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Salt Effect.—The influence of salts on the
hydrochloric acid catalyzed depolymerization of
trioxane at 40° was studied for six different salts.
For each kinetic run the acid concentration was 4 M/
and the salt concentration 1 M.  The ratios ks/k
are given in Table III, where ks and % are the rate
constants for the salt mixture and the salt free mix-
ture, respectively. The corresponding ratios for
the hydrochloric acid catalyzed hydrolysis of su-
crose®® and of methylal®* at 25° are included for
comparison. In each case the rate is increased by
addition of salt, the salts with the smaller cations
being the most effective. It is also interesting to
note that the magnitude of the salt effect decreases
with increasing size of the molecule undergoing de-
composition; i.e., sucrose < trioxane < methylal.

TaBLE III

SaLT EFFECTS ON THE RATES oF SoME HYDROCHLORIC ACID
CATALYZED REACTIONS

b b.
Trioxane SuZ{gseﬂ Methylal
depolymeriz. hydrolysis hydrolysis at
Salt at 40° at 25° 25° (HCl) =
(conen. = 1 M) (HCD = 4 M (HCD =13 0371 M
LiCl 2.12 1.44 2.8
NaCl 1.87 1.39 2.3
KCl 1.50 1.33 2.1
NH,Cl 1.50
N({CH;),(l 1.23
CeH:NHCI 1.47

8 Salt concentrations are 1 molal.

According to the Bronsted equation for medium
effects on the first order rate constant (equation 1),
changes in &£ due to the presence of saltsin the reac-
tion mixture depend upon the influence of the salt
upon the ratio ag +fr,/fm+  In the case of the hy-
drolysis of methylal,® Long and MclIntyre showed
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that salt effects on the activity coefficient of ineth-
ylal (corresponding to fr, in the present study) do
not parallel the changes produced on the rate con-
stant; hence for this reaction the ratio ag+/fum+
must also vary with salt concentration.

The salt effect of lithium chloride was studied
over a wide range of acid and salt concentrations.
The rate constants for the various reaction mixtures
are given in Table IV. It was found that the

TABLE IV

RaTE CONSTANTS FOR THE DEPOLYMERIZATION OF TRI-
0oxANE IN AQueous HCI-LiCl M1xTURES AT 40°

HCl, LiCl, kX 10% (sec, ~l)———
M M (exptl.) (caled., eq. 3)
2 5 125 120
3 0 7.68 8.0
3 1 14.8 16.6
3 4 135 151
4 0 20.0 20.0
4 1 44.5 41.7
4 2 95.3 87.0
4 3 197 182
4 4 467 380
5 0 52.3 52.5
5 1 108 110
5 2 247 229
6 0 136 138
6 1 278 288

logarithm of the rate constant varies linearly with
the salt concentration, the slope being independent
of the acid concentration. Thus

log k = —1.16H, + 0.320c, — 6.318 (3)
where ¢; is the molar concentration of the salt and

Hy is the acidity function for the salt free acid solu-
tion.
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Rate Processes and N.m.r. Spectra. Proton Exchange and Hydrolysis of Amides!

The chemical exchange of the NH protons in pure liquid N-methylformamide (NMF) and N-methylacetamide (NMA)
and the hydrolysis of the compounds in acid solution have been studied by high resolution proton magnetic resonance
methods. The activation energy required for exchange among the NH protons is found to be 14 % 2 kcal. mole~1! for both
NMF and NMA. The rate constants of the acid hydrolysis were determined at three different temperatures, giving activa-

tion energies of 18 =& 3 and 15 =% 3 kcal. mole™~! for the hydrolysis of NMF and NMA, respectively.

The relationship

between the proton exchange and the acid hydrolysis is discussed, and it is proposed that the N-protonated form of the

amides is that which undergoes the acid hydrolysis.

Introduction

A high resolution nuclear magnetic resonance
(n.m.r.) spectrum exhibits fine structure as a result
of chemical shifts and the electron coupling of
nuclear spins.? These components are usually
narrow because the random molecular tumbling
in the liquid or gaseous state averages out the ditect
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Co. and from the Upjohn Co.

(2) On leave of absence from Himeji Technical College, Himeji,
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(3) H. S. Gutowsky, D. W, McCall and C. P, Slichter, J. Chem,
Phys., 21, 279 (1853).

magnetic interaction between the nuclear spins,*
However, the high resolution fine structure may in
turn be broadened or averaged out by rate processes,
in particular by the exchange of nuclei between
chemically non-equivalent sites or among the sites
in which nuclei experience the indirect spin-spin
coupling. The possibility of evaluating the rate
constants and activation energies for such processes
was pointed out in the first paper of this series.

{4) N. Bloembergen, E. M, Purcell ana P, V. Pound, Phys. Rev., 71,
466 (1947).

(5) H. S. Gutowsky anda A, Saika, J. Chem. Phys., 41, 1688 {1953).
Hereafter called Paper J.
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In the second paper,® the principles were developed
in more detail and applied to the study of the hin-
dered rotation about the carbon-nitrogen bond in N-
dimethyl formamide (DMF) and N-dimethyl-
acetamide (DMA). In these compounds at room
temperature, the N-dimethyl proton resonance is
a doublet, the splitting being a chemical shift
caused by the planar structure and resulting non-
equivalenice of the two N-methyl groups. The
rate constants and activation energies for the hin-
dered rotations were evaluated by observing the
coalescenice of the doublets at higher tempera-
tures.

In the present paper, the coalescence of proton
doublets is also used to determine rate constants.
However, in this case the doublets are produced
by the electron coupling of nuclear spins rather than
by a chemical shift, and the rate process is not an
internal rotation but a chemical exchange of
protons. The compounds studied are N-methyl-
formamide (NMF) and N-methylacetamide
(NMA). As reported in brief before® the pro-
ton resonance of the N-methyl group in these com-
pounds is split into a doublet by the indirect spin—-
spin coupling of the N-methyl protons with the
NH proton. Since doublets of this nature would
appear independent of the occurzence or absence of
internal rotation about the C-N bond of the mole-
cule, we cannot investigate the internal rotation of
NMF and NMA as was done with DMF and DMA.®
Incidentally, a broadened weak resonance due to
the NH proton, which had not been observed be-
fore,® was found in NMA at § = +0.29, § being
defined as 10°(H;—H.)/H; with H,O the reference
compound.

The doublets of NMF and NMA were observed
to coalesce at higher temperatures. Moreover,
they can be made to coalesce even at room tem-
perature by the addition of HsO+* or OH~ ions.
The dynamic process responsible for the coales-
cence thus appears to be intermolecular chemical
exchange among the NH protons, which is acid
and base catalyzed. This conclusion is consistent
with evidence furnished by Brodskii,” who found
that acetamide exchanges with D,O the two hy-
drogen atomis bound to nitrogen. Recently, the
kinetics and mechanism of this protolysis in aque-
ous solutions of NMA were studied by Berger,
et al.,® who determined the exchange rates by ob-
serving the broadening of the n.m.r. absorption of
the N-methyl doublet and of the water. Our
studies of the temperature dependence of the pro-
tolysis of NMF and NMA provide activation ener-
gies for the reaction. A seccnd set of experiments
was concerned with the hydrolysis in aqueous acidic
solution of NMF and NMA which occurs in addi-
tion to the proton exchange. The hydrolysis is
also acid and base catalyzed,® but it proceeds at a
much slower rate than the proton exchange.
However, the hydrolysis reaction removes H¥
from the acid solutions in question, thereby de-

(8) H. S. Gutowsky and C. H. Holm, J. Chem. Phys., 26, 1228
(1956). Hereafter called Paper I1.

(7) A. E. Brodskii, Trans. Farad. Soc., 33, 1180 (1637).

(8) A. Berger, A, Loewenstein and S. Meiboom, THI18 JoURNAL, 81,
62 (1959).

(8) E. BE. Reid, Am. Chem. J., 21, 284 (1899); 24, 397 (1900).
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creasing the rate of the proton exchange. In
turn, the change in exchange rate affects the
coalescence of the N-methyl proton doublet, which
is the parameter we observed and used to de-
termine the hydrolysis rate.

Experimental

The high resolution n.m.r. spectrometer and experimental
techniques used in these experiments are the same as de-
scribed in Paper 11, except for minor changes in the sample
spinning device. The samples of NMF and NMA were
Eastman Kodak Co. white label grade chemicals and were
sealed in Pyrex tubes with an outside diameter of 4 mm.
The acid and the alkali used were dilute hydrochloric acid
and aqueous sodium hydroxide, respectively.

Results

Before discussing the experimental results, it
should be noted that the coalescence of the doublets
discussed in the present paper corresponds physi-
cally to that described in the first treatment of the
general question,® rather than that given in papers
I and II, since the doublets of NMF and NMA are
caused by indirect spin-spin coupling rather than
by chemical shifts as mentioned above. However,
the mathematical features for both of the particular
cases are the same as shown in Paper I and,
therefore, the method developed in Paper II is
used in analyzing the present data. This simple
treatment is applicable, first of all, because the
dynamic process is a chemical exchange which
disrupts the spin-spin coupling and, secondly,
because the difference in resonance frequency be-
tween the NH and N-CH; protons is large enough
compared to the coupling constant that the com-
ponents of the doublet have virtually the same
intensity.?

The spin-spin doublet splitting is affected by the
mean lifetime 7x of the NH proton in a given spin
state. In the present case this is essentially the
mean chemical lifetime of the NH proton in the
molecule and correspcnds to 2+ used throughout
Paper II. Spin-lattice relaxation also affects the
doublet splitting.® This contribution and its
dependence upon experimental conditions are
relatively small; the latter is neglected by absorb-
ing the effect in the correction applied to the split-
ting to allow for broadening of the components
by field inhomogeneities® With this in mind,
we can apply equation 7 of Paper II intact in ana-
lyzing the following data.

TABLE I
TEMPERATURE DEPENDENCE OF 1/78w
~——N-methylformamide——-— ~—-N-methylacetamide -———

T, raiia;:u/ 1/7éw, T, rag‘{:ﬁ/ 1/78w,
°K. sec. radian "t °K. sec. radian =1
301.5 30.0 0.00 302 29.5 0.00
368 28.1 .13 410 28.5 .09
373 28.3 .11 413 28.2 .11
379 27.1 .17 418 28.3 .10
383 25.7 .21 422 27.6 .15
386 24.6 .26 426 27.4 .15
390 23.6 .27 431 26.7 .19
393 21.0 .34 435 26.0 .22
395 19.2 .37 441 25.4 .24
395.5 18.7 .38 445 24,1 .28
449 20.5 .37
449.5 20.2 .37
451.5 17.0 .43
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TaBLE 11

SUMMARY OF RESULTS FOR THE NH PROTON EXCHANGE 1IN N-METHYLFORMAMIDE AND N-METHYLACETAMIDE

Te,% b oo, 3w, To, b E,, 0,

sec. radian/sec. radian/sec. °K. keal./mole sec, "t
NMF 0.13 £0.01 30.0 %= 0.2 30.2 0.2 404 =1 14 £ 2 107 to 101°
NMA 0.16 = 0.01 29.5 £0.2 29.6 = 0.2 461 = 1 14 £ 2 108 to 108

e Ty is defined as 2/Awl/s, where Awty, is the width of each component of the doublet at half-maximum.

temperature at which the doublet coalesces to a single line.

NH Proton Exchange in Pure N-Methylformam-
ide and N-Methylacetamide,—These experiments
were performed upon the pure liquids to which no
acid or base had been added. It wasfound that the
N-methyl proton resonance of NMF and NMA,
which is a doublet at room temperature, coalesced

0.50

1/78w.

0.10
0.07 - .
. | [ | ! | | |
2.3 2.4 2.5 2.6 2.7
103/ T,

Fig. 1.—Temperature dependence of the NH proton ex-
change rate in pure liquid N-methylformamide (NMF)
and N-methylacetamide (NMA). The exchange rate is
proportional to 1/78w, the log of which is plotted wversus
the reciprocal temperature, 10%3/T. The least squares
straight lines give activation energies for the exchange of
14 = 2 kecal. mole~! for both NMF and NMA.

to a single line at 404 and 461° K., respectively,
and we have attributed this to chemical exchange
among the NH protons. The exchange rate must
be too slow at room temperature to average out the
doublet splitting and the rate should increase as
the temperature goes up. The experimentally ob-
served doublet splitting, dw., at various tempera-
tures for NMF and NMA is given in Table I to-
gether with the values of 1/76w calculated from the
observed values. We took the value of éww, the
observed doublet splitting as 7 — , to be the value
atroom temperature, since the coalescence tempera-
tures for NMF and NMA are well above room
temperature. Table II lists the values of the in-
verse line width 7% and of éw. employed in these
calculations. The splitting, 6w, assuming 1o ex-
change and no overlap of the resonance components,
is calculated from éwe and T5 using eq. 8 of II.

The temperature dependence of the exchange
rate may be represented by the form

kx = vy exp(—E/RT) (1)

where kx is the exchange rate constant of the NH
proton, » the frequency factor and E. the acti-

> T, is the

vation energy for the exchange. kx and 7y are
related by kx = 1/~ = 1/27, and eq. 1 can be re-
written as

log (1/78w) = log(2»/8w) — E./(2.3 RT) (2)

Log(l/70w) taken from the data of Table I is
plotted versus 103/7T in Fig. 1, and is fitted by eq.
2 within experimental error. The activation ener-
gies estimated from the data are 14 = 2 kalc.mole~!
for both NMF and NMA and the frequency fac-
tors, vy, are 107 to 10% and 10° to 108, respectively.
Inasmuch as the activation energies are about the
same, the higher coalescence temperature for NMA
is due to its lower apparent frequency factor com-
pared with NMF. Thedifferenceinfrequency fac-
torscould result from thesteric effect of the C-methyl
group. However, the frequency factors for the
internal rotation of DMF and DMA differ in the
opposite direction. It may be significant that the
frequency factors are low in all four compounds.
This could be attributed at least in part to a tem-
perature dependent terin in Ea., say as a result of
the temperature dependent molecular association.
Relatively small terms of this sort are needed to
explain the low apparent frequency factors.

Hydrolysis of the Amides,—A kinetic study of
the acid and base hydrolysis of amides was first
made by Reid,® who found that the reactions follow
a second order rate law, with the rate proportional
to [amide][H*] or {amide][OH~]. More detailed
studies have since been made by several other
workers. 1 In our experiments barely enough acid
or base was added to NMF or NMA, at a given
temperature, so that the NH proton exchange co-
alesced the N-methyl doublet. The proton ex-
change rate is also proportional to® [amide][H;0*]
or [amide][OH~]and by making [H3O*] or [OH~]
large enough, the doublets can be coalesced even
at room temperature. However, the hydrolysis
occurs in addition to the proton exchange, thereby
decreasing [H;O*] or [OH]-. Therefore, as the
hydrolysis proceeds, the proton exchange rate
decreases and the coalesced doublet starts to split
again, The reappearance of the doublet and, in
particular, the measurement of the splitting as a
function of time enabled us to determine the rate
of hydrolysis of NMF and NMA. From the
splittings, dwe, the values of 1/76w were evaluated
in the same manner as described above.

Aqueous hydrochloric acid!! was added to NMF
and NMA in our studies of the acid hydrolysis.

(10) a) W. J. Taylor, J. Chem. Soc.,2741 (1930); (b) V. K. Krieble
and R. A, Holst, THIS JoURNAL, 60, 2976 (1938); (c) H. G. Ivory,
W. D. McKenzie, J. Packer and J. Vaughan, J. Chem. Soc., 3264
(1952); (d) J. Packer, et al., ¢bid., 2601 (1955); (e) P. Fitzgerald,
et al., ibid., 170 (1956); (f) I. Meloche and K. J. Laidler, THIS JoURNAL,
73, 1712 (1951); (g) M. L. Bender and R. D. Ginger, ibid., 77, 348
(1955); (h) J. A. Duffy and J. A. Leisten, Nature, 178, 1242 (1956).

(11) At the time of the experiments we were unaware of the fact
that the activation energy depends upon the concentration of the acid.
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Fig. 2.—The rate of acidic hydrolysis of N-methylform-
amide as determined from measurements of the H;O* con-
centration vig its effect upon the NH proton exchange rate.
[H;O*] is proportional to 1/r8w, the log of which is plotted
against time. The slope of the least squares straight line
gives a pseudo first order rate constant for the hydrolysis of
1.26 X 10~¢sec.~L

Too much acid could not be added, otherwise the
doublet would ‘“‘recover’” too slowly, the rate ex-
pressions would be complicated, and also the N-
methyl proton resonance signal would be weakened.
With the amounts of acid added, the amide con-
centration may be regarded as constant through-
out the reaction, at least within the errors inherent
in measuring dwe and éw.. Hence the hydrolysis
reaction will be pseudo first order in the acid con-
centration, represented by —d[H;0*]/dt = &
[H;0*]. Moreover, 7n, the mean lifetime of the
NH proton with respect to chemical exchange,
is proportional to 1/[H;O+]. Therefore, a plot of
log (1/78w) versus time should be a straight line,
the slope of which gives us the value of the rate
constant 2. Such a plot for the case of NMF at
313°K. is shown in Fig. 2 as an example. The
values of & thus obtained at three different tempera-
tures for NMF and NMA are collected in Table
III. These #’s actually include the amide concen-

TaBLE III

SpEcIFIC RATE ConSTANTS® FOR THE Acip HYDROLYSIS OF
THE AMIDES
~—N-methylformamide— ——N-methylacetamide——
Temp., °K. 301 313 323 297 333 343
B X 104, sec.”10.47 1.3 2.2 0.008 0.18 0.34

o The k’s are actually pseudo first order rate constants;
i.e., k = kplamide] where [amide] was effectively the same
in the experiments on each compound.

tration, or some function of it, e.g., 2 = kn[amide];
however, to a good enough approximation, the
concentration of amide was the same in the ex-
periments at different temperatures. Thus, a
plot of log % versus 10%/T should be a straight line
with a slope corresponding to the activation energy
We added 2 N HCI at 28 and 40° and 3 N HCl at 50° to NMF,and 1 N
HCl1to NMA at all the temperatures studied. However, the resultant
variations in the activation energy should be within our experimental

error, as can be seen from the results of B. S. Rabinovitch and C. A,
Winkler, Can, J. Research, B20, 73 (1942).
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Fig. 3.—Temperature dependence of the rate of acid hy-
drolysis for N-methylformamide (NMF) and N-methyl-
acetamide (NMA). The plots of log % versus the reciprocal
temperature 103/7, where %k is the pseudo first order rate
constant, have slopes corresponding to activation energies of
13 & 3 and 15 % 3 kcal. mole~1 for the hydrolysis of NMF
and NMA, respectively.

for the hydrolysis. This is shown to be the case in
Fig. 3 from which activation energies for the acid
hydrolysis of NMF and NMA were estimated to
be 13 = 3 and 15 = 3 kecal. mole~, respectively.
These values are in the same range as those for
other amides,!® though no data for NMF and NMA
seem to be available in the literature for direct
comparison,

We have not carried out detailed experiments on
the alkaline hydrolysis of NMF and NMA, but
preliminary runs show that it is considerably faster
than the acid hydrolysis. This agrees with the
lower aclivation energies found for the alkaline
hydrolysis of other amides.!?

Discussion

Let us first consider the proton exchange. From
their study of the reaction in aqueous acidic solu-
tions of NMA, Berger, ef al.,? proposed that the
proton exchange involves the equilibria

HO
N+
C==N + H,0
/ N
HC B CH;
O(—9 H
e (40
Cre—N + H;0+ (N
/7
H<C A CH,
o)
N, o+
C—N~H + H:0
/
HC C CH;

Their conclusion that the equilibrium A = B
does not contribute to the proton exchange ob-

(12) See for example ref. 10f.



3544

served is supported by the n.m.r. studies of Fraenkel
and Niemann'® which demonstrate that in strong
acid not only do the amides exist as form B but
also that the NH proton exchange of B is slow.
The base catalyzed proton exchange is much faster,
about 10* times as fast as the acidic exchange at
room temperature, and the direct bimolecular
mechanism proposed? for it is

CH,CONHCH, + OH- >
CH,CON-CH, + H;0 (II)

Evidence bearing upon the mechanism of proton
exchange in our experiments on the pure liquids
is meager. One might suspect that a trace of
moisture could hydrolyze some of the amide and
produce enough OH~—, particularly at the rela-
tively high temperatures involved, that the base
catalyzed mechanism (II) is rate governing. How-
ever, the coaiescence temperatures, 7., were found
to be reproducible in different samples and the
same exchange rates were found at a given tem-
perature when a sample was cooled from a higher
temperature as when it was heated, indicating that
any hydrolysis was at thermodynamic equilibrium
throughout the temperature range investigated.
Moreover, when the data in Fig. 1 for NMA are
extrapolated to room temperature, the resulting
exchange rate, R = 1/7n, is about 5 X 107°
sec. ~! which is very slow in comparison to the base
catalyzed rate of about 3 sec.™! found? for [OH ]
& 1078 in aqueous solution. For these reasons,
it is proposed that the exchange mechanism in
the pure liquids may involve the bimolecular proc-
ess

2RCONHCH; ===
RCON-CH; + RCON*+H,CH; (III)

The acidic hydrolysis in aqueous solution is a
simpler matter, at least in the sense that outr re-
sults bear inore directly upon the reaction mech-
anism. It is significant that the hydrolysis is much
slower than the proton exchange even though the
activation energies of the two reactions, for NMF
and NMA, do not differ greatly. For example,
the data in Fig. 2 give an hydrolysis rate of 10—*
sec.”! for NMF and a proton exchange rate, at
t = 0, of 10 sec.”*. This difference is hard to
explain on the basis that both rates depend upon
[amnide][H;O0*], but it is compatible with the
finding for acetamide!* that the rate of acidic hy-
drolysis is proportional to the concentration of its
conjugate acid. The difference in exchange and
hydrolysis rates is reasonable in terms of the equi-
libria given in (I), if the N-protonated forin, C,

(13) G. Fraenke, and C. Niemann, Proc. Nadl. Acad. Sci., U. S., 44,

688 (1958).
(14) See ref. 10g, 11, and papers cited therein.
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of the conjugate acid, which is present in low con-
centration, is that which undergoes hydrolysis.
It is also reasonable in that the hydrolysis requires
rupture of the C-N bond which is weaker in C than
in the O-protonated form, B.

The base catalyzed reactions in aqueous solu-
tion appear to differ mainly in the point at which
the OH~ ion attacks the ‘‘normal”’ form of the
amide molecule, RCONHCH;. Proton exchange
occurs when the attack is at the nitrogen, as in
(II).8 On the other hand, attack at the carbonyl
carbon results in hydrolysis.’® This pattern of
attacking two alternative places in a molecule
and leading to two alternative processes is similarly
found in bimolecular substitution and eliinination
reactions.

The use of n.m.r. methods to study a reaction as
slow as the hydrolysis warrants some comment.
The indirect procedure developed is of limited
applicability and accuracy. However, some ad-
vantage resulted from, in effect, observing ex-
change and hydrolysis rates simultaneously in the
same system, which would not have been possible
with conventional methods. Moreover, as is
characteristic of n.m.r. experiments in general, the
observations did not disturb the system in the
ordinary chemical sense. One might have at-
tempted to follow the hydrolysis reaction by
measuring the n.m.r. intensities of reactants and
products. But the apparent intensities and the
accuracy of such a direct procedure are adversely
affected by a number of factors.®.1”  Also, in
order to have the simple, pseudo first order condi-
tions, the concentrations of products were too
small for good n.m.r. detection. It is concluded
that n.m.r. rate studies are best mnade of fast ex-
change-type reactions but that in some cases it
may be worthwhile to employ an indirect procedure
such as is described here to study a relatively slow
reaction.
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