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Kinetics and Mechanism of the Alkaline Hydrolysis of Guanidine, Hexa-
methylguanidinium Perchlorate, and Tetramethylurea

By Roger B. Homer" and Kuruwitagae W. Alwis, School of Chemical Sciences, University of East Anglia,
Norwich NR4 7TJ

The kinetics of the alkaline hydrolysis of tetramethylurea and hexamethylguanidinium perchlorate show terms
second order in hydroxide ion. The mechanism probably involves the hydroxide ion catalysed decomposition
of a tetrahedral intermediate. The rate of the alkaline hydrolysis of guanidine reaches a plateau at alkali con-
centrations >1M. Mechanisms involving either attack of hydroxide ion on the guanidinium cation or unimolecular
decomposition of the free base are consistent with the kinetic data but unimolecular decomposition of the guani-
dinium anion. as observed for some carbamic acid esters and a guanidine derivative. is not. The attack of hydroxide
ion on the guanidinium cation is thought unlikely as it cannot explain the 750-fold increase in rate over the hexa-
methyl derivative. This rate difference can be accounted for if hydrolysis proceeds through the free base as this
route is inaccessible to the hexamethyl derivative. A unimolecular decomposition of guanidine free base would
result in the production of cyanamide but this could not be detected, consequently a mechanism involving the

attack of water on the free base is preferred.

THE hydrolysis of carbamic acid derivatives has not
been as extensively studied as that of their carboxylic
acid counterparts although it exhibits some novel
features. It has been demonstrated! that p-nitro-
phenylcarbamates with at least one proton on nitrogen
are very much more susceptible to alkaline hydrolysis
than p-nitrophenyl esters of carboxylic acids through
the operation of an elimination mechanism of which the
first steps are shown in equation (1). A related

OH— ~ slow
RINHCO,R? === RINCO,R? —>
RINCO + ~OR2? (1)

mechanism, but with an intramolecular proton transfer
has been proposed for the uncatalysed term in the
hydrolysis of urea.? However, little work has been
reported on the hydrolysis of guanidines for which such
a mechanism may also operate.

The early work on the nature of the products pro-
duced by the action of alkali on guanidines was reviewed
by Bell 3 who concluded that the initial products were
urea and ammonia with traces of melamine detected in
some experiments. Kinetic studies of the alkaline
hydrolysis of simple guanidines have been reported by
Eloranta,* who concluded that no urea was produced,
and Warner 3 who showed that the alkaline hydrolysis
of arginine proceeded at a pH independent rate above
the pK, of the guanidinium group. Warner favoured
a mechanism in which hydrolysis proceeded through a
pH independent reaction of guanidine rather than
attack by hydroxide ion on the guanidinium ion. The
present investigation attempts to establish which ionic
form of guanidine is the reactive species and the subse-
quent mechanism of hydrolysis in alkaline solutions.

EXPERIMENTAL

Guanidinium chloride (Biochemical grade) and tetra-
methylurea were obtained from B.D.H. Hexamethyl-
guanidinium perchlorate was synthesised from tetramethyl-

1 M. L. Bender and R. B. Homer, J. Org. Chem., 1965, 30,
3975.

2 W. H. R. Shaw and D. G. Walker, J. Amer. Chem. Soc., 1958,
90, 5337.

3 J. Bell, J. Chem. Soc., 1926, 1213.

4 J. Eloranta, Suomen Kem. B, 1961, 34, 107.

5 R.C. Warner, J. Biol. Chem., 1942, 142, 705.

urea, oxalyl chloride, and dimethylamine according to the
published method; ¢ it had A, 223 nm (e 17 100 in water).

Kinetic runs were contained in sealed glass ampoules or
tightly capped polypropylene bottles. The extent of
hydrolysis of tetramethylurea and hexamethylguanidinium
perchlorate was determined spectrophotometrically, after
neutralisation with perchloric acid, as described in the
Results section. Guanidine was estimated colorimetric-
ally with the diacetylnaphthol reagent.” Rate constants
were determined from first-order plots; standard deviations
are included in Tables 1—4. Absorbance measurements
were made on a Cary 14 spectrophotometer.

Chromatograms of the guanidine reaction mixtures were
run on plates of binder free cellulose with methanol-
3n-ammonia (60:75 v/v) as solvent,® ammoniacal silver
nitrate in acetone being used for detection. Cyanamide
and urea, Ry ca. 0.8, could not be resolved under our
conditions but chromatography of part hydrolysed guanidine
showed the absence of melamine, Ry 0.32. Cyanamide
was determined colorimetrically through its reaction with
the pentacyanoammineferrate(1r) ion.?

RESULTS

The hydrolysis of tetramethylurea at 60° in sodium
hydroxide (0.42—2.1M; p 3.0) was followed by measuring
the disappearance of the substrate at 210 nm. The low
absorbance of the final products after acidification was

TaBLE 1
Observed first-order rate constants for the hydrolysis of
tetramethylurea (4.17 X 107*M) at 60° and u 3.0

[OH-]/m 107 opefs7?
2.08 42 (2.0) @
1.67 30 (0.7)
1.46 21 (1.0)
1.04 11 (0.8)
0.42 3.0 (0.1)

@ Standard deviation.

consistent with these being carbon dioxide and dimethyl-
amine. A first-order plot is shown in the Figure and the
rate constants are given in Table 1. The apparent order in

8 V. J. Bauer, W. Fulmer, G. O. Morton, and S. R. Safir, J.
Amey. Chem. Soc., 1968, 90, 6846.

7 H. Rosenberg, A. H. Ennor, and J. F. Morrison, Biochem. J.,
1956, 63, 153.

8 E. Knapper and I. Rohdewald, Z. analyt. Chem., 1966, 223,
174. ’

? D. A. Buyshe and V. Downing, Analyt. Chem., 1960, 82,
1798.



782

hydroxide ion concentration is 1.8 and consequently the

data were fitted to equation (2). The rate constants
kobs = ko + £y[OH™] + kz[OH—]z (2)

obtained are listed in Table 2 where estimates of un-
certainty obtained from the limits of the slopes and inter-
cepts of the plots involved are also given.

TABLE 2
Calculated rate constants for alkaline hydrolysis at 60°
and @ 3.0
107%,/
Substrate 108%, /s~ 108%,/1 mol"'*s™! 12 mol-2s1
Hexamethyl- 041 20 4- 4 7405
guanidinium
Tetramethylurea 542 10 4+ 2 9.5 4+1
Urea ¢ 20.9 + 1.5 43 43 4.14 4 0.2
Guanidinium kB =15 x 01 x 10™*
1 mols™?
Guanidine kB’ =524 04 x 107®
s"l

% Data from ref. 13.

The spectra of partially hydrolysed samples of hexa-
methylguanidinium perchlorate, after neutralisation with
perchloric acid revealed the presence of a contribution

-log, [substratel]
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>
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10° /s

Upper part: first-order plots for the disappearance of hexa-
methylguanidinium perchlorate () and tetramethylurea (@)
in 2.1M-NaOH, p = 3.0 (NaClO,), 60°. Tetramethylurea
concentrations were determined from the absorbance at 210
nm and hexamethylguanidinium perchlorate concentrations
from equation (4). Lower part: tetramethylurea concentra-
tions (@) during the above hydrolysis of hexamethylguanidin-
ium perchlorate determined from equation (5). The line is the
theoretical curve for the time dependence of the tetramethylurca
concentration for the reaction scheme of equation (3) with rate
constants taken from Tables 1 and 3

from a product having an absorption maximum at 210 nm
characteristic of tetramethylurea, thus suggesting that
this was one of the initial products in accordance with
equation (3). As in the case of tetramethylurea hydrolysis
the final absorbance was negligible. The concentrations of

H,0
C(NMe,),* + OH~ —3 Me,NCONMe, —» 2HNMe, (3)
+ HNMe, + CO,

hexamethylguanidinium jon and tetramethylurea during

J.C.S. Perkin I

the kinetic runs were obtained from the absorbance at
220 and 230 nm (4,5, and A,,,) by using equations (4) and
(8) respectively. In these equations the molar extinction

[Hexamethylguanidinium ion]
. 5625 Aygy — 1836 A, @
T 14560 X 5625 — 17045 x 1836

[Tetramethylurea]
B 14 560 A 50 — 17 045 A,g,
T 14560 X 5625 — 17 045 X 1 836

(5)

coefficients at 220 nm are 17 045 and 5 625 and at 230 nm
are 14 560 and 1 836 for the hexamethylguanidinium ion
and tetramethylurea respectively. The concentrations of
hexamethylguanidinium ion obtained from equation (4)
gave good first-order plots; an example is shown in the
Figure where the tetramethylurea concentrations during the
same run, determined from equation (5), are also shown.
These are compared in the Figure with the tetramethylurea
concentrations calculated from the theory of consecutive
reactions and the rate constants in Tables 1 and 3. The
agreement is quite good supporting the pathway of equation
(3) for the hydrolysis of the hexamethylguanidinium ion.
The values of the rate constants for the disappearance of
hexamethylguanidinium ion given in Table 3 are close to

TABLE 3
Observed first-order rate constants for the hydrolysis of
hexamethylguanidinium perchlorate (2.11 x 107mM) at

60° and p. 3.0
[OH-]/M 107k gpes7
2.1 44 (3)°
1.75 23 (0.7)
1.25 14.3 (0.8)
1.00 8.8 (0.3)
0.50 3.0 (0.1)

e Standard deviation.

those for tetramethylurea and show a similar dependence
on hydroxide ion concentration. Consequently they were
fitted to equation (2) and the resultant rate constants are
collected in Table 2.

The hydrolysis of guanidine was followed by estimating
its concentration colorimetrically,” the first-order rate
constants for its disappearance in sodium hydroxide
solutions (0.01—2.91M, p 3.0) at 60° (Table 4) reaching a

TABLE 4
Observed first-order rate constants for the hydrolysis of
guanidine (5.0 X 10™M) at 60° and @ 3.0

[OH-)/M  10%g/s?  [OH-1m 105k gpq /s
2.91 4.38 (0.13) @ 0.19 1.84 (0.02)
1.94 4.26 (0.08) 0.15 1.64 (0.03)
0.97 4.03 (0.07) 0.10 1.20 (0.07)
0.58 3.30 (0.13) 0.05 0.70 (0.02)
0.39 2.90 (0.07) 0.01 0.19 (0.01)
0.29 2.38 (0.07)

@ Standard deviation.

limiting value in the highest alkali concentrations. Rate
profiles of this type, where substrate ionisation with
dissociation constant K, is suspected, can be fitted to
equation (6) where % is a composite constant discussed

kops = R[OH™]/(Kw + K, [OHT]) (6)

below and Ky is the ionic product of water. A theoretical
curve constructed with 2 1.5 X 10™® mol 1™ s and pK,
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12.53 fitted the data well. An Arrhenius plot over the
range 15—78° in 0.97M-NaOH, p = 3.0 yielded E, = 20.4
kcal mol™.

Chromatographic investigation of partly hydrolysed
samples of guanidine gave no evidence of any product
sxcept urea, melamine not being detected. Quantitative
colorimetric analysis of reaction mixtures (2.6 X 107M-
guanidine; 1.0M-NaOH; 60°) for cyanamide revealed a
trace (<8 X 107°M) at the commencement of the reaction
which diminished as the reaction proceeded.

DISCUSSION

The presence of a second-order term in hydroxide ion
in the alkaline hydrolysis of tetramethylurea and hexa-
methylguanidinium perchlorate strongly suggests that
the rate-determining step under these conditions is the
hydroxide ion catalysed breakdown of a tetrahedral
intermediate formed by the addition of hydroxide ion to
the substrate in a fast equilibrium.’® Such a mechanism
is known to operate for the alkaline hydrolysis of
anilides * and amidines 1 and with these substrates a
change in the rate-determining step, from the break-
down of the tetrahedral intermediate to its formation,
has been inferred from a reduction in the order in
hydroxide ion at high concentrations of the latter, but
this could not be observed here. Lynn 1% has proposed
a similar mechanism for the alkaline hydrolysis of urea.
A comparison of the rate constants for the two ureas
(Table 2) shows that the second-order term in hydroxide
ion is relatively more important than the first-order
term in the case of tetramethylurea reflecting the
greater importance of hydroxide ion catalysis in the
compound with the poorer leaving group. The three
compounds urea, tetramethylurea, and hexamethyl-
guanidinium perchlorate, are hydrolysed at similar rates
under the conditions reported here. Any electrostatic
enhancement of the reaction of the hexamethyl-
guanidinium cation with hydroxide ion is more than
counterbalanced by the inherent stability of this sym-
metrical, resonance stabilised cation.

Four mechanisms will be considered for the alkaline -

hydrolysis of guanidine, one involving the anion, one
the cation, and two the free base of guanidine. First
consider a slow decomposition of the guanidine anion
to the cyanamide anion and ammonia [equation (7)]
which is equivalent to equation (1) for carbamate

Ka KBI
(NH,),C* === HNIC(NH,), ===
+ H*

[(HN),;CNH,]- — » [HNCIN]- + NH, (7)
+ H

ester hydrolysis. This mechanism could account for the
lower rate of hydrolysis of hexamethylguanidinium ion
where such ionisations would be impossible; however,
both the pH dependence and products observed preclude

10 W. P. Jencks, ‘ Catalysis in Chemistry and Enzymology,’
McGraw-Hill, New York, 1969, ch. 10.

11 S, Q. Erikson and C. Holst, Acta Chem. Scand., 1966, 20,
1892.

12 D. R. Robinson, J. Amer. Chem. Soc., 1970, 92, 3138.
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this mechanism. If the mechanism of equation (7) was
followed the plateau in the pH-rate profile would be
associated with the second ionisation K, but the data
show that the observed pK,, 12.53 at 60°, is in accord
with the first ionisation of guanidinium ion (pK, 13.6
at 25°) when allowance is made for the temperature
difference * and much too low for the second pK,. In
addition no cyanamide was produced during the hydro-
lysis. This is discussed further below. It is interesting
that an elimination mechanism leading to a cyanamide
has recently been shown to operate for the alkaline
hydrolysis of the much more acidic guanidine, 1-(N-
benzoylamidino)-3,5-dimethylpyrazole.’® In that case
the leaving group was the 3,5-dimethylpyrazole anion
(pKa of conjugate acid 15) which is a much better
leaving group than the amide anion would be if guanidine
hydrolysis followed this mechanism.

The other three mechanisms are kinetically equivalent
and have neutral transition states in agreement with the
kinetic data. They involve either (i) the guanidinium
cation in an attack by hydroxide ion [equation (8)] as

v
C(NHy);* + OH™ — products (8)

has been proposed for the first step for the hexamethyl
derivative, in this case % [equation (6)] = A#'Ky; or
(ii) the free base in a unimolecular decomposition
[equation (9a)] or in an attack by water [equation (9b)].

kK H;0
HN=C(NH,), —» HN=C=NH <€+ H,N-C=EN —»
+ NH;, H,CONH,
(9a)

»
HN=C(NH,), + H,0 —» H,NCONH, 4+ NH, (9b)

In these cases % [equation (6)] = %""K,. The values of
k' and %' are given in Table 2. It was in an attempt to
distinguish between mechanisms involving the cation in
equation (8) and the free base in (9) that the hydrolysis
of hexamethylguanidinium ion, which cannot readily
lose a proton, was examined. The comparison is
complicated by the importance of the second-order
hydroxide ion term in the hexamethylguanidinium ion
hydrolysis which was not detected for guanidine, but if
first-order processes in hydroxide ion are compared (%;
and %', Table 2) the guanidinium ion reacts 750 times
faster than its hexamethyl derivative. Such a difference
is difficult to accommodate in mechanism (8), methyl
groups having a very small influence on the rates of
alkaline hydrolysis of urea and tetramethylurea. On
the other hand the mechanisms involving the free base
could readily accommodate this difference in rates as
these mechanisms are not available to the hexamethyl-
guanidinium cation. A distinction between (9a) and (9b)
can be made by examination of the reaction products.
Reaction (9a) involving an intramolecular proton

13 K. R. Lynn, J. Phys. Chem., 1965, 89, 687.

14 A, Albert and E. P. Serjeant, ‘ The Determination of
Tonization Constants,” Chapman and Hall, London, 1971.

15 A. F. Hegarty, C. N. Hegarty, and F. L. Scott, J.C.S. Perkin
II, 1973, 2054.



784

transfer of the type postulated for urea 2 and recently
discussed by Williams and Jencks 1¢ would be expected
to lead to carbodi-imide which would tautomerise
rapidly to cyanamide }? before hydrolysis to urea. In
reaction (9b) the attack of water on guanidine to give a
tetrahedral intermediate would be followed by proton
transfers to yield urea and ammonia and no cyanamide
would be formed.

The rate of hydrolysis of cyanamide to urea becomes
pH independent above 0.5M-NaOH with a rate constant
of 1.49 X 105 s at 60°.18 At this temperature the rate
constant for guanidine hydrolysis increases from 3.1 X
108 to 5.2 x 105 s as the alkali concentration in-
creases above 0.5M. Thus cyanamide is hydrolysed less
rapidly than guanidine and its concentration would
increase during the initial stages of the reaction if the
mechanism of equation (9a) was followed. Calculations
using these rate constants and the equations for con-
secutive reactions predicted that in 1M-alkali at 60° the
cyanamide concentration should have reached a maxi-
mum of 56%, of the initial guanidine concentration
after 11 h. In a reaction under these conditions very
little cyanamide was detected (<<29%,) and this de-
creased during the reaction. Additional evidence that
the formation of urea from the hydrolysis of guanidines

16 A. Williams and W. P. Jencks, J.C.S. Perkin II, 1974, 1753.
17 F. Kurzer and K. Douraghi-Zadeh, Chem. Rev., 1967, 87, 107.

J.C.S. Perkin II

does not proceed through cyanamide can be obtained
from the work of Warner 3> who studied the alkaline
hydrolysis of arginine by following the rates of urea and
ammonia production. His data are very similar to
ours for guanidine. In Im-alkali at 60° (interpolated)
the rate constant for the production of urea was 3.6 x
1075 s which again is greater than the rate constant for
the production of urea from cyanamide. These observ-
ations rule out a unimolecular process as the slow step
in the decomposition of guanidine unless the hydration
of carbodi-imide to urea competes favourably with the
rate of its tautomerisation to cyanamide.

We agree with Warner 3 that the alkaline hydrolysis
of guanidine can best be represented as a pH independent
reaction of the free base because of the evidence presented
here on the effect of substitution on the rate. In the
absence of cyanamide as a product it appears likely that
the reaction proceeds by attack of water on the guanidine
free base [mechanism (9b)] and not through a zwitterionic
intermediate as proposed for urea 1 nor via a guanidine
anion as has been observed for a substituted guanidine.15
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