted in a 12% enhancement of
the phenyl proton ortho to the amide group, while irradiation of the
upfield amide signal had essentially no effect, thus confirming that
the above assignment is applicable to salicylamide,

Signal assignments for the isomeric methyls in N-methyl-

formamide were confirmed with NOE measurements. The less and

more abundant N-methyl singlets appear at &6 2.87 and 2. 73,
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Figure 2. a) 220 MHz spectrum of O-protonated formamide, Plot
width is 600Hz. b) Simulated spectrum (expanded),
assuming that the upfield proton is responsible for the

larger trans coupling to the formyl proton. c) As b),
but with the opposite assignment.
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Figure 3, NOE experiment on 2, 2-dichloroacetamide, a) Off-
resonance spectrum, b) low-field amide proton
saturated, and c)difference spectrum obtained by
subtracting b) from a) and multiplied by four to
illustrate the NOE at H, . Plot widths are 600 Hz.
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respectively, with the corresponding formyl protons appearing at

8 7.92 and 7. 01. Irradiation of the less abundant methyl results in a
5.6 £ 1. 2% intensity increase at its formyl proton, while irradiation
of the more abundant methyl produces an intensity increase of 2,2 *
0. 4% at its formyl proton. Thus the downfield N-methyl at 6 2,87 is
closer to its formyl proton and is therefore the E methyl, KEZ , the
equilibrium constant for the ratio of E to Z forms, was measured by
direct integration to be 13,5 £ 0, 2, somewhat larger than the value of
11.5 reported("'3 for neat N-methylformamide,

For N-t-butylformamide in ethylene glycol, the less and more
abundant isomeric amide protons appear at § 8, 02 (doublet, J =
12.4 Hz) and 7.72 (broad singlet), respectively, with the correspond-
ing formyl protons at 8 8,24 (J = 12,4 Hz) and 7. 15 (J = 2.1 Hz).
Saturation of the upfield amide proton produces a 10% intensity in-
crease at its formyl site, as illustrated in Figure 4, while saturation
of the downfield amide doublet produces an intensity decrease at its
formyl doublet (probably due to non-first-order spin coupling), In
N-t-butylformamide, therefore, the upfield proton is HE (trans to the
carbonyl), so that the chemical shifts are reversed relative to other
amides. Chemical shifts of the E and Z amide protons in formamide -
d1 are 6 7.73 and 7.37, respectively, so the reversal observed in
NBF results solely from a downfield shift of § 0. 65 for HZ relative
to formamide. The signal assignment made on the basis of NOE

experiments is consistent with the generalization65 that the formyl-Hz
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Figure 4, NOE experiment on N-t-butylformamide, a) Off-
resonance spectrum, b) irradiation of the upfield
amide proton, and c) difference spectrum obtained
by subtracting b) from a) to illustrate NOE at the
formyl doublet spin-coupled to the irradiated proton,
Plot widths are 400 Hz,
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coupling constant is larger than the forrnyl--HE coupling constant,

K was determined by direct integration of the NMR spectrum to be

EZ
2.2, comparable to the value of 2,3 previously reported. 87 In N-t-

butylformamide, as in N-methylformamide, the Z (s-trans) form is
the more stable stereoisomer. It is very likely that NBF is the sole
exception to the general observation that I—IE is at lower field; we will

assume for the remaining amides in this study that HE resonates at

lower field.

2. Saturation-Transfer Equations for Three -Site Exchange

For amides in ethylene glycol and concentrated sulfuric acid,
solvent viscosity decreases scalar relaxation of the N-H protons by
the quadrupolar 14N nucleus, 61 so that they appear reasonably sharp,
with half-widths of ~8-10 Hz. Nevertheless, lineshape analysis is
generally not sufficiently accurate for comparing intramolecular and
intermolecular exchange, so we have e:xt:ended‘]:8 the NMR saturation-
transfer technique of Forsén and Hoffman49 to the determination of

)

all six rate constants of the three-site systems (HE, HZ’ Hsolvent

studied here. In these experiments, equilibrium intensities and spin-
lattice relaxation rates in Fourier transform NMR spectra are meas-
ured under conditions of selective saturation. Use of the method has

largely been restricted to studies of two-site exchange, 75-81 and the

50,82-85 may be

few multi-site systems which have been examined
reduced to sets of two-site exchanges, since some of the rate con-

stants are zero, In contrast, all six rate constants are non-zero for
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the majority of systems studied here, and the resulting 'indirect
transfer of saturation' complicates the equations,

Forsén and Hoffman have given the general form of the coupled
differential equations describing the time-dependence of exchanging
spin systems. 50 For a system consisting of three magnetically non-
equivalent sites i, j, and k, with populations P;» pj , and Py the

specific form of this equation is

dI.
—* = (k.. +k,
ij i

k

o 0 o
P + Ri)(Ii - Ii ) + kji(Ij - Ij ) +kki(1k - Ik) [1]

In Eq. [1], Ri is the spin-~lattice relaxation rate for site i, kij is the
first-order rate constant for exchange from site i to site j, Ii is the
NMR intensity of site i at time t, and I;) is its equilibrium intensity.
Analogous equations may be written for j and k. Note that ki' and
kji are related by equilibrium according to kij P; = kjipj . Although
Eq. [1] assumes that dipole-dipole relaxation is negligible, this
assumption is not necessary to the experiments described here, be-
cause we quantitatively account for the dipolar contribution to the
observed rate constants as described in the Experimental.

In order to measure all six f_irst-order rate constants, two
types of experiments are performed. In saturation-transfer (ST)

58, 86

experiments, a given site is saturated, so that its intensity I

is zero, and the steady-state intensities (relative to off-resonance
equilibrium intensities) at the other sites are measured, When there

is exchange, saturation of one site will decrease the intensities at
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the other sites, provided rates of exchange and spin-lattice relaxation

are comparable, These intensity decreases are defined by
v = 19 _ 19 o
t,G) = @ -IL (J))/Ii [2]

where Iio(j) is the equilibrium intensity of site i when site j is satu-
rated, and Iio is its equilibrium intensity without saturating irradia-
tion, This quantity is analogous to the nuclear Overhauser enhance-
ment, fi(j ), which is given by (Iio(j) - Iio)/Ii0 , a positive number when
there is enhancement, We define ti(j) to be greater than zero when
there is saturation transfer, Six such values are measured. From

Egs. [1] and [2], and setting Iio/Ijo = Pi/Pj » it follows that

kig Pyt Py e 6) (3]

t.(G) =
i (kij + kik + Ri )pi

where the second term in the numerator is due to the indirect transfer
of saturation resulting from chemical exchange from site j to site i
via site k.

JIn T  experiments, apparent spin-lattice relaxation rates are

1

measured. While sites j and k are simultaneously saturated, site i
is inverted (see Experimental) and the recovery of the steady-state
intensity is followed; similar experiments are performed on j and k.
Under these conditions of selective saturation, Ii(j,k) approaches
Iio(j,k) as a single exponential, where Iio(j,k) is the steady-state

intensity of site i when sites j and k are simultaneously irradiated.
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It follows from Eq. [1] that the slope of a plot of -In [Iio(j,k)-li(j,k)]

vs time is given by

M (5, k) =k, 4+l R [4]

Equations [3] and [4] comprise nine equations that may be
solved simultaneously to give expressions for all six rate constants
and all three spin-lattice relaxation rates. The general solution for
the rate constants is given in Eq. [5], where the second term in the

numerator corrects for indirect transfer of saturation from site j to

site i via site k.

600 - by 6) By -
T-eEIE () P,

kJi = Ml(J!k) *

If sites i and k have the same apparent relaxation rate when
site j is held saturated [that is, M,() = M, (i) # Mj (i,k)], then it is
adequate to measure relaxation rates for these sites by a non-selec-
tive inversion-recovery experiment while saturating site j only, The
suitability of this approximation has been checked in our experiments
by verifying that signals i and k pass through the baseline at the same
time in a non-selective 180° -1-90° experiment (see Experimental)
when site j is saturated. The quantity (Ii(j)--Ii0 )/ (Ik(j ) - Iko) which
appears from Eq. [1] is then time-independent and can be set equal
to pi/Pk' With this approximation, Ii(j) approaches Iio(j) as a
simple exponential, It follows that the slope of a plot of -ln [Iio(j) -

L )] vs time is
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M;G) = by o+l + Ry - g P /Py L6]

and similarly for site k. Solution of the simultaneous equations [3]

and [6] gives rate constants for exchange into sites i and k of the form

b () + ¢, ()t () Py
ks *M0) T + 666 - 6.6 B, ]
j i j iJ kJ j

Since M, (i,k) is still measured while simultaneously saturating sites
iand k, kij and kkj are given by adaptations of Eq. [5].

In the experiments described here, it proved instrumentally
impossible to simultaneously saturate the E (or Z) and solvent sites,
We therefore measured apparent relaxation rates of the E and Z sites
while saturating only solvent, verifying that they passed through the
baseline at the same time in ’I‘1 experiments, The specific forms of

Eq. [7] used to calculate rate constants for exchange into the E and

Z sites are

S) -
kg = Mg(8) 77 th() )+ ttz.z(S)ttE<(sZ)) £ (5) = [7a]
TEL(Z) FE_(Z) 58I -5, (8) g
Z) -t (S)t(Z
kg = MgS)- 7 ttE((z)+ ttE((z)zS(s) £ (S E [7b]
TELZ) T2 () - £, B,
t, (E) -t (E)t_(S) P
kpz =Mz (8) 777 Z(E) +tS(E)(t Z(S) —t(8) . [7e]
z S z E Pg
t_(S) -t (E)t_(S) P
z 7 (Eltg z (7]

k 7 =MZ(S)-

S 1-t,(E)+tg(E)E,(S) - tp(S)  Pg
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A further simplification results when all three sites have the
same apparent relaxation rate (Mi = Mj = Mk ). Then 'I‘1 experiments
can be performed without the necessity of saturation during the experi-
ment. It is a good approximation to set the quantities (Ii- Iio)/(Ij-Ijo)
in Eq. [1] equal to Pi/pj . With this approximation, the approach to

equilibrium of each site is again governed by a single exponential,

o

Slopes of plots of -ln(Ii Ii) vs time are given by

k..p, k.
M, =k, +k, +R, -3id _ _kiTk [8]
iy T kT T g, )

and solution of Eqs. [3] and [8] leads to rate constants

b, G) -t (k) () p;
iy =My T (k) +¢t, (k)(t,G)-t, (G))-t.G)+t, (K)E _G) B, i
j i i j U600 = 6 G)) -8, G+ e (08 () Py

3. Nonexchange Results

At pH ~ 4.7, acid- and base-catalyzed proton exchange of these
amides with solvent is slow, so that irradiation of the solvent signal
has no effect on the intensities of HE and HZ’ and vice versa., How~
ever, saturation of either amide proton generally produces an intensity
decrease at the other site, due to rotation about the C~N partial double

bond. Such an experiment, on 15N-labeled benzamide, is illustrated

in Figure 5, The results of ST and T, experiments for a variety of

1
amides, in ethylene glycol or 60% aq. methanol, and for ethyl acetimi-

date hydrochloride in aqueous sulfuric acid, are presented in Table 1.
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Figure 5, ST experiment on 15N-labeled benzamide in ethylene
glycol under non-exchange conditions, a) Off-
resonance spectrum, b) with irradiation of both
components of Hy, ¢) with irradiation of both compo-
nents of HIZ . Calculated rate constants are kpy =
3.15 sec~i, kyp =3.14 sec-l (see Table 1). Plot
widths are 500 Hz.
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In all cases, apparent spin-lattice relaxation rates were measured
with a non-selective 180°~-7-90° pulse sequence, and rate constants
were calculated with Eq. [9]. This equation can be used to calculate
kEZ and kZE because both amide protons have approximately equal
rates of relaxation, and there is no saturation transfer from or into
solvent, These values represent a lower limit to the true values,
since they include negative cross-relaxation terms. Indeed, for ethyl
acetimidate hydrochloride, ethyl oxamate, and O-protonated acetamide,
where increased double-bond character decreases the rate of uncata-
lyzed rotation, nuclear Overhauser enhancements are observed in ST
experiments, so that the apparent rate constant, which is the differ-
ence between the true rate constant and the cross-relaxation term is
negative, However, the magnitude of these apparent rate constants

implies (see Table 1)that © <1 sec-l, so that the rate constants

EZ

kEZ and kZE reported in Table 1 do not differ from the true values

by > 1 sec‘l.

4., Base-catalyzed Exchange

Saturation-transfer studies of base-catalyzed exchange were
undertaken for a variety of primary amides, and the results are pre-
sented in Table 2. Typical saturation-transfer experiments, on
acrylamide and salicylamide in ethylene glycol, are presented in
Figures 6 ~ 10, For primary amides except malonamide, apparent
relaxation rates of the E and Z protons were measured while irradi-

ating solvent, while the solvent relaxation rate was measured with
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Figure 6. Saturation-transfer study of base-catalyzed exchange
of acrylamide in ethylene glycol at pH 8,21, a) Off-
resonance spectrum, b) with irradiation of HE y
c) with irradiation of Hy . Results are listed in
Table 2. Note intensity losses resulting from trans-
fer of saturation. Plot widths are 900 Hz.
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Figure 7. Same acrylamide sample as in Figure 6. a) Off-
resonance spectrum, and b) with irradiation of the

solvent signal, Note resulting intensity losses at
the amide sites, See Table 2 for results, Plot
width is 800 Hz.
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Figure 8. Same acrylamide as in Figure 6. T; plot of an
inversion-recovery sequence performed on Hp and
Hy while holding solvent saturated, Results are
listed in Table 2. Plot width is 300 Hz.
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Figure 9, Same acrylamide sample as in Figure 6. T; plot
of an inversion-recovery sequence performed on
the solvent signal while holding Hp and Hy simul-
taneously saturated. Results are listed in Table 2,
Plot width is 500 Hz,
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Figure 10. Saturation-transfer study of base-catalyzed exchange
of salicylamide in ethylene glycol, pH = 6.95.
a) Off-resonance spectrum, b) with irradiation of
solvent (not shown), and c) difference spectrum ob-
tained by subtracting b) and a), illustrating equal
amounts of saturation transfer from solvent into E
and Z sites, Plot widths are 600 Hz,
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Table 2, Continued

Formamide-d ] N-t-butylformamide Malonamide
Solvent EG EG EG
pH, measured 7.1 8.4 8.5 7.85
(H)/[Hy, ] 14. 96 56.0
t(Z) 0.130 +0,007 ~0 ~0 0,02
t, (E) 0.089 +0, 005 ~0 ~0 0.03
t(E) 0.195 +0,011 ~0 ~0 0.037
ts(2) 0,151 +0,009 ~0 ~0 0,03
t . (S) 0.794 +0, 048 0. 364 0. 445 0.507
t(S) 0.679 0,042 >0.9 >0, 9 0.314
M (S),sec”’  7.50 £0.30 4,10 ¢ 4,55 9 . b
MZ(S),sec-1 4,94 +0.20 P
M(E,Z),sec’ " 1.96 £0.08 .. P
Ky o sec +0.09 £0.11 0 0 0.18
Kpos sec” ! -0.24 +£0,07 0 0 0.19
kES,sec-l 5.39 +0,41 1.50 £0.15 ¢ 2,02 £0,2° 4,42 ¢
ko sec™ 3.73 +0, 31 12 x2 °© 16 +3° 2,00 €
L S sec™t 0.399 +0,03 0,11 +0.01 0.14 +0,01 0, 079
ksz,sgc'l 0.226 +0,02 0. 036

aCorrected for E-Z cross-relaxation and C-N bond rotation.
Rate constants were calculated using My and My from Table 1,
CCalculated from detailed balance,
MEg(S, Z)was measured,
®Obtained by total lineshape analysis,
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simultaneous saturation of HE and HZ' Rate constants for exchange
into E and Z sites were then calculated with Eq. [7], while rate con-
stants for exchange into solvent were calculated with Eq. [5]. These
rate constants were corrected for E-Z cross-relaxation and isomeriza-
tion by subtracting from them the appropriate non-exchange rate con-
stants in Table 1. For malonamide, approximate rates of solvent
exchange were calculated with Eq. [9] and the intrinsic relaxation

rates in Table 1. According to Eq. [8], it follows from detailed bal-
ance that 'Mi measured without irradiation is in fact just equal to Ri ,
the :_'Lntrinsic relaxation rate, so it should be possible under these
circum stances to calculate rate constants by using intrinsic relaxa-
tion rates measured in this manner, Justification for this procedure

is presented in Section 1 of the Discussion,

Base~-catalyzed proton exchange of N-methylformamide in
water was studied by total lineshape analysis, The isomeric N~
methyls are split into first-order doublets by their respective N-H
protons, so this region may accurately be considered as a four-site
system., The N-methyl region of the NMR spectrum of N-methyl-
formamide was recorded as a function of increasing pH. The results
are illustrated in Figure 11, The N-methyls sharpen into singlets
at still higher pH. The lineshapes were computer-simulated, accord-
ing to the method described in the Experimental., Program input
parameters were fractional site populations calculated from KEZ’

the equilibrium constant for the ratio of Z to E forms, doublet

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



61

Figure 11, pH-dependence of the N-methyl signals of N-methyl-
formamide basic range. a)pH 6.9, b)7.0, c) 7.2,
d)7.3, e)7.4, £)7.45, g)7.45, h)7.55, Measured
spectra are to the left and simulated spectra to the
right,
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component chemical shifts, and intrinsic T2 values for the Z and E
methyls of 0,23 sec and 0,31 sec, respectively, Different T2 values
were necessary, since the four-bond formyl-methyl coupling constants
differ, The values kZS and kES were then adjusted to produce the
best agreement between experimental and calculated spectra. The
simulated spectra are illustrated in Fig, 11, for comparison with the
observed ones., It can be seen that.colla.pse of the Z methyl doublet
requires higher pH than does collapse of the E doublet, indicating
that HZ undergoes base-catalyzed exchange faster than HE' Line -
shape parameters for the simulated spectra are tabulated in Table 3.
Justification for setting kEZ = kZE = 0 in these simulations is that
both N-methyls sharpen into separate singlets at a pH higher than

that in Figure 11. Plots of log kZS and log kES vs pH give second~

order rate constants kOH =1.4X% 108 Lt\/I“lsec-1 and kOH = 7,0
ZS ES
X 107 M_lsec-l. The latter value, for the dominant stereoisomer,

7 1

is in excellent agreement with the 25 °C value of 6.78 £0.6 x 10 M~
sec“1 reported by Molday and Kallen. 3

In N-t-butylformamide, rate constants were determined by a
combination of saturation-transfer and lineshape analysis methods,
and the results are presented in Table 2, First, kSE was measured

in a saturation-transfer experiment, Solvent irradiation decreases

H_ and largely saturates HZ, while irradiation of HZ has no signifi-

E
cant effect on either HE or solvent, Equation [5] was used to calcu-
late kSE’ and kES was calculated from this value from detailed balance,
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Table 3, Base-catalyzed Exchange of E and Z Protons
of N-methylformamide

pH, measured kZS’ sec“1 ES’ sec_1
6.9 9.2 4.6
7.0 11,2 5.6
7.2 19.2 9.6
7.3 26,0 13,0
7.4 32,0 16,0
7,45 33.6 16,8
7,45 34.4 17,2
7.55 43,2 21.6
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To obtain k the NMR spectrum under exchange conditions

zs'
was computer-simulated, Isomeric formyl protons are split into
doublets by their respective N-H protons (and vice versa), so the low-
field region may be treated as an eight-site system, with solvent con-
stituting the ninth site., Although the formyl-H 7 splitting is not strict-
ly first-order (J/Av ~ 0.25), it was nevertheless treated as such in
the computer simulation. Program input parameters were fractional
gite populations calculated from KEZ' nine chemical shifts, and
intrinsic ’I‘2 values for formyl and amide protons of 0,199 sec and

0. 054 sec, respectively, The value of kZS was then adjusted to pro-
duce the best agreement between calculated and experimental spectra,
A theoretical spectrum with kES =1,5 sec-l, kZs =12 sec-l, and
kEZ = kZE = 0 is presented in Figure 12 along with the experimental
spectrum, which was measured at pH 8. 4 in ethylene glycol. The
inability of the calculated spectrum to reproduce the inequalitf of

doublet peak heights is due to the assumption of weak coupling. The

large value of k is consistent with the observed tZ(S) of >90%

ZS
(Eq. [3]). The further observation that the isomeric t-butyl signals

remain distinct throughout the basic pH range is verification for

setting kEZ and kZE equal to zero in the simulation.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

65



66

Figure 12. Base-catalyzed exchange of N-t-butylformamide in
ethylene glycol at pH 8.4. a) Measured spectrum
and b) calculated spectrum with kpg = 1.5 sec™ ",
kyg =12 sec™!, and kgy = kyp = 0. Plot widths
are 200 Hz,
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5. Proton Exchange in Imidic Esters

Water-catalyzed exchange in protonated ethyl acetimidate,

CH_C(OEt )NI—I+CI, was studied by saturation-transfer in 46 wt %

3 2
aqueous sulfuric acid, where reduced water activity produces proton
exchange rates small enough to be measured by saturation-transfer,
A typical saturation-transfer experiment is presented in Figure 13.
Note the greater transfer of saturation from solvent to the Z site,
Rate constants for exchange into E and Z sites were calculated from
Eq. [7], while rate constants for exchange into solvent were computed
with Eq. [5]. Experimental data and computed rate constants, cor-
rected for cross-relaxation, are presented in Table 4,

It proved impossible to perform the same experiment on pro-
tonated 2-iminotetrahydrofuran since at the sulfuric acid concentra-
tions necessary to produce slow exchange, the N-H protons are
obscured by the solvent signal. Therefore exchange was studied in
wet DMSO-d,. Addition of 100 ul H_O to 1 ml solution of the imidate

6 2

ester hydrochloride in DMSO-d6 resulted in slow exchange, with HE

being slightly faster to exchange, as judged by relative linewidths or
peak heights. Intensity losses at HE and I—IZ upon irradiation of ~-OH
were measured (Table 4), and an approximate ratio of exchange rates
was calculated with Eq. [9], assuming that the intrinsic relaxation

rates RE and RZ were equal, and that cross-relaxation could be neg-

lected, Thus HE was calculated to exchange with solvent approximately

15% faster than HZ.
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Figure 13, Saturation-transfer experiment on protonated ethyl
acetimidate in aqueous sulfuric acid. a) Off-
resonance spectrum, and b) with solvent irradiation.

Plot widths are 570 Hz.
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Table 4, Water-catalyzed Exchange of Protonated Ethyl Acetimi-
date and 2~-Iminotetrahydrofuran 2

Ethyl Acetimidate 2-Iminotetrahydrofuran . HCl
Solvent 46 wt, % H,S0 4 Wet D:Mso-d6
[HS]/[HE’ 2] 10, 65
tr(Z) 0.137 £0.01 °
t, (E) 0.119 £0.007 °
tg(E) 0.025 + 0,001 0
ts(Z) | 0.062 0,004 0
t5(S) 0.105 +0,009 0.485
t, (S) 0.328 +0,02 0.450
ME(S), sec” ! 6.62 +0.26
M, (S), sec™t 10,34 10,41

M(E, Z), sec™t 4,08 %016
-1

kZE’ sec -0.01 £0,08
Ko sec” -0,13 +0,12
kES’ sec-l 1,43 +0,09
kg, sec 2.89 £0.20
- sec” ! 0.083 +0.005
ky,, sec”’ 0.294 40,021

aCorreci:ed for E-Z cross-relaxation.

b
Nuclear Overhauser enhancement,
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6. Proton Exchange in Strong Acid

Saturation-transfer studies of proton exchange in strong acid
were also undertaken, Results for acetamide in 9% fuming sulfuric
acid are presented in Table 5. Again, Eqs. [7] and [5] were used to
calculate rate constants for exchange into amide and solvent sites,
respectively, and these rate constants were corrected for cross-
relaxation by subtracting from them the apparent rate constants meas-
ured under nonexchange conditions in 20% fuming sulfuric acid
(Table 1), The data in Table 5 demonstrate that the N-H protons of
O-protonated acetamide exchange with solvent at identical rates, and
with each other at the same rate,

A similar experiment was performed on 3, 5-dinitrobenzamide
in 10% fuming sulfuric acid, Here HE was partially obscured by a
phenyl proton singlet, and ST values involving HE were measured with
integrals to compensate for this sign;l overlap., Consequently, these
data are somewhat less accurate, but they nevertheless demonstrate
that for O-protonated 3, 5-dinitrobenzamide as well, rate constants
for intermolecular and intramolecular exchange are all equal, within
the considerable experimental error,

Semiquantitative NMR studies were also undertaken for tri;hloro-
acetamide and N-methylformamide in fuming sulfuric acid, Both
amide protons of trichloroacetamide broaden to the same extent, indi-
cating equal overall rates of exchange (see Table 6). In N-methyl-

formamide, the N-methyl doublets collapse to about the same extent
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Table 5, Saturation-transfer Results for Exchange of E and Z Hydro-
gens of RCONH,, in Strong Acid 2

Acetamide 3,5 Dinitrobenzamide
Solvent 9% fuming HZSO4 10% fuming HZSO4
[HS]/[HE, 7] 10, 74 28.1
t(4) 0,202 +0,012 . 0.56
t,, (E) 0.261 +£0.015 0.51
to(E) 0.054 +0,003 | 0.26
tg(Z) 0.052 40,003 0.24
t(S) 0.356 +0,021 0.84
t,, (S) 0.353 + 0,020 0.76
M_(S), sec”’ 7.84 £ 0. 30
M, (8), sec” ! 7.81 0, 30 28.0
M (E, Z), sec”! 6.09 +0,24 4,10
ko o sec” . 2,14 + 0,17
kEz,sec“1 2,98 +£0.25 18.6
kg ot 2,80 +0,26 22,2
ko sec 2.83 & 0,25 15.2
K sec™? 0.26 + 0,02
kg sec” ! 0.26 + 0,03 0. 70

aCorrected for E-Z cross-relaxation,

bSigna.l overlap prevented a good assessment of errors,
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Table 6, Line-broadening Measurements of Proton Exchange

in Amides 2

74

o) -1 -1

Compound pH,measured A Vi /Z,Hz kp, sec z» S€c
Benzamide 1.7 10,2 32,0 13.0
8.6 27.5 7.7
Acrylamide 1.7 10,5 17.8 13.7
8.2 29,7 9.6
Salicylamide 2,1 14,5 53,4 53,4
7.0 6.3 6.3
Cyanoacetamide 0.9 9.3 7.2 6.7
26,3 18.8
Ethyl oxamate 0.7 8.7 11.0 5.9
0.2 € 9.9 22,3
7.0 14,7 18.9
Chloroacetamide 7.4 11,2 21.0 27.0
Dichloroacetamaide 7.0 10.5 32,5 29.6
Trichloroacetamide 0.2 10.8 8.8 13.2
6.5 21,7 47,1
12,9 12,9

10% fuming H, SO

4

%In ethylene glycol unless otherwise noted,

b60% aq, MeOH,

°In cyclohexanol, Calculated pH,
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as a result of proton exchange (as illustrated in Figure 14), and the
E methyl simultaneously broadens and appears as a shoulder closer

to the Z methyl signal, indicating substantial intramolecular exchange

concurrent with proton exchange,

7. Proton Exchange in Dilute Acid

Saturation-transfer results for acid-catalyzed exchange in a
variety of primary and secondary amides are presented in Table 7.
With several exceptions, to be discussed below, saturation-transfer
experiments were performed as detailed in the Experimental, and
rate constants for exchange into solvent and amide sites were calcu-
lated with Eqs. [5] and [7], respectively. Typical saturation-transfer
experiments, on 15N-enriched acetamide and benzamide and on di -
chloroacetamide in ethylene glycol, are illustrated in Figures 15, 16
and 17,

For benzamide-lSN in 60% aqueous methanol, it proved instru-
mentally impossible to accurately measure amide proton spin-lattice
relaxation rates while irradiating solvent, owing to N-H intensity
losses and basgeline convolutions which perturbed the low-field region
of the NMR spectrum. Therefore exchange rates into E and Z sites
were calculated with Eq., [9], employing the nonexchange values for
ME and MZ of 1,65 sec"l and 1,50 sec-l, respectively, listed in

Table 1. Justification for this procedure is provided in Section 1 of

the Discussion. Rate constants for exchange into solvent were
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Figure 14. Spectra of the N-methyl region of N-methylformamide
in fuming sulfuric acid. a) 16% fuming sulfuric acid,
and b) 10% fuming sulfuric acid. Plots widths are

125 Hz,
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Figure 15, Saturation-transfer experiments on 15N-la,beled
acetamide in ethylene glycol. pH = 1.8. a) Off-
resonance spectrum, b) with irradiation of both
components of Hp, c) with irradiation of both
components of H,, and d) with solvent irradiation.
The solvent signal is not shown., Plot widths are

400 Hz,
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Figure 16, Saturation-transfer experiments on 15N-1abe1ed
benzamide in ethylene glycol, pH = 2.0, a) Off-
resonance spectrum, b) with irradiation of solvent,
c) with irradiation of both components of Hy , and
d) with irradiation of both components of Hy . Plot

widths are 500 Hz.
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Figure 17. Saturation-transfer study of acid-catalyzed exchange
of dichloroacetamide in ethylene glycol at pH 0. 4,
a) Off-resonance spectrum, b) with irradiation of
solvent. Plot widths are 400 Hz.
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Table 7, Saturation-transfer Results for Dilute Acid-catalyzed
Exchange of E and Z Hydrogens of RCONHR'
(R’=-H, -Me, -tBu) ?

1
Acetamide Acetamide- 5N Acetamide-~ 15N

Solvent EG EG EG

pH, measured 1.7 1.8 1.9
[Hsl/[Hg 7] 13,05 14. 33 14, 33
tp(2) 0.354 0,019 0,355 0,019 0.283 £0,016
t., (E) 0.393 £0,023 0,364 0,020 0.308 x0.018
tg(E) 0.158 £0.009 0.128 x0.007 0.083 x0,005
t(Z) 0.134 £0,007 0,118 +0,007 0.075 +0,004
t(S) 0.605 £0,035 0,528 +0,030 0.404 +0,024
t, (S) 0.559 £0.035 0,508 +0,030 0.375 £0.020

ME(S),sec'l 7.16 £0.28  6.53+£0.25  5.08 £0.20  2.93 °

M, (S),sec”"  6.66 £0.25  6.17 £0.24  4.83 20.19 2,88 "
My(E,Z),sec’ ' 2.48 £0.10  2.14 0,08 2,20 20,09 2,04 °
kZE,sec‘l 2.60 £0.36  2.55 £0.34  1.38 £0.18 1. 36
kEz,sec'1 2,78 £0,42 2,57 £ 0, 34 1.60 £0.20 1,59
kpgosec | 3.96 £0.43 2,99 £0.33 2,07 40,20 1,98
k,sec | 2.94 £0.37 2,56 £0.30  1.78 £0.19  1.70
kSE,sec-l 0.342 £0.04  0.245 £0,03 0,147 £0.01 0. 144
ksz,sec'1 0.273 0,03 0,215 0,02 0,122 +0,01 0,122

2Corrected for E-Z cross~relaxation and uncatalyzed C-N bond rotation.
Measured without irradiation of other site(s).
22°C,

dpata for E and Z methyls,

®Measured by lineshape analysis,
Calculated from detailed balance,
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Table 7. Continued
Acrylamide Methacrylamide ©  Benzamide- 15 N
Solvent EG EG EG
pH, measured 1,72 1.7 2.0
10. 90 12,17 33.0

[HI/Hy, ]
tn(2)
t, (E)
tg(E)

t4(2)

0.410 +0,024
0.428 +0,025
0.236 0,013
0.199 0,012
0,571 £0.034
0.535 +£0,031
7.95 £0, 32
7.19 %0,29
2,32 £0.09
2,51 £0,54
2,51 £0,55
4,63 +£0,52
3.14 +0.46
0.429 +0,054

0,340 +0,.050

0.552 0,030
0.571 0,034
0.258 £0,015
0.232 +0,015
0,542 +0,032
0.504 +£0.030
9.58 +0, 38
8.88 +0, 35
2,65 £0.10
4,14 £1.54
4,34 +£1,66
5.91 £0.96
4,22 +0,90
0.455 +0,08

0.339 +0,07

0.413 £0,025
0.423 +0,024
0.180 +£0,011
0,149 +0,009
0.634 +0,036
0.525 0,031
18.0 £0.7
15,3 £0,6
2,13 £0.08
6.57 £1,27
6.23 +1,20
10,0 £1,12
6.40 +0,97
0.38 +0,04

0.21 £0,03
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Table 7. Continued

N-methylformamide

Benzamide- 15N Ji‘o:t‘n*xamide-d1

Solvent 60% aq, MeOH EG HZO
pH, measured 2,3 1.0 0.9
[HS]/[HE’Z] 150, 0 11, 31
tE(Z) 0.40 0. 30 +0,02
tZ(E) 0.61 0.30 +0,02 0.51 0,04
tS(E) 0,040 0.09 £0,005
tS(Z) 0.023 0,08 +0,005
tE(S) 0.74 0.46 +£0,03
tz(S) 0.65 0.42 +0,03
-1 b,d
ME(S), sec ~ 1.1 2.80 0,10 0.3 £0.03
-1 b, d

M, (S), sec ~ 4.6 2.73 0,11 0.3 £0,03
MS(E,Z),sec'l 1.15 1,81 +0,07

-1 f
K, s S€C 1.8 1,05 +0,11 0,27 +£0,03

-1
kEZ’ sec 1,1 1.03 £0,11 3.6 0.4

-1 e
kES,sec 5.9 1.49 +0,14 2,8

-1 ) e
kZS’ sec 1.6 1.19 20,13 8.8

-1
kg Se€C 0. 044 0.118 +0, 01

-1
ksz,sec 0,011 0.097 £0,01
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Table 7. Continued

N-t-butylformamide Ethyl Oxamate Cyanoacetamide
Solvent EG EG EG
pH, measured 1.5 0.8 1,05
[HS]/[HE, 5] 77.9 27.49
t(Z) 0.045 +0,025 0.057 0,003 0.235 £0,014
t, (E) 0.094 +0,006 0.234 £0.015
tg(E) 0.075 £0,004 0.096 +0,006
to(Z) 0,040 +0,003 0.090 +0,005
t . (S) 0,13 £0,02 0.662 +0,04 0.670 %0, 04
t,, (S) G.21 +0, 04 0,484 +0.029 0.626 +0,038
Mp(8), sec” 3.03 14, 33 40,58 10,07 +0,41
MZ(S),sec' 2,07 9.69 £0, 39 9.59 +0, 38
M(E,Z), sec” ! 1.98 0,08 3.58 +0, 14
L~ sec 0. 31 1,10 +0,08 1,29 +0,27
kEZ,sec'l 1.38 £0,10 1,06 £0,26
kpg, sec 0. 39 11,05 %0, 83 7.80 £0, 70
kzs,sec'1 0. 44 5.54 +0, 44 7.02 0,66
kSE,sec-l 0.123 +0,009 0.249 +0,023
kSZ,sec'l 0,059 +0,005 0,215 0,021
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Table 7, Continued
Malonamide Chloroacetamide  Dichloroacetamide
Solvent EG EG EG
pH, measured 1,58 1,20 0.4
12,
[HS]/[HE,Z] 56,0 28,8 81
t - (Z) 0.180 0,011 0,294 +0,012 0.152 +0,037
t,, (E) 0,157 +0,010 0. 354 +0.020 0.125 +0,007
tg(E) 0,047 +0,003 0,081 0,005 0. 159 +0,009
to(Z) 0.041 +0,003 0.064 +0.004 0,185 +0,010
t.(S) 0,470 +0,028 0,607 +0,037 0.540 £0,037
t,, (S) 0,429 +0,025 0.583 +£0,035 0.596 +0,036
M (S), sec’ 8. 33 +0, 33 6.89 +0,28 11,44 +0,44
M, (S), sec” 8.23 %0, 32 6.08 +0,24 11,39 +0,44
MS(E,Z),sec- 2,00 £0,08 2,97 +0,.12 3,27 + 0,12
Ky sec” 1.63 +0, 15 1,41 £0,28 0,64 0,19
kg, sec 1,34 £0.12 1.87 0. 33 0. 31 %0. 16
kpo sec™ ! 4.68 0, 38 5.57 £0.55 5.80 +0, 48
-1
k, g, sec 3.75 +0, 33 3,84 0,44 6.87 £0.56
kSE,sec'1 0.71 +0,006 0,147 +0,015 0.479 +0,04
kSZ,sec'l 0,063 +0,005 0.121 +0.014 0,531 +0,04
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calculated with Eq. [5]. To supplement these measurements, acid-

catalyzed E-Z saturation-transfer was measured as a function of in-

creasing acidity in 60% aq. methanol, and these results are tabulated
in Table 8.

Acid-catalyzed proton exchange of ethyl oxamate was studied by
line-broadening in cyclohexanol as well as in ethylene glycol and water,
A typical spectrum obtained in cyclohexanol is presented in Figure 18,
where I—IZ is observed to undergo more rapid exckange (Table 6), con-
trary to the behavior observed in ethylene glycol and water, where HE
exchanges faster (Tables 7, 10, and 11),

Addition of sulfuric acid to ethylene glycol solutions of N«t-
butylformamaide resulted in pronounced downfield shifts of the amide
protons, as illustrated in Figure 19, in addition to acid-catalyzed
exchange broadening. It thus proved impossible to obtain rate con=-
stants for solvent exchange and isomerization by total lineshape analy-
sis, as had been intended., Instead, kES’ kZS’ and kZE were meas=
ured in a saturation-transfer experiment in which three saturation-
transfer values (tE(S), tZ(S), and tE(Z)) and two relaxation rates

(M_.(S), MZ(S)) were measured (Figure 15, spectrum d). Exchange

E

into the large excess of solvent is sufficiently slow at this pH that

tS(E) and ts(Z) are zero, Values of kES and kZE listed in Table 7

were calculated with Eq. [7]. Utilizing Eqs. [3] and [6], an expres-

sion for kZS was derived in terms of the above-measured quantities,

and is given in Eq. [10].
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Figure 18, Acid-catalyzed exchange of ethyl oxamate in
cyclohexanol, a) Unbuffered, b) [H*] = 0.6 M.
Plot width is 600 Hz,
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Table 8. Benza.mide-1

5N Acid-catalyzed E~Z Saturation-
transfer in 60% Aqueous Methanol

HCl, mM t,, (E) t(Z)
0 0.71 +£0,04 0.69 0,03
5 0.59 £0,03 0.47 £0.03
10 0.52 +£0,02 0.31 +0,04
15 0.48 £0,05 0.29 10,05
20 0.49 +0,02 0.25 +£0.07
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Figure 19, Acidity dependence of the low-field region of N-t-butyl-
formamide in ethylene glycol. [H'*'] values, mM, are:
a)0, b) 10, c) 20, d) 30, e) 45, f) 60, g) 80, h) 95,
i) 125, j) 140. Remaining spectra increase in 18 mM
increments. Plot width is 400 Hz.
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b (Z)Eg(S) -8, (S) Dby

kyg =My (8):t;(S) - M. (5) - T+ t,(Z)

78 [10]

. P,
This expression was then used to calculate the value of kZS listed in
Table 5.

Independent confirmation of the rﬁagnitude of kZE at this pH
comes from a lineshape analysis of the t-butyl region of the spectrum
as a function of pH. Under non-exchange conditions, the isomeric
t-butyls appear as singlets (Av(;/z = 1.6 Hz) separated by 2. 6 Hz, at
220 MHz, as shown in Figure 20. At an acidity approximately five-
fold that of the sample studied by saturation-transfer the t-butyl sing-
lets coalesce (Fig. 20j), in contrast to the behavior observed at bas.ic
pH, where they remain distinct, and lineshape simulation of this
spectrum affords a rate constant of 3 sec'-1 for exchange of the E
t-butyl into the more abundant Z site. Since the rate of acid-cata-
lyzed t-butyl isomerization, kEZ' occurs at twice the rate of acid-
catalyzed proton isomerization, kZE (as shown later), the rate con-
stant for the latter process in the less acidic sample of Figure 16d is
indeed about 0.3 sec-l, as measured by saturation-transfer (Table 7).

Acid-catalyzed proton exchange and isomerization in N-methyl-
formamide (NMF ) were studied by a combination of saturation-transfer
and lineshape simulation techniques. The effect of acid on the methyl
region of the NMR spectrum of NMF is illustrated in Figure 21. As
the pH is lowered, the downfield E methyl doublet loses its doublet

structure and broadens, eventually coalescing with the Z methyl signal
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Figure 20. Acidity dependence of the t~butyl region of N-t-butyl-
formamide in ethylene glycol., Sample acidities are
the same as for Figure 15, The upfield singlet is
t-butanol, added as standard. Plot width is 400 Hz.
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Figure 21. pH-dependence of the N-methyl signals of N-methyl-
formamide in the acidic range. a)pH 1.2, b) 0, 85,
c) 0.5, d) 0.45, e) 0.4, £f) 0.2, g) 0.1, Measured
spectra are to the left and calculated spectra to the
right,
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at very low pH, in contrast to the behavior observed at basic pH,
where the N-methyls sharpen into separate singlets (Figure 11), The
Z methyl likewise loses its doublet structure, but lower pH is re-
quired for this than for E doublet collapse. At pH 0.9, irradiation of
the less abundant E methyl doublet results in an intensity decrease of
51% at the Z methyl (Table 7), as compared to a 15% decrease at

pH 2.3 (Table 1), Thus acid-catalyzed methyl isomerization is occur-
ring, and at pH 0,9 the overall rate constant for this process was
calculated with Eq. [9] to be 4.2 sec”!. of this, 0.6 sec™ is due to
uncatalyzed rotation in the amide (Table 1) so kEl?Z at this pH is

3.6 sec-l, where the superscript R denotes methyl group isomeriza-
tion, First-order rate constants for proton exchange were then ob-
tained by lineshape analysis of the N-methyl region of this spectrum
(see Figure 21), The rate constant matrix used in the lineshape
analysis is given in the Experimental section. Intrinsic 'I‘2 values for
the Z and E methyls were 0. 18 sec and 0,23 sec, respectively; all
other program input parameters were the same as those used for
base-catalyzed exchange, Lineshape analysis of this spectrum pro-
vided rate constants for proton exchange kZS and kES of 8.8 sec”
and 2.8 sec-l, respectively, at pH 0.9. Thus, kZS/kES = 3,2 and

kR /k = 0,42. These ratios, in conjunction with calculated sample

EZ ZS
acidities were used to produce the calculated spectra in the acidic

range presented in Figure 21, In these spectra, kZS was adjusted to

. . R
produce the best agreement while holding kzs/kES and kEZ/kZS
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fixed at 3.2 and 0,42, respectively, Lineshape parameters for the

simulated spectra are tabulated in Table 9. Plots of log k vs -log [H+]

ut -1 -1 mt -1
gave second-order rate constants kZS =80 M “sec , kES =25M -

- - - +
sec 1, and kR =34 M 1sec 1. The value for kH

EZ ES is in very good

agreement with values previously reported: 22.6 = 1,6 M-lsec-l 38

and 20+ 6 M-lsec-l. 17

8. Relative Exchange Rates

Relative rates of proton exchange are summarized in Tables 10~
12 from data presented in Tables 2-9. Ratios measured by saturation-

transfer are converted to ratios of total exchange rates, kE/kZ ,

), so that they may be directly com=~

equal to (k )/(kZS +k

es tFpz ZE
pared to ratios measured by line-broadening., Rate ratio rmeasure-
ments in water were made on a JEOL PFT-100 NMR spectrometer

equipped with 14N-decou.'pling, as detailed in the Experimental.

9. Amide Aggregation

Several experiments were performed to determine whether
amide aggregation resulting from intermolecular hydrogen-bonding
was significant in the solvents and at the concentrations employed in

these studies,

The chemical shifts of the E and Z protons of N-t-butyl forma-
mide were measured in ethylene glycol as a function of amide concen~
tration, since these are expected to be particularly sensitive to

interamide hydrogen bonding. [ No significant changes in chemical
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Table 9, Acid-catalyzed Solvent Exchange of E and Z
Protons and E-Z Methyl Isomerization in
N-methylformamide

[H+], M ko sec” kg sec”? kgz, sec™
0.06 5.4 1.7 2,3
0.13 8.8 2.8 3.6 %
0.14 11.4 3.6 4,7
0. 32 26,0 8.0 10,8
0. 36 28,8 9.0 11,8
0.40 32.0 10.0 13,1
0,63 54,4 17,0 22,7
0.80 67,2 21,0 28.0

a'By saturation-transfer,
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Table 10. Relative Total Rates of Base- and Acid-catalyzed
Exchange of E and Z Hydrogens in Water @

Compound kgH—/k;H- k§+ k§+
Acetamide 7.4 1.17
Trimethylacetamide 1.50 b 1.06 b
Acrylamide 4,05 1.52
Methacrylamide . 1.75 1.86
Benzamide 3,57% 58 2,45 58

2,45 %8
N-methylformamide 0.5° 0.31°
Ethyl oxamate 0.57 1,08
Cyanoacetamide 3.04 1.15
Trifluoroacetamide 1.86 1.60

103

a.. . .
Line-broadening measurements in water were made by
Mr, Paul Kobrin,

bSO% aq. MeOH,

©60% ag., MeOH,

dBy saturation-transfer,
eBy total lineshape analysis,
f By line-broadening,

g99% 15N— enriched,
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Table 11. Relative Total Rates of Base- and Acid-catalyzed
Exchange of E and Z Hydrogens in Ethylene Glycol 2

- - + +
OH OH H H
Compound kp  /k, ko /kz
Acetamide 2.6 1.09
Acrylamide 2,46, 1,26,
3,10P 1.30 P
Methacrylamide 1,22 1,23
. 15
Benzamide~- "N 1.79 1,34
Salicylamide 1.0, 1.0P
1,0P
Forma.mide-d1 1.56 1.25
N-methylformamide 0.58 -
N-t-butylformamide 0.125 © 0,87
Ethyl oxamate 0,78 P 1.87
0.45 d
Cyanoacetamide 1.40 P 1.07
Malonamaide 2.2 1,12
Chloroacetamide 0,77 b 1,42
Dichloroacetamide 1.10 P 0. 84
. . b b
Trichloroacetamide 0.46 0.67

a‘By saturation~transfer unless otherwise noted,
bBy line-broadening,
cBy total lineshape analysis,

dIn cyclohexanol,
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Table 12, Relative Total Rates of Water~ or Bisulfate-
catalyzed Exchange of E and Z Hydrogens

Compound kE/kZ
Ethyl acetimidate 0.50 2 i
2-Iminotetrahydrofuran 1.15 b,d,f
Acetamide 1.14 40,10 & &1
3, 5-Dinitrobenzamide 1.06 +0.10 S» &1
Trichloroacetamide 1.0 +0,1 S+ %8

a
In 32% v/v aq, HZSO4'

bIn wet DMSO-dé>°
“In fuming sulfuric acid.
dWa.ter-cata.lyzed exchange,
eBisulfa.te—ca.’ca.ly’zed exchange,

f
By saturation-transfer,

gBy line-broadening,
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shift were observed upon dilution of the amide solution from 2.5 M to
0.15 M.

The relative rates of acid-catalyzed exchange of the E and Z
hydrogens of acrylamide were measured by line-broadening in ethylene
glycol as a function of amide concentration., The rate ratio kE/kZ
was 1.21, 1.24, 1.36 and 1, 29 at amide concentrations of 2 M, 1 M,
0.5 M and 0,25 M, not significantly different from the value of 1,30
measured at 3 M amide (Table 10),

The relative rates of base-catalyzed exchange of the E and Z
hydrogens of acetamide were measured by line-broadening at 0,25 M
amide in ethylene glycol. The rate ratio k%H-/kgH_ was found to be
3.0 £0,5, not appreciably different from the ratio of 2. 6 measured at
3 M amide (see Table 8).

On the basis of these results, and on the basis of a wealth of
5,72-74

additional data in the literature, we conclude that amide aggre-

gation is not significant at or below 3 M concentration in the solvents

employed in these studies, so that complications due to dimerization

may be neglected,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



D. Discussion

1. Error Analysis and Reliability of Data

Errors listed in the data tables are standard deviations deter-
mined according to the propagation of errors from the observed stand-
ard deviations of repeated ST and Tl experiments, Although all rate
constants are determined independently, the errors are not independ-
ent, Rate constants measured in our saturation~transfer experiments
typically have standard deviations of +10-15%, although rate ratios
may be more accurate, since the errors are not independent.

The data in Tables 1, 2, 4, 5, and 7 demonstrate that forward
and reverse rates are in every case equal (kES[E] = kSE[S] , kZS[Z]
in our experiments, within experimental error,

=kgy[S], kp, =k, p)

as required by equilibrium. Moreover, the ratio of total exchange

(ko =k measured by line-broaden-

rates kE/kZ (= (kES +k 73 ZE))

EZ
ing agrees with that measured by saturation-transfer (see Table 10,
data for benzamide-lSN, and Table 11, data for acrylamide), provid-
ing a further measure of the reliability of the saturation-transfer
method,
An additional, and compelling, indication of the reliability of

the saturation-transfer method is provided by rate data obtained for

5N-acetamide and included in Table 7., First, T1 experiments were

performed on an acidified sample in the usual manner (i.e., by

measuring ME(S), MZ(S), and MS(E, Z)), and rate constants were

107
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calculated with Eqs. [5] and [7]. Then apparent relaxation rates Mg,
MZ’ and MS were measured on the same sample without selective
irradiation (the suitability of this approach being verified as described
in the Results section), and rate constants were calculated with Eq.[9].
Apparent relaxation rates measured in this manner are in fact equal
to intrinsic relaxation rates (see, e.g., Eq. [8]). Although relaxa-
tion rates measured under these two different circumstances are very
different, the calculated rate constants agree very well (Table 7).
This provides justification for calculating a) malonamide rate con-
stants (Results, Section 5) and b) benzamide 15N rate constants in
60% aq. methanol (Results, Section 8) with intrinsic relaxation rates
measured under non-exchange conditions,

Rate ratios measured by the saturation~transfer method are
quite reproducible, as the data in Table 7 for acetamide indicate,
Although only one set of kinetic data is typically presented in the data

tables, experiments were generally performed at least three times

to verify the reproducibility of the results,

2. Uncatalyzed Rotation

Rate constants for rotation about the C-N partial double bond of
RCONHR’, measured under conditions where solvent exchange is
slow, are collected in Table 1. As mentioned in the Results Section,
these values are lower limits to the true rate constants, The rate of
rotation is very small for formamide, N-methylformamide, N-t-

butylformamde, ethyl oxamate, malonamide, and dichloroacetamide,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



109

and slightly larger for acetamide, cyanoacetamide, and chloroaceta-
mide, This trend is in keeping with the rate-retarding effect of
electron-withdrawing substituents observed in tertiary amides,
where the transition-state for rotation is inductively destabilized.
Very few rotational barriers have been measured in primary
amides, owing to the broadness of the amide resonances, and 15N-
substituted compounds, which avoid this difficulty, are not commonly

8 0 -
2,9 Rate constants for rotation in acetamide of 1.7 sec

available,
and 4.7 Bec"1 have been measured91 in DMF and acetone, respectively,
and these may be compared to our measured value of 0, 4 sec-l in
ethylene glycol. Hydrogen-bonding solvents evidently increase the
barrier to rotation, Increased rotational barriers in such soivents
have also been observed in tertiary amides.

The rate of rotation is considerably larger in acrylamide,
methacrylamide, benzamide, and salicylamide, where the R-group
conjugatively stabilizes the transition-state for rotation. 88 Rate
constants at 23 °C in ethyleneglycol for rotation in these amides are
1.4, 6.3, 3.4, and 21 sec-l, respectively, The a-methyl group in
methacrylamide thus lowers the barrier to rotation relative to acryl-
amide. A similar trend has been observed in the corresponding
N, N-dimethylamides, where a barrier reduction of 2.6 kcal/mole
was observed92 and ascribed to a predominant s-trans conformation

in N, N-dimethylmethacrylamide, Likewise, in the s~-trans conforma-

tion of methacrylamide, non-bonded repulsions between vinylic and
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amide hydrogens sterically destabilize the planar ground state,
slightly lowering the barrier to rotation by about 0.7 kcal/mole rela-
tive to acrylamide. To the extent that such repulsions are smaller
than those between vinylic hydrogens and amide N-methyl groups in
the tertiary amides, the barrier reduction would be expected to be
considerably smaller for the primary amides,

Rotation is considerably faster in salicylamide than in benza-
mide, since the o-hydroxy substituent is very effective at conjuga-
tively stabilizing the transition state for rotation.

The rate constant for rotation in benzamide was measured in
both ethylene glycol and 60% aqueous methanol. The spin-lattice
relaxation rates of HE and HZ in 15N-enriched benzamide in ethylene-
glycol are approximately four times as large as in aqueous methanol,
due presumably to increased solvent viscosity which increase the
rotational correlation time of the amide and hence the relaxation
rate, 61b The rotation rate, on the other hand, is not appreciably

different in these two rather similar solvents,

3. Base-Catalyzed Exchange

a. Primary Amides

To check the reliability of the saturation-transfer method, we
have first examined base-~catalyzed exchange in a series of amides,
. . . ‘e P Y :
for which there is no mechanistic ambiguity. The results of these

experiments are assembled in Table 2.
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Saturation-transfer data for acetamide are representative,
Since the imidate anions resulting from loss of the diastereotopic E
and Z hydrogens are expected to be configurationally :st:able93 and
reprotonated at a diffusion-controlled rate, 38 no base-catalyzed E-Z
exchange is expected, and this is indeed confirmed by the kinetic data:
k and kZE are zero, within experimental error (see Table 2),

EZ

Moreover, H_ exchanges faster, in accord with line-broadeing meas-

E
urernent:s42 (Tables 10 and 11)., Thus we may have confidence in this
saturation-transfer method as an accurate means of measuring inter- |
site rate constants,

Our studies of base-catalyzed exchange in primary amides
demonstrate that electron-withdrawing R~ groups increase k i
(compare, e.g., entries in Table 6 for base-catalyzed exchange of
acrylamide and trichloroacetamide), as had been found previously for
~secondary amides, 38 HE’ the proton trans to oxygen, is removed
more rapidly for most of the primary amides studied, owing to lone-
pair repulsions which destabilize the E imidate anion resulting from
loss of HZ. A similar effect is operative in carboxylic esters, where
the s-trans conformer predominates at equilibrium, 74 The results in
Tables 10 and 11 suggest that for those amides where I—IE is removed
more rapidly, its removal can be subject to a slight steric hindrance
by the group R. Thus, the rate ratio is more nearly equal in trimethyl-

acetamide (1. 5) than in acetamide (7.4), and is likewise smaller in

methacrylamide (1.75), which is s-trans, than in acrylamide (4. 05),
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which is s-cis, 92 On the other hand, it is difficult to explain the
small ratio of 1, 56 observed for formamide -dl, in ethylene glycol on
this basis.

Ethyl oxamate, whose Z proton exchanges more rapidly, is an
interesting exception to the trend exhibited by most of the other amides.
Apparently lone-pair repulsions are worse in 2 than in 3, so that HE

is the slower to exchange.

A I
W 0L

Menger and Sait095 have observed intramolecular catalysis of
the base-catalyzed exchange in N-methylsalicylamide. They observed
an 8-fold rate enhancement for proton exchange (correspénding to HE
in primary amides) in this compound relative to N~methylbenzamide,
They additionally observed that the O-methoxy group in N-methyl-o-
anisamide impedes exchange by a factor of six relative to N-methy-
benzamide, owing to electron release to the amide carbonyl resulting
from resonance interaction between the methoxy and amide groups.
Thus, despite the electron-donating effect of its ortho hydroxyl, N-
methylsalicylamide exchanges considerably faster than N—meﬁhyl

benzamide. To explain this neighboring-group catalytic effect,
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Menger and Saito formulated two mechanisms, as depicted in Figure

22, but were unable to distinguish between them.,

R
L )
V\HE

o@)

&)

Figure 22. General base and specific base~-general acid
catalysis of amide proton exchange in salicyl-
amide (R =~H)and N-methylsalicylamide
(R= -CH3 )

In the first, phenolate anion removes the amide proton; the amide is
then reprotonated by the hydroxy group, which in the meantime has
exchanged its proton. In the second mechanism, proton exchange is
subject to specific base-general acid catalysis, with the developing
negative charge on oxygen being stabilized by hydrogen~bonding in
the transition-state for exchange.

A distinction between the two mechanisms is possible with the
corresponding primary amides (R = -Hz). In the first mechanism,
exchange of HE should be accelerated in salicylamide relative to
exchange of this proton in benzamide, whereas exchange of HZ should
show no rate enhancement, In the second mechanism, exchange of
both H_ and H_ should be accelerated, Moreover, to the extent that

E Z

hydrogen-bonding in the transition-state decreases the electron-
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electron repulsion that destabilizes the E-imidate anion, HE and HZ
should exchange at more nearly equal rates in salicylamide than in
benzamide.

The experimental results, collected in Table 2, demonstrate
that the E and Z protons of salicylamide undergo base-catalyzed ex-
change at equal rates, within experimental error (as illustrated in
Figure 10). Relative to benzamide exchange rates of not only HE but
also HZ are accelerated, by ll-fold and 19-fold, respectively., This
observation thus conclusively rules out the first mechanism in
Figure 18,

There are a nurpber of mysteries concerning the base-catalyzed
exchange in primary amides. In both chloro- and trichlorocacetamide
in ethylene glycol, it is HZ which is more easily removed, contrary
to the behavior observed in dichloroacetamide, where HE exchanges
faster, One possible explanation is that the signal assignment is re-
versed in the former compounds, but it is secure in both acetamide
and dichloroacetamide on the basis of NOE (see Figure 3), and there
is no reason to expect a chemical-shift reversal in the mono- and

trichloroacetamides, Besides, we have observed that k(;H exceeds

kOH for two secondary amides, This will be discussed in the follow-

E
ing section,
The second-order rate constants for removal of HE and ~HZ in
10 -1

trifluoroacetamide are respectively 3,5x 107 M sec ~ and 2.0X

1010 M-'lsec'-l in water, 26 Both these rate constants are in the range
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of diffusion-control., Thus hydroxide exhibits intramolecular selec-
tivity in a diffusion-controlled reaction, a remarkable result which is
not at present well understood.

There is a viscosity effect on the base-catalyzed exchange., The
rate ratios are more nearly unity in ethylene glycol than in water
(compare Tables 10 and 11), suggesting that base is less selective in
its déprotonating preference in ethylene glycol than in water. The
origin of this effect is not well established at this point,

b. Secondary Amides

Hydroxide-catalyzed proton exchange was studied in N-methyl-
and N-t-butylformamade, which exist as equilibrium mixtures of E
and Z isomers, The equilibrium constants KEZ are 13,5 and 2. 2,
respectively, with the Z isomer favored. For both amides there is

no base-catalyzed E~Z exchange, and HZ exchanges with solvent

faster than H_, by a factor of 2.0 £ 0. 2 for N-methylformamide and

E’
8 for N-t-butylformamide (see Table 2). If reprotonation of the iso~
meric E and Z imidate anions occurs at the same diffusion-controlled
rate, 6 then the measured rate ratios, when corrected for ground-
state equilibria, provide a direct measure of anion (product) stabili-

ties, Thus the Z anion is more stable than the E anion by a factor of

6.7 for NMF, whereas the E anion is more stable by a factor of 3.6

for NBF.

The observation that kgls_l exceeds kg? in both cases is at

first puzzling. It had been anticipated by analogy to carboxylic esters
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and the majority of primary amides (Discussion, Section 2a), that
electron-electron repulsion would further destabilize the E anion,

making the equilibrium constant for the anions greater than KEZ and

the rate ratio kCZ)I; /kgls_I smaller than one. We propose here that

steric hindrance to solvation of the Z anion (and of the transition-state
leading to it, where the N-alkyl group is cis to the developing negative
charge on oxygen) reduces the anion equilibrium constant relative to

KEZ . The effect should be greater the larger the alkyl group, and

indeed, in the case of N-t-butylformamide, the E anion is actually

more stable,

OH™, OH™ .
75 /k ES of 25+ 3 (in 80% aqueous ethanol) was

recently measured93 by 15N NMR for the nine-membered ring lactam

A value for k

l-aza-2-cyclononanone, where KEZ is about one., The authors as-

cribed the reduced reactivity of HE to net destabilization of the Z
anion, where ring strain results from increased C-N double bond
character upon proton removal, As evidence for this effect they cite
cyclononene, where the cis isomer is favored by 2.9 kcal/mole, 1
It is not at all clear, however, that cyclononene is a good model for
the lactam anion, and in light of the results described here, it is
tempting to conclude that the lactam Z anion is less stable because it
cannot be as effectively solvated as the E anion, Further evidence
against the ring-strain argument is provided by a comparison of proton

exchange in 2-pyrrolidone and N-methylacetamide, Two studies

agree7’ 11 that 2-pyrrolidone, which is locked in the E configuration,
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undergoes base-catalyzed proton exchange about ten times faster than
N-‘methylacetamide, which is largely in the Z form.

We have measured the anion equilibrium constant of N-methyl-
formamide in the polar solvent DMSO-d6 and in the non-polar solvent
dioxane, The anion equilibrium constant in DMSO-d6 saturated with
potassium t-butoxide is 5.2, compared to 13.3 without added base, in
reasonable agreement with the measured rate ratio of 0,5 in water,
This confirms the argument that the exchange rates reflect the rela-
tive stabilities of the intermediate imidate anions. More importantly,
the anion equilibrium constant in dioxane is 18.8, compared to 12.8
without added base, This result indicates that the E anion is indeed
less stable, as expected, but only in non-polar solvents., In polar
solvents it is solvated better, and stabilized, because the Z anion
suffers steric hindrance to solvation,

We have also measured a kE/kz ratio of 0,65 for base-cata-
lyzed exchange of N-methylformamaide in t-butanol. This value is
not much larger than the value of 0.5 measured in water. We con-
clude that, although t-butanol is relatively non-polar, it is neverthe-~
less hydroxylic and capable of solvating the isomeric imidate anions,

with the Z anion solvated less effectively, so that the rate ratio is

again less than one,
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4. Water-Catalyzed Exchange in Imidic Esters

Water-catalyzed proton exchange in two protonated imidic esters
was examined, since such exchange serves as a model for the imidic-
acid route. Protonated ethyl acetimidate undergoes slow exchange in
46% w/w aqueous sulfuric acid, and the rate constants for this exchange
were measured by saturation~transfer. Hydolysis of the imidic ester
was negligible in the time necessary to make the measurements, Kin-
etic data are presented in Table 4, We have found that there is no

E-Z exchange, and that H_ exchanges about twice as rapidly as HE.

Z

No E-Z exchange was expected, owing to the configurational stability

7 . . .
of the resulting imidic ester 94 and their rapid rate of reprotonation.

exchanges faster than H_ is con-

Moreover, the observation that H E

Z
sistent with the fact that the E antiperiplanar form (resulting from loss
of HZ) is more stable than the Zap form, owing to mutual repulsion of
the lone~pair dipole moments in the latter, 43-45,98-100 A similar
argument indicates that favoring of the syn-periplanar form should
result in HE exchanging faster., To check this prediction, proton ex-
change in protonated 2-iminotetrahydrofuran, which is locked in the
syn-periplanar configuration, was examined in wet DMSO, and it was
found that HE does indeed exchange approximately 15% faster than Hz
(see Table 12). Thus the Zg‘p configuration is slightly more stable thanv
the Esp configuration. This result is consistent with the observation
that in N-phenyl-2-iminotetrahydrofuran, the Zsp form is favored over

the Esp form by a factor of two, 101
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5. Proton Exchange in Strong Acid

Whereas imidic esters undergo proton exchange at rates meas-
urable by NMR in 30% aqueous sulfuric acid, but not in 60% w/w
aqueous sulfuric acid, amides undergo proton exchange in these media
far too fast to be measured by NMR. Indeed, fuming sulfuric acid is
required to reduce the water activity sufficiently to slow proton ex-
change so that it is measurable by NMR. This fact suggests that
there is a second exchange pathway for amides in addition to water-
mediated~NH proton removal from the O-protonated amide. To eluci-
date this mechanism, we undertook saturation-transfer studies of
proton exchange in strong acid, where amides are quantitatively pro-

tonated on the carbonyl oxygen,

In fuming sulfuric acid, the solvent used for these studies, water

activity is extremely low and HSO4 is the strongest base available to

serve as the proton acceptor. Since the N-H protons of O-protonated

amides are not very acidic, direct transfer of an N-H proton to HSO4
might be expected to be too energetically costly to compete with an
alternative exchange pathway which involves initial O~-deprotonation

followed by reprotonation on nitrogen. Furthermore, RCONH;-

)34 130

is not a strong acid compared to HéSO4 (I-IO = -12.2),

might not be ultrafast, relative

(pKa ~ =9

so that N-H proton transfer to HSO4

to rotation of the -NH; group. Then it might be expected that ‘HE
and I-IZ can become equivalent in the N-protonated amide, and thus

exchange at identical rates.
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The results of saturation-transfer studies of acetamide, 3,5~
dinitrobenzamide and trichloroacetamide in fuming sulfuric acid are
collected in Tables 5 and 6, and provide support for this model, The
kinetic data indicate that, within experimental error, the N-H protons
of these O-protonated amides exchange with solvent at identical rates,
and with each other at the same rate, Liler3 has also favored this
mechanism for exchange on the basis of the observation that the N-H
NMR signals in O-protonated acetamide appear to coalesce with each
other as well as with the solvent NMR signal, Her conclusion is not
firm, however, and these saturation-transfer experiments represent
the first conclusive evidence that proton exchange in strong acid
occurs via the N-protonated form.

In the experiments described here, no NMR signal due to -OH
in RC(OH)NH; is observed, indicating rapid exchange of this proton
with solvent., At -90°C, however, the -OH signal of O-protonated
acetamide in fluorosulfuric acid is visible but broad, owing to exchange
with solvent at a rate of approximately 60 sec-l. 102 At 25°C, where
we have found the .rate of acetamide -NH proton exchange in fuming
sulfuric acid to be about 2 sec-1 (see Table 5), the rate of -OH proton
exchange can be estirnated with these data to be about 2 X 106 sec-l.
Thus -OH proton exchange exceeds -NH proton exchange by a factor
of about 106.

The greater rate of -OH over -NH proton exchange in these O-

protonated amides may be accounted for by an additional pathway for
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-OH exchange alone to occur, We suggest that ~OH protons may under-
go additional acid-catalyzed exchange via the dication, RC(OH;) =NH;,

which is formed in kinetically significant amounts by protonation of

.03
RC(OH)=NH+. By analogy to protonated amidines,] where

2
+ . + + + .
.'RC(NH2)=NH2 is more stable than RC(NH3)=NH, RC(OH2)=NI-I2 is
expected to be more stable than the other possible dication,
+ + . 103 .
RC(NH,_,)=OH . It has been established that acid-catalyzed ex-

3
change in amidinium ions, RC(NH2)=NH;, which are isoelectronic
with O-~protonated amides, occurs by way of the dication
RC(NH;)=NH; , providing precedent for our mechanism of -OH
proton exchange,

It is also possible that -OH proton exchange is concerted, involv-
ing simultaneous -O-~H bond-making and bond-breaking in the transition-
state, Although the dication RC(OH;)=NH; thus may not be an actual

intermediate in these proton transfer reactions, we cannot at present

exclude it as an intermediate.

6. Proton Exchange in Dilute Acid

a. Primary Amides

Two possibilities exist for dilute acid-catalyzed proton exchange
in amides: 1)direct protonation on nitrogen (Eq. [11]), and 2) pro-
tonation on oxygen, followed by proton abstraction from nitrogen to

generate the imidic acid (Eq. [12]). 37,39
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H' + RCONH, RCONH] [11]
RG(OH)NH, RC(OH)NH + H [12]

In order to distinguish between these mechanisms, we have used
our saturation-transfer method to study such exchange in ten primary
amides, and the results are collected in Table 7, In all cases, HE

and HZ exchange with solvent at significantly different rates. This

result would seem to exclude the N-protonation mechanism (Eq. [11}),
since protonation on nitrogen, to produce RCONH+, should make the E

and Z protons equivalent, However, this cation is a strong acid

34,104

(pKa ~ =9), and undergoes diffusion-controlled46 proton trans-

fer to water, Therefore its lifetime is only on the order of

-12 105 12
s

ec, This is comparable to 0.5 X 107" “ sec, the measured

10

lifet:imelo6 of a conformer of the isoelectronic species CH3COCH3,

+
3

tion about the C-N single bond. Thus it is not unlikely that rotation

and hydrogen bonding of -NH, might further raise the barrier to rota-

and deprotonation occur at competitive rates, thereby preserving the

inequivalence of I—IE and HZ' In order to quantitatively interpret the

results of our saturation-transfer experiments, we must first explore

the kinetic consequences of restricted rotation about the C-N bond in

RCONH;.

Protonation of the nitrogen lone pair of RCONH_ produces a

2

Boltzmann distribution of the conformers of RCONI—I+, gso that the

-110
predominant conformation is close to the most stable one ( )l 07-11

~
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(see Figure 23), Conformer 4 may then rotate, with a first-order
rate constant kr’ to either conformer 5 or 6 before deprotonation,

A given conformer then loses either highly acidic (pKarv -9)34 proton

gauche to the R-group at a diffusion-controlled rate characterized by

the first-order rate constant kd . Abstraction of the proton syn to
the carbonyl, however, should be negligibly slow in comparison, since
111

this proton is estimated to have a pKa of approximately ,(3,

However, torsional oscillation of 45° or more in conformers
4 - 6 can be shown to result in the proton syn to the carbonyl being
lost at the same diffusion-controlled rate as for the other two (oscil-
lation of £ 60° being required to surmount the threefold energy barrier
to the other conformation), since the neutral amide, rotated by 45°,
plus hydronium ion is isoenergetic with the N-protonated amide., At
equilibrium, the rate of proton loss from the N-protonated amide,
rotated by 45°, must be equal to the rate of protonation of the neutral
amide, also rotated by 45°, The rate of the latter process is negli-
gible at room temperature (due to the vanishingly small concentration
of neutral amide rotated by 245°) and microscopic reversibility then
requires that if a proton does not enter into the position that eclipses
oxygen, it cannot leave from that position. Therefore, we make little
error in assuming that the proton syn to oxygen may not be removed
by water. Alternatively, one may calculate the amount of N-protonated
amide rotated by 245°, For a threefold potential of 1 kcal/mole, only
6. 5% of the N-protonated population is rotated by = 45°, and may be

safely neglected,
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Figure 23. Kinetic scheme for proton exchange in primary amides
via N-protonation, Hg denotes the proton from solvent,
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Since loss of HZ requires rotationto 5 or 6, whereas loss of
HE does not, we may expect that HE might exchange faster, if rota-
tion and deprotonation are competitive. This intuitive notion can be
quantified in the following manner. Application of the steady-state
approximation to conformers 4, 5, and 6 within the context of Fig-
ure 23 allows us to solve for the steady-state concentrations of these
conformers in terms of kr , kd, and kp, the pseudo-first-order rate

constant for protonation of RCONI—I2 . The results are

'k + 2k

[4] = =—
de(

d
3k + 2k
r

d) . kp [amide] [13]

k
r

(5] =1[6] =
~ T 2k Bk + 2k )

 k, [amide] [14]

The first-order rate constants for exchange measured in these NMR

experiments are independent of [amide] and are simply:

(_+k,)
kpg = kq(l4] +16]) = (3k_ + 2k )| ks [15]

k

- - r . .
kps = Kqll21+1ED) = Gk_+2k) “p [16]

Ry = ky([5] +[6]) )
r

= - k 17

(3kr + de) P [17]
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where Eqs. [15]-[17] have been obtained by appropriate substitution
of Eq.s. [13] and [14]. Equations [15]-[17] show that kEZ = kZE , a8
required by equilibrium, and that protonation on nitrogen results in
acid-catalyzed intramolecular exchange of HZ with HE at a rate equal
to the rate at which it exchanges with solvent, because exchange of HZ
requires rotation, whereupon it exchanges with equal probability into
the solvent and E sites. Moreover, to the extent that the lifetime of
RCONH; is too short to permit rotational equilibration about the C=N

single bond, H_, will exchange faster with solvent than HZ. The ratio

E

of solvent exchange rates is

2= [18]
zS r

and the ratio of total exchange rates for HE and HZ is

kpg * kgy) ky
k.. +k. - L*t3x [19]
ZS ZE r

kE_

kz

If exchange can be demonstrated to proceed by N-protonation, Eqs, [18]

and [19] then provide a measure of kr relative to kd.

In the primary amides studied here, HE and HZ are diastereo-
topic, and we have measured each of their exchange rates separately.
A distinction between the N-protonation and imidic-acid pathways

(Eqs. [11]and [12]) is provided by comparing rate constants for inter-

molecular and intramolecular exchange, In contrast to the behavior
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elucidated above for the N-protonation pathway, which requires that

kyg=kyps

zero, since the configurational stability47 of the imidic acids pre-

the imidic~acid pathway requires that kEZ and kZE be

cludes acid-catalyzed intramolecular exchange, The distinction be-~
tween the imidic-acid and N-protonation routes thus depends on

whether kZE is zero or equal to kZS’ respectively,

Kinetic data for acid-catalyzed exchange in ethylene glycol (see
Table 7) demonstrate that for acetamide, acrylamide, methacryl-

amide, benzamide, and formamide, kZE differs from kZS by less

than one standard deviation. We therefore conclude that exchange in
these amides proceeds predominantly via the N-protonation route,
although we cannot rule out a small fraction of exchange via the imidic

acid. Moreover, kES and kSE are significantly greater than kZS and

k respectively, for all of these amides. This result is consistent

Sz’

with line-broadening measurements (Ref, 42 and Table 11), which

show that HE exchanges faster than HZ in the acid-catalyzed reaction,

The data in Table 8 provide further evidence that kZE = kZS
for benzamide-lsN in 60% aqueous methanol, In the limit where ex-~
change dominates the intrinsic relaxation rate and uncatalyzed rota-

tion, the saturation-transfer quantities tZ(E) and tE(Z) reduce to

k., _./(k / (k respectively (see Eq. [3]).

ZE' T ZE
For benzamide-lEN, the limiting value of tZ(E) approaches 0, 49 +

+ kZS) and k

ez kg7 Tkps)

0. 02 at the highest acidity, indicating that kZE equals kZS' Further-

more, since kEZ =k, = kZS’ a value for kES/kZS of 3,0+ 0.9 can
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can be estimated from the measured limiting value for tE(Z) of

0.25 x£0, 07 (Table 8). This value agrees with the value of 3.9 +0. 2
measured in a full saturation-transfer experiment at lower acidity in
this solvent (Table 7).

Further qualitative support for the conclusion that N-protona=-
tion is the sole exchange pathway in acrylamide is provided‘by an
analysis of the NMR lineshape of the N-H region at intermediate rates
of exchange. Acid-catalyzed intramolecular exchange of HE and HZ
at a rate equal to the rate at which I—IZ exchanges with solvent should
cause the N-H signals to coalesce with each other, and to move up-
field towards solvent as well. For a non-exchanging sample in ethyl-
ene glycol at 90 MHz, the chemical-shift difference of HE and HZ is
52 Hz., Successive acidification of the solution progressively broadens
the N-H lines, but does not affect either their chemical shifts or their
.separation. When the solution is further acidified to pH~ 0.3, exten-
sive exchange-broadening of the N-H resonances occurs, and they do
appear closer to each other by about 10 Hz, suggestive of intramolecu-
lar exchange via N-protonation, A rough value of kEZ may be calcu-~

lated from this result with Eq. [20] 59,

2 1/2
m
kpz = = (av° - av?) [20]

where Avo and Av are the chemical-shift differences in the absence

and presence of chemical exchange, respectively, Using values of 52
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and 42 Hz, kEZ is about 70 sec—l. According to the results in Table 7,

HZ is also exchanging with solvent at this rate, and HE is exchanging
with solvent at 1,5 times this rate, Thus, the total exchange rates
necessary to produce a 10 Hz lessening in chemical-shift difference
are 175 sec-l and 140 secm1 for HE and HZ. Mort importantly, the
N-H signals have not shifted significantly upfield towards solvent,
which is about 200 Hz upfield of H,. On the basis of Eq. [20], we
expect this result, since the chemical-shift difference between solvent
and N-H sites is too big to produce noticeable upfield shifts at these
rates,

An alternative argument, namely that exchange occurs through
the imidic-acid route, but that because kES exceeds kZS the chemical-
shift difference between HE and HZ lessens, can be discounted since
substantial upfield shifts are required for both HE and HZ with HE
shifting faster, and these are not observed, We therefore conclude
that the observed lineshape behavior is additional evidence in favor of
the N-protonation pathway in acrylamide. Calculated lineshapes using
the lineshape simulation program DNMR3113 bear out the conclusions
reached with Eq. [20].

Bovey and Tiers41 were unable to observe any lessening of
chemical-shift difference for the N-H protons in acidified aqueous
solutions of polyacrylamide, and so concluded that exchange and C-N

bond rotation do not occur via a common intermediate, They were,

however, working at 40 MHz, where the amide signals appeared on the
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shoulder of the large water peak, and it is probable that in their exper-
iments the amide protons would be broadened and lost in the solvent
envelope at the fairly rapid exchange rates which we have found neces-
sary to produce a detectable lessening in chemical~-shift difference,.
Having established that proton exchange in acetamide, acryl-
amide, methacrylamide, benzamide, and formamide (and almost cer=-
tainly trimethylacetamide and salicylamide as well, although satura-
tion-transfer experiments were not conducted on these compounds)
proceeds entirely by N-protonation, we can use the rate ratios col-
lected in Tables 10 and 11 in conjunction with Eq. [19] to obtain further
insight into the rotational barriers in these N=-protonated amides.
Since the rate of deprotonation of RCONH;’ is diffusion-con-
trolled and constant for all of these amides, the observed values of
gt ot
kE /kz in Tables 10 and 11 provide a measure of kr’ with larger
ratios corresponding to larger rotational barriers. We have observed
that acrylamide, methacrylamide, benzamide, and formamide show
rate ratios appreciably greater than one, whereas acetamide, tri-
methylacetamide, and salicylamide exhibit ratios near one. We can
then rationalize this dichotomy in terms of the effect of R on the bar-
rier. 4z The barrier should be lower when R=-CH3 or -C(CH3 )3,
gsince these groups have their steric bulk above and below the O-C-N
plane, and thus raise the energy of the preferred conformation (Z') of

RCONH;. The barrier in CH, COCH,, which is isoelectronic to

3 3
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1=
{0

107

CH CONH;, is in fact lower than that in HCOCI—I3. This argument

3

has also been used tiz to rationalize the lowered barrier in cis-
butene, as compared to propene or trans-butene. In contrast, groups
that have their steric bulk in the O-C-N plane may be expected to
raise the barrier by destabilizing 8 , the transition-state for rota-
tion. Indeed, the barrier in CHZ

;’, is higher than that in HCOCH,. 107

+ gt
groups that lower the barrier, kEH /kZH is close to unity, but for

= CHCOCH3, which is isoelectronic

to CH2= CHCONH For those

CH2= CH", CH2=CMe-, and C6H5" , there is a greater barrier to

exchange of H so the ratio is somewhat greater than unity,

Z ’
Measurement of the exchange rate ratio for benzamide and
salicylamide in ethylene glycol (Table 11)indicates that, whereas HE

exchanges about 34% faster than H,_ in benzamide, they exchange at

Z
equal rates in salicylamide. The effect of the O~hydroxy group is
thus opposite to that expected on the basis of steric effect arguments.
We tentatively ascribe the equality of exchange rates in the latter

compound to hydrogen bonding in the transition state for rotation (9),

which lowers the barrier and allows I—IE and I—IZ to become equivalent

in the lifetime of the N-protonated cation.
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%
HOT, N o

‘g g
H- + H
2

It is possible to estimate the barrier to rotation in these N-

protonated amides with Eq. [19], subject to making some assumption

concerning the magnitude of k the first-order rate constant for

d ’
. . . ‘s 105,114
diffusion-controlled deprotonation, For definiteness we adopt

a vaiue for kd of 1012 sec-l in aqueous solution. Then, for example,
0 + + 12
values of kr for CH3CONH and CH =CHCONH3 of 310" " s

3 2
12 sec:“1 can be calculated with the rate ratios in Table 10,

-1
ec

and 1-10
Using the expression106 kr =1.3X 1013 exp(-Vo/RT ), barriers to
rotation Vo of 0.9 and 1.5 kcal/mole are arrived at for N-protonated
acetamide and acrylamide, respectively, These values are quite
close to the barrier heights of 0.8 and 1,25 kcal/mole rnea.suredlo7
for the isoelectronic ketones in the gas phase, A barrier height of
0. 9 kcal/mole has also been measured106 for acetone in the pure
liguid. The close agreement indicates that hydrogen bonding of sol-
vent to the -NH; grou.p115 does not raise the barrier to rotation.

There is some evidence in support of this tentative conclusion. The

. . + . . .
correlation time of NH,6 in aqueous solution has been estimated to be

4
-12 116 - o
~ 10 sec, not much longer than that for liquid CH4, which is
ca, 2X 10-13 sec, 129 It has been concluded117 that there is free
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rotation in CH NH;, although this could be due to methyl rotation

3
while the -NH; group is 'anchored'' within a solvent shell, Most
recently, Levy et al, 118 have concluded, on the basis of 13C and 15N
T1 measurements, that there is free rotation in CéHSNH;- in CF3SO3H,
but that rotation is hindered (kr ~ 10lo sec-l) in water, methanol, and
acetonitrile, It is difficult, however, to see why rotation should be
hindered in the latter solvent.

The absence of a solvation effect on rotation in the N-protonated
amide can be rationalized by assuming that the -NH; group carries
solvent with it as it rotates, so that strong hydrogen bonds need not
be broken. Such a model then predicts that kr should depend on sol-
vent viscosity. Therefore, to gain better insight into the nature of the
rotational process, we have estimated the dependence of kr on solvent
viscosity by measuring kE/kZ for benzamide-lSN in ethylene glycol
and in 60% aqueous methanol., The measured rate ratio should reflect
the viscosity dependence of both k and k, , according to Eq. [19],
but we can independently estimate the latter dependence,

The rate ratio in 60% aqueous methanol, as measured by both
saturation-transfer and line-broadening, is 2,45 (Table 10), The
rate ratio measured in ethylene glycol, however, is only 1,34 (Table
11), so kd/kr has been reduced in this more viscous solvent, With
Eq. [19], the ratio of kd/kr in 60% agqueous methanol to that 'in ethyl-

ene glycol can be calculated with these values to be about 4.3, and it

remains to assess the ratio of kd in 60% aqueous methanol to kd in
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ethylene glycol in order to estimate the kr ratio for these two sol-
vents,

Since the rate-limiting step in the amide deprotonation actually
involves translational or rotational diffusion of hydronium ion away
from the amide, 114, 119 the kd ratio might be expected to be pro-
portional to the ratio of solvent viscosities, But it is an oversimpli-
fication to take kd as proportional to the macroscopic viscosity, and
it would seem that a better measure of the kd ratio is provided by
the ratio of the proton limiting conductance in the two solvents., This
quantity has been measured in both 60% aq. methanollzo and ethyl-
ene glycol, 121 values of 116 and 27.7 cmz/ohm- mol, respectively,
being obtained. We thus take the kCl ratio to be 4, 2, and the four~
fold increase in kd then completely accounts for the fourfold increase
in (kd/kr) in aqueous methanol relative to ethylene glycol., Therefore
kr is the same in both solvents, and this suggests that rotation of

-NH+ occurs within a solvent shell, with hydrogen bonds to solvent

3

being simultaneously made and broken. This conclusion is independ=-
ent of our choice for kd .

The kd/kr ratios for acetamide and benzamide can be calcu-
lated with Eq. [19] and the data in Table 10 to be 0.34 and 2.9, re-

spectively, Thus kr exceeds kd for acetamide but is smaller than

kd for benzamide. Since exchange of I—IZ requires rotation of the
N-protonated amide, we have the remarkable result that the rate-

limiting step for exchange of HZ in benzamide is largely rotation
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about the C-N single bond, occurring with a rate constant of approxi-

11 -
mately 3,5x 10 ~ sec 1. In acetamide, where kr exceeds kd’ rota=

tion is only partially rate-limiting.

The results of Cox122 are consistent with this picture, He has
measured deuterium isotope effects of 1,25 and 1, 06 for the acid-
catalyzed isomerization of dimethylacetarnide and dimethylbenzamide,
respectively. Such exchange must occur by protonation on nitrogen,
and isomerization then requires rotation. To the extent that the proton
is more fully transferred in the transition-state for rotation in di-
methylbenzamide (where, by analogy to benzamide, rotation is largely
rate-limiting) than in dimethylacetamide, a smaller deuterium isotope
effect is expected for dimethylbenzamide, as observed,

The kinetic data in Table 7 demonstrate that for ethyl oxamate,
cyanoacetamide, malonamide, and chloroacetamide, kZE is consid-
erably smaller than kZS’ indicating that exchange occurs predomi-
nantly through the imidic pathway., Some exchange via N-protonation
is nevertheless occurring, since k and k are non-zero, For

EZ ZE

H the fraction of exchange occurring through N-protonation is

z ’

simply kZE/kZS’ or 20%, 18%, 43%, and 37% for ethyl oxamate,

cyanoacetamide, malonamide, and chloroacetamide, respectively,

the N-protonation exchange fraction is 2 k__/k (since

For H ez’ s

El

kEZ < kES in the N-protonation pathway), or at least 12%, 14%, 29%,

and 34%, respectively, of the total intermolecular exchange. For

: ohl . A
dichloroacetamide, where kEZ and kZE are zero, within
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experimental error, proton exchange occurs entirely by the imidic-
acid pathway., The effect of electron-withdrawing groups, then, is to
produce a changeover in mechanism from N-protonation to the imidic-
acid pathway, This observation will be rationalized later,

We had expected that HE and I—IZ should exchange at different
rates in the imidic-acid pathway, since they remain diasterectopic
in the conjugate acid 13 and since the intermediates (IA-Z, lAlJ-E)
are expected to be configurationally stable, 41 Moreover, by analogy
with imidic esters, 43 IA-E should be more stable than LI-Z. To

the extent that the transition states reflect the relative stabilities of

the intermediates, H, should then exchange faster with solvent than

Z

HO H HO H HO
zZ +/ Z
H_ + C=N =—= C=N p— C=N + H
- R/ R \H R/ N -
E HE
11-Z 10 11-E
HE . Indeed, kZS exceeds kES in protonated ethyl acetimidate

(Table 6). Several additional lines of experimental evidencegg' 100

also support these relative stabilities in imidic esters. The theoreti-
cal consensus regarding the relative configurational stabilities of
formimidic acid, though, is less clear: one calculation concludes

. 44 . 123
that the Eap form is most stable, while another suggests that

the Zsp form is most stable.

HZ was also observed to exchange about 20% faster than HE in

dichloroacetamide (Tables 7, 11, Figure 21), whereas in the remaining
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four amides where the imidic-acid mechanism is predominant, kES
is scmewhat larger than kZS (Tables 7, 11). This might be ration-
alized (despite the analogy to imidic esters) if the syn-periplanar
form (O-H syn to -R in 11-2 and LI-E) is more stable than the anti-
periplanar form in these imidic acids, so that 1'\14-2Bp is more stable
than lr&-Esp’ owing to mutual lone pair repulsion of lone pair dipole
moments in the latter. Indeed, in protonated 2-iminotetrahydrofuran,
which serves as a model for the syn periplanar configuration, we
have found that HE exchanges about 15% faster than HZ (Table 12).

An alternative, and more likely, possibility is simply that
11-Z, being more polar, is preferentially solvated, so that it is in
fact more stable than 11-E in the polar, protic solvents used in this
study. A similar solvent polarity effect has been observed iﬁ the
imidic esters MeC(OMe )NPh and +BuC(OMe )NMe, where the E/Z
diastereomer ratios decrease from 2.2 and 7.7, respectively, in
CC14 to 1.3 and 2. 5 in methanol, 43

If sclvation of the imidic acids is a significant factor in deter-
mining their relative stability, the E form might be expected to be
more stable than the Z form in less polar solvents, so that HZ should

exchange faster than H To this end, acid-catalyzed hydrogen ex-

E.
change in ethyl oxamate was studied in cyclohexanol, which has a
dielectric constant of 15 (compared to 37 and 81 for ethylene glycol

and water, respectively). For ethyl oxamate in ethylene glycol and

water, imidic-acid exchange is predominant, but HE exchanges faster
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than HZ . In cyclohexanol, however, as illustrated in Figure 18, HZ
exchanges significantly faster than HE , indicating that the E imidic
acid is more stable in this less polar solvent,

It seems, then, that although the Eap configuration is favored in
imidic esters, the E and Z configurations of the imidic acids are
much closer in energy. Indeed, the 20%-faster exchange rate of I—IZ
in dichloroacetamide corresponds to a free-energy difference of only
110 cal/mocle favoring l11-E over 11-Z, so very small solvation and
polarity effects might be sufficient to produce stability reversals, HZ
also exchanges faster than HE in trichloroacetamide (Table 11), indi-
cating exchange through the imidic acids, yet in trifluoroacetamide,

which almost certainly exchanges through the imidic-acid pathway as

well, H_ exchanges about 60% faster than HZ (Table 10). The results

E

reported here provide the first experimental evidence that polar,
protic solvents are capable of reversing the stabilities of the imidic

acid stereoisomers,

b, Secondary Amides

The relative contributions of the N-protonation and imidic-acid
pathways to exchange have also been assessed for N-methyl and N-t-
butylformamide., In order to make this assessment, it is first neces-
sary to determine the kinetic consequences for proton exchange and
isomerization resulting from protonation at the amide nitrogep.

The N-protonation route for acid-catalyzed proton exchange in

secondary amides is detailed in Figure 24. Protonation on nitrogen
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Figure 24. Proton exchange and isomerization in the E isomer of
secondary formamides by protonation on nitrogen,

HS denotes the solvent proton,
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of the E isomer (with pseudo-first-order rate constant k::) produces
conformer 1~z (or its mirror image), which may then convert into
conformers 13 and l~4 with a rotational rate constant k;, as shown.l 24
The rotameric equilibrium constant, Kr , is defined by kr/kr, , and
can be estimated from model compounds, Strictly, three independent
rate constants are necessary to describe the rotations, since 13 and
14 are probably not formed from 12 at the same rate, However, this
scheme is simpler, and it avoids introducing an extra rate constant
that we cannot measure, As previously discussed for primary amides,
the proton syn to oxygen in a given conformer may not be removed by
solvent, while the proton gauche to oxygen is removed at a diffusion-
controlled rate characterized by the first-order rate constant kd .
Rate expressions for exchange of I—IZ and isomerization of the
-R group may in the less abundant E isomer be derived, in a manner

completely analogous to that used for primary amides, by applying a

steady-state approximation to the three conformers and solving for

the concentrations of these species in terms of ka , kr , kr' , and kd.
Thus
E , . E .
k "k’(3k_ +2k,) [E-amide] k_ - [E-amide]
_ p r r d P
[13]_ k. 3k’ +k )k +k’ +k ' 3k’ +k [21]
2 d( r d)( r r d) ( r d)
K/ k;’: [E-amide]
[13] = Sl 75 [22]
d' r r d
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1 E .
krk (3k, +2k,) [E-amide]

[14] = , ; [23]
2k (3K Fk )k Fk +k

d)

These concentrations may be checked in the appropriate limits: when
deprotonation is much faster than rotation, the concentrations of [L3]
and [lj] are vanishingly small, whereas when rotation exceeds depro-
tonation, the concentrations of [13] and [13] are equal, as expected,
and the ratio of 12 (or 14)to 13 is given by kr/kl'_.

The exchange rate of H, into solvent is simply k [13] tky [14].
The isomerization rate of the -R group from the E into the Z site

(denoted by kR ) is equal to de [13], whereas the rate constant for

EZ
isomerization of I—IZ into the HE site (denoted by kZE) is equal to
R . .
kd[l,é]’ or one-half kEZ since HZ may exchange not only into the HE

site but also into solvent, whereas the -R group cannot, Appropriate
substitution of Eqs. [21]-[23] yields for these processes the first-

order rate constant expressions,

3k§kr’
k. = . [24]
zS " 20k] * k)
R ke
kpz * T Tk’ 7K. [25]
r r d
kEk;
k__ = P [26]

’
ZE Z(kr +kr + kd)
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where the superscript R in Eq. [25] denotes R-group isomerization.
Similarly, by the steady-state method, the rate constant for exchange

with solvent of HE’ in the predominant Z configuration of the amide,

is simply equal tc
K Z

=_P
kog 5 [27]

one-half the first-order rate constant for protonation of the Z isomer.
The three rate constant ratios of interest in the studies de-
scribed here are the ratios of R-group and proton isomerization to
proton exchange in the less stable E isomer, and the ratio of proton
solvent exchange rates in the E and Z isomers of the secondary amide,.

These ratios, for exchange via the N-protonation mechanism, are

given in Eqs. [28] - [30]

R

14
kEZ ) 2(3kr +kd) 2 (28]
-— I ~
kZS 3(kr+kr +kd) Kr+1
4
kZE ) (3kr +kd) 1 (291
- , ~
kZS 3(kr +kr +kd) Kr+1
kZS 3k’ k::
—_ r
= 7 . ~ K - K [30]
kES 3kr +kd kI;Z r EZ

where the approximate expressions have been obtained by assuming
that rotation is fast relative to deprotonation, and by appropriate sub-

stitution of the ground-state and rotameric equilibrium constants
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KEZ and Kr . Since isomerization and exchange in the E isomer both
require rotation, we make little error in Eqs. [28] and [29] by assum-
ing rapid rotation. Since rotation probably exceeds deprotonation in
any event for the substituted formamides examined here (as judged
from the kinetic data for DCONH2 in Table 11, where kr = de ), this

assumption can reasonably be made in Eq. [30] as well.

1. N-Methylformamide

In order to discuss exchange and isomerization in N-methyl-
formamide, it is necessary at the outset to determine the relative
stabilities of conformers 13-13 in Figure 23, By analogy to propion-
aldehyde, 125 which is isoelectronic with HCONHZM;, conformers 12
and 14 are about 800 cal/mole less stable than 13, corresponding to a
rotameric equilibrium constant Kr (= kr/krl) of 0.26. The ground-
state equilibrium constant KEZ is 13.5 (see Results).

Equation [28] thus demonstrates that for exclusive N-protona-
tion exchange, methyl isomerization should exceed exchange of HZ

with solvent by 60%. Equation [30] indicates that kZS should exceed

kES by a factor of 3.5,
. . R
The data in Table 9 give measured values for kEZ/kZS and
kZS/kES of 0.42 and 3.2, respectively. These values, coupled to the
values in Eqs. [28] and [30] expected for exchange only via N-proto-

nation, permit an assessment of the relative contributions of the

imidic~-acid and N-protonation mechanisms to exchange in N-methyl-

formamide,
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The imidic-acid pathway requires that kl];z be zero, since the
configurational sta.bilii:y‘,"7 of the imidic acids precludes acid-cata-
lyzed isomerization, Isomerization can occur only by N-protonation,
so that kgz provides a measure of the contribution of this pathway.
The amount of exchange of HZ occurring through N-protonation is
just 0.42/1.6, or 26%. The remainder, or 74%, must then occur
through the imidic-acid route. The amount of exchange of HE occur-
ring through N-protonation can be estimated with Eqs. [28] and [30]
and the measured ratios from Table 9 to be (0.42 x 3.2)/(1.6X3.5),
or 24%,‘ the remaining 76% proceeding through the imidic-acid route,
Thus the latter route is the predominant mode of proton exchange for
both isomers of N-methylformamide. The ratio of exchange rates of

H, and HE via the imidic-acid route is then just (0,74/0.76) X 3.2,

or 3,1,

Since reprotonation of the imidic acids is expected to be diffu-
sion-controlled for both isomers, 33, 46 the solvent exchange rate
ratio of 3.1 for this pathway directly reflects the stability difference
of the imidic a',cids. Therefore, the relative exchange rates imply
that the stabilities of the isomeric imidic acids parallel the stabili-
ties of the amide tautomers, with the Z imidic acid more stable, The
equilibrium constant is just KEZ/B. 1, or 4. 4. Here as well, as in
the case of ethyl oxamate, malonamide, and cyano- and chloroacet-

amide, the relative stability of the isomeric imidic acids appears to

be opposite to that observed for imidic esters.
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A fundamental aspect of the imidic-acid pathway is that, unlike
the N-protonation pathway, it should be subject to general-acid cataly=-
sis, We have sought to establish the presence of general-acid cataly-
sis in N-methylformamide by varying buffer concentrations at constant
pH. Three samples were buffered at pH 1.3 with trichloroacetate
buffers, and the results are presented in Figure 26. For the three
spectra presented in Figure 26, the total concentration of trichloro-
acetic acid was 0.16 M, 0.3 M and 0.43 M, respectively, with increas-
ing acid concentration producing increasing doublet collapse.of the
N-methyl signals resulting from proton exchange. Thus proton ex-
change in NMF is subject to general acid catalysis, providing further
evidence in favor of the imidic-acid pathway. We have also verified
the existence of general-acid catalysis in N-methylformamaide with
phosphate and oxalate buffers by observing increased proton exchange
with increasing concentration of the general acid in a pH range where
the specific-acid catalyzed reaction is not significant,

Further qualitative evidence in support of our conclusion of
predominant imidic~acid exchange in N-methylformamide in dilute
acid lies in a comparison of the lineshape in strong and dilute acid
(see Figures 14 and 21). In strong acid, where the exchange mech-
anism is entirely via N-protonation (Discussion, Section 5), the E
methyl appears as a shoulder on the Z methyl, indicating substantial
isomerization concurrent with proton exchange. In contrast, in dilute

acid the E methyl, although broadened, always remains distinct from
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the Z methyl, Thus isomerization is not as fast relative to proton
exchange in dilute acid, due to incursion of the imidic-acid mechanism.,

The relative stabilities of the N-conjugate and imidic acids of
N-methylformamide are summarized in Figure 25,

Martin39 has accounted for greater rates of proton exchange in
the Z isomer of N-methylacetamide, N-methylbenzamide, and N-
methylformamide over isomerization in the corresponding tertiary
amides in terms of predominant exchange via the imidic-acid route
for all three secondary amides, However, on the basis of the results
previously presented for primary amides, where electron-donating
-R groups such as methyl and phenyl favor N-protonation exchange,
it seems probable that both N-methylacetamide and N-methylbenzamide
exchange entirely by N-protonation, although this cannot be verified
because only one isomer is detectable by NMR. The sixfold greater
rate of protonation of N-methylacetamide over N, N-dimethylacetamide
iineasured by Mart:in39 might then be due simply to steric hindrance to
solvation of the more highly substituted tertiary N-conjugate acid, the
factor of six then being typical of an effect of this nature. For N=
methylbenzamide as well, Martin's results yield an identical factor of
six for the benzamide series when corrected for hindered rotation in
the N-protonated tertiary amide,

In contrast, the predominant Z isomer of N-methylformamide
undergoes proton exchange 24 times as fast as acid-catalyzed isomer-

ization occurs in N, N-dimethylformamide. This larger difference
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Figure 25. Relative energies of the N-conjugate and imidic acids
of N-methylformamide,
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Figure 26. General-acid catalysis of N-methylformamide proton
exchange, See text for details, Plot width is 150 Hz.
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cannot be attributed to a steric effect, but is suggestive of predomi~
nant O-protonation exchange in N-methylformamide, and it is tempt-
ing to conclude that the percentage of N-protonation exchange for N-
methylformamide is just 6/24, or 25%, as we have observed.

2. N-t-butylformamide

Rate constants for acid-catalyzed exchange and isomerization
were also measured for N-t-butylformamide by saturation-transfer,

. -1 -1
Values for kZS’ kES' and kZE of 0.44 sec ', 0.39 sec ', and

0.31 secul, respectively, were obtained at pH 1.5 (see Table 7).

These values correspond to second-order rate constants of about 15,

13, and 10 M-lsec-l, respectively. According to Eq. [29], since

Kr 2 0 in the N-protonation route, and kZE is zero for the imidic-

acid route, solvent exchange of HZ will always be greater than or

equal to isomerization into the H_ site regardless of mechanism,

E
The measured values of kZE/kZS and kZS/kES can be com -
puted from the results in Table 7 to be 0.7 and 1.1, respectively,
Karabatsos and H51125 have measured a value of Kr of 1.5 for
HCOCHztBu, which is isoelectronic with N-protonated N-t-butyl-
formamide. Using this value, kZE/kZS would be expected to be 0. 4,
and the fraction of exchange of I-IZ due to N-protonation is then
0.7/0.4, or greater than 100%. This discrepancy cannot be ration-
alized by incursion of the imidic-acid mechanism, nor can it be

rationalized by slow rotation in the N-protonated amide, since

kZE/kZS approaches one-third in that limit (Eq. [29]). This overly
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large value, taken together with the observation of substantial Z-E
isomerization, leads us to conclude that exchange of HZ occurs en-
tirely through N-protonation and that the Kr value for HCOCHztBu is

tBu+. Subject to this assumption of 100%

not appropriate to I—ICONH2

N-protonation, 1/(Kr +1) must equal the measured ratio of 0.7
(according to Eq, [29]), giving an estimated value for Kr of about

0. 45. This value of Kr is quite different from the value of 1.5
measured for HCOCHztBu, 127 and corresponds to the anti form 13
of N-protonated N-t.-but:ylformamide being more stable by ~ 480 cal/
mol than the gauche form 13 (or 1:,}) (see Figure 24). Using the
measured values of kzs/kES and kZE/kZS’ and taking K _ and K.,
to be 0, 45 and 2.2, respectively, the amount of exchange of HE
occurring through N-protonation can then be estimated with Eqs. [29]
and [30] to be (1 + 0,45)(0.7 x 1.1)/(0.45 % 2.2), or 100% as well,

It is difficult to see why the imidic-acid route does not contribute
to proton exchange in N-t-butylformamide, as it does in N-methyl-
formamide., Proton exchange is slower in the former compound,
judging from the second-order rate constants. It may well be that
the imidic acids are sterically destabilized relative to the conjugate
N-acids in N-t-butylformamide,

In formamide itself, proton exchange occurs only through N-
protonation, although here as well, the estimated second-order rate

constants are smaller than for N-methylformamide (see Table 7). It

is possible that this is due to stabilization of the imidic acids of
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N-methylformamide by methyl substitution relative to the unsubsti-
tuted formimidic acids, much as alkenes are stabilized by alkyl sub-
stitution,

We have, however, observed specific~acid catalysis of proton
exchange in N-t-butylformamide, and have verified that there is no
general-acid catalysis by phosphate buffers, This contrasts with our
observation of such catalysis by this buffer in N-methylformamide,
and is consistent with our conclusion of pure N-protonation exchange
in N-t-butylformamide, since the N-protonation mechanism is ex-
pected to be subject only to specific-acid catalysis,

Our conclusions concerning these secondary amides are subject
to a number of assumptions, We have assumed that the rotameric
equilibrium constant Kr measured for HCOCHzMe is appropriate to
HCONH M'ei-, even though such a transferability does not hold for

2

+ .
HCONH_tBu . We have also assumed that LZ interconverts to 13 and

2

14 at the same rate, even though it is probable that 12 rotates to 14
faster than to 13 (Figure 23). We have also assumed, in our kinetic
analysis, that rotation is fast compared to deprotonation in these N-
protonated secondary amides, and it is conceivable that a large -R
group in HCONH2R+ coﬁld slow rotation considerably. Nevertheless,
in an expanded N-protonation model where the above assumptions are
not made, the experimental data for N-t-butylformamide provide

realistic kd/kr ratios, whereas the data for N-methylformamide do
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not, We therefore feel that the central conclusions of our analysis of

exchange in these secondary amides are correct,

7. Unification of Acid-catalyzed Results for Primary Amides

A general scheme unifying our results pertaining to acid-cata-
lyzed proton exchange in primary amides can be constructed in the
following manner. For simplicity, we neglect statistical factors and
hindered rotation in the N-protonation pathway, and the slight rate
differences observed for HE and I-IZ in the imidic-acid pathway.

Exchange pathways in acid media are depicted in Figure 27,

k
+ . ¥ N
H + RCONH ~ RCONH K
2 kz 3 a
0
k3 k4 Ka
+ 1{5 + I
RC(OH)NH —_— RC(OH)NH + H K
2 k6 a

Figure 27, Exchange pathways in acid media.

KI, Kao , and K;I are acidity constants for proton loss from nitrogen
and oxygen in the O-protonated amide and from nitrogen in the N-

protonated amide, respectively,

Proton exchange by N-protonation occurs at a steady-~state rate

N equal to
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o
+ + kZ + Ka
v, = k,[H ]J[RCONH,] = k [RCONH, |=—= :[H ]+ ————C
N 1 2 2 3 N O + A
K K~ +[H ]
a a
(31]
where CA is the total concentration of amide, Exchange via the
imidic~acid pathway occurs at a steady-state rate vy given by
n n 1 [uY]
v. =k _[RC(OH)NH_ j=k,[RC(OH)NH][H ]=k, K ¢+ ———=—.C
I 5 2 6 6 a o + A
Ka +[H ]
[32]

We now examine the behavior of these rate expressions as the acidity

of the medium is varied.
a., Dilute Acid

In dilute acid, where [H+] << K:) , Egs. [31] and [32] simplify

to
ke [H']
N T Tow Ca [33]
K
a
and

k, KI[H']
. C [34]

I KO A
a

In dilute acid, the ratio of N-protonation to imidic-acid exchange

rates then equals

v k KO
N - _2 a [35]
vI k KI-KN

a a
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and is independent of pH., Since k_ and k6 are estimated to be

2
1012 sec-1 ’ 105,114 and 10lo M-lsec"l 46 respectively, if we know

KI ’ Kf, and Kal‘\l, it is possible to estimate the amount of exchange

a
occurring by each pathway. For example, for acetamide, Kf =

+0.9 126 _ N +9.0 34

10 ) Ka has been estimated to be 10 and KaI may

be approximated by that for ethyl acetimidate, which is 10-7' 6 . 127

Using these values in Eq. [35], VN/VI is estimated to be 30, so that
proton exchange in acetamide should occur almost entirely through the

N-protonation pathway, as observed.

Alternative expressions for vN/vI can be derived by noting that

. o, I N . . +,..1 N
the quantity Ka /Ka Ka. in Eq. [35] is equal to KT /Ka’ KT/Ka , or
+ ®) + . $1i1 s
KT KT /Ka , where KT and K’I‘ are tautomeric equilibrium constants

for the ratio of N- to O-protonated amide and the ratio of neutral

amide to imidic acid, respectively. Thus

+ +
k k, K k, K_.K
N__2 _°T 2, __2 “T°T [36]

1 % x! 0 ke g 6 g ©
a a

To the extent that the tautomeric equilibrium constants K'I‘ and KT
are less sensitive to R-group substitution than the acidity constants
are, we may expect that electron-withdrawing -R groups, which in-

I O N o e . .
crease Ka’ K, and Ka , should favor the imidic~acid mechanism,
whereas electron-donating groups should favor the N-protonation path-

way. Qualitatively this is reasonable, since the transition-state for

the imidic-acid mechanism resembles the uncharged imidic-acid
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(reprotonation of this species being diffusion-controlled) whereas the
transition-state for the N-protonation mechanism resembles the cation,
RCONH; (deprotonation of which is also diffusion-controlled). Eqs.[33]

and [34] further show that whereas the proton exchange rate in the N-

protonation mechanism depends on l/Kal‘\I , the exchange rate in the
0o

imidic-acid pathway depends on the ratio of acidity constants K:/Ka .
Since the effect of electron-withdrawing groups is to increase all three
acidity constants, the rate of the N-protonation mechanism should

show the greater sensitivity to substituent effects.

Cyano-, chloro-, and dichloroacetamide, with pK:) values of

-3,7, -2.8, and -4. 2, 126 are considerably less basic than acetamide
(pKf = -0.9), 126 acryalmide (pKaO = -0.3), 127 or benzamide (pKf =

-1.7) 8 and exchange largely or entirely through the imidic-acid

route, Likewise, ethyl carbethoxyimidate, EtOCOC(OEt)NH; , which

serves as a model for O-protonated ethyl oxamate, has a pK: < B, 2,127

and is considerably more acidic than ethyl acetimidate (pK: =7.6), 127
which serves as a model for O-protonated acetamide, Thus ethyl
oxamate and malonamide (which is structurally analogous), as well as
chloro- and dichloroacetamide, may also be expected to exchange via
the imidic-acid route indilute acid.

b. Strong Acid (pK: > HO > pKi\I)

In strong acid, where the acidity of the N-protonated amide
nevertheless still exceeds that of the medium, we may replace [I—I+]

in Eqs, [31] and [32] by ho, where hO characterizes the (non-ideal)
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acidity of the medium, Although the HA acidity function is appropriate
for primary amides, 130 it pertains to O-protonation, The acidity
function for N-protonation is unknown, but the closest analogy is to
primary nitroanilines, and therefore to HO . It is also not known
which acidity function to use to describe the rate of protonation of an
imidic acid. For definiteness, we will choose HO throughout, al-
though the choice will not matter,

Under these conditions, ho far exceeds Kf , 8o that, from

Eqs. [31] and [32]

K,
vy =k, =5 - G, [37]
K
a
K,
vy = kb B C, [38]

Both k_ and kého are first-order diffusion-controlled rate constants

(ca. lO12 sec-l), and we may set them equal to each other. Then the

ratio v . /v. in strong acid is equal to

N I

N 0
a

v Kao .
2 h [39]
I K™K
a
According to Eq. [37], exchange by N-protonation is independent of

the acidity of the medium, since as the acidity increases, the de-

crease in the concentration of free amide is exactly compensated by
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an increase in its rate of protonation. On the other hand, Eq. [38]
demonstrates that 5 decreases with increasing acidity, since N-H
proton removal from O-protonated amide (k5) requires water, whose
activity decreases with increasing hO . No rate advantage is gained
here once the amide is substantially O-protonated. Equation [39] is
again a consequence of the fact that the transition states for exchange
resemble RCONH+ and RC(OH)=NH, respectively, so that increasing

3

acidity therefore favors the transition state bearing the additional

proton,

c. Very Strong Acid (H_ < pK;\I)

0

Under conditions where medium acidity exceeds that of the N~
protonated amide, exchange via O-protonation is of course insignifi-
cant, and furthermore, klhO and k3h0 now become diffusion-limited,

The rate of N-protonation exchange is given from Eq. [31] by

vy = kb [RCONH, ] [40]

The concentration of free amide may be obtained with the steady-state

approximation given in Eq. [41]

d[RCONH, ] +
L‘ = -— -
e =0 = k4 [RC(OH)NHZ] (kl +k3)ho[RCONH2]
[41]
and substituted in Eq. [40] to give
kl +
VN = k4 . msj— [RC(OH)NHZ] [42]
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Unless k, > kl , the rate-limiting step under these conditions is k ,

3 4

the rate of O-deprotonation, The free amide is then reprotonated at
a diffusion-controlled rate on either oxygen or nitrogen, with a selec-
tivity specified by the unknown ratio kl/(kl + k3). Only protonation on
nitrogen leads to proton exchange,

The acidity dependence of k4 is solved for by setting

+ -
k, [RC(OH)NH, ] = k,h [RCONH,] [43]

as required by equilibrium. Rearranging Eq. [43] to solve for k4

and substituting this result in Eq. [42] gives

. K
VN = k3hg o h, "k tk, Ca [44]

When acid is solvent, k3h0 approaches the diffusion-controlled limit
of 1012 sec-l. With k3h0 so limited, proton exchange even by the
N-protonation mechanism decreases with increasing acidity, as
observed.

The foregoing discussion is summarized in Figures 27 and 28,
In Figure 27 is presented a free-energy diagram for prrotonation
and imidic~acid exchange routes as a function of medium acidity, The
bottom curve depicts the energetic situation for proton exchange in
dilute acid, with N-protonation shown as having the smaller energetic
requirement. In dilute acid, v . and v_ are both directly proportional

N I
to [I—I+] , as illustrated in Figure 28, As the acidity of the medium
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Figure 27. Free-energy diagram for N-protonation and imidic-
acid exchange pathways as a function of medium
acidity.

Figure 28 Plot of VN V1 against medium acidity,
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increases (symbolized by arrows in Figure 27), RCONH2 and
RC(OH)NH are increasingly destabilized relative to their conjugate
acids, which remain unaffected except perhaps for small solvation
effects., At intermediate acidities, when the amide is quantitatively
O-protonated and RCONH,, lies between RCONH; and RC(OH )1\11—1;r in
energy, the barrier height for No-protonation exchange is unchanging,
so that VN is constant, while decreasing water activity causes vy to

drop rapidly, Finally, when the medium becomes more acidic than

RCONH_ RCONH, lies higher in energy than RCONH, , so that the

3 ’
rate-limiting step for exchange is O-deprotonation. This process

becomes more costly with increasing acidity, so that vy 28 well

finally decreases,
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