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Rate limiting electrophilic attack in
nitrosation of aminoguanidine
I. Fernándeza, P. Hervésa* and M. Parajób
Nitrosation reaction of aminoguanidine (AG) has bee
J. Phys. Or
n studied. The nitrosation rate is first-order with respect to both
the AG and acid concentration. The absence of general base catalysis, the existence of catalysis by nucleophilic anions
(XSand SCNS) and the observed inverse deuterium isotope effect lead us to propose a mechanism for AG nitrosation
similar to that which operates in the case of amines, in which the electrophilic attack of the nitrosating agents is the
rate determining step. From this mechanism, we were able to obtain the values of the rate constants for the
nitrosation process. We have found that unlike the other amines, the protonated form of AG is the reactive species.
This situation becomes possible for AG because protonation of guanidines occurs mostly on the iminic nitrogen, and
this may be the reason for the lower reactivity of this amine. Copyright � 2009 John Wiley & Sons, Ltd.
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INTRODUCTION

Nitrosation reactions are of considerable biological significance,
because a wide variety of structurally related compounds possess
the N-nitroso-N-alkyl functionality which has demonstrated a
cancer chemotherapeutic potential.[1,2] However, the discovery
that nitric oxide is produced in the human body[3] has greatly
expanded the interest in nitrosation reactions and nitroso
transfer, because nitroso compounds are able to deliver nitric
oxide, which plays multiple roles in a broad array of physiological
processes.[4–10] Due to the widespread significance of nitrosation
reactions, knowledge of their mechanisms and kinetics is of much
importance.[11]

Themechanisms of nitrosation of amides and ureas in an acidic
medium have been exhaustively investigated,[12–17] and a large
number of differences have been found between nitrosation of
these compounds and amines. Nitrosation of amines occurs with
rate limiting attack of the nitrosating agent on the free base form
of the substrate, while that of amides involves fast attack of the
nitrosating agent followed by slow proton transfer from an
intermediary to the reaction medium. The reasons for this
different behaviour may be related to the much lower basicity of
amides in comparison to amines.
Guanidines can be considered nitrogenated analogues of

amides and ureas. However, their peculiar structure makes them
the compounds of great basicity, and in this sense, more similar
to amines than amides. Previous studies on nitrosation of
guanidines of different basicity carried in our group[18,19] and by
others[20] showed that their kinetic behaviour differs from that
of most amines, whose basicity causes them to be mostly
protonated and react with nitrosating agents through the free
base, which is more nucleophilic than the neutral guanidines.
When the guanidines are in solution in the protonated form the
experimental behaviour indicates that protonated guanidine, of
very low basicity, is the reactive species. In the present work, we
report the results of a kinetic investigation in acidic media of the
g. Chem. 2009, 22 533–536 Copyright � 2009
nitrosation of aminoguanidine (AG), a molecule that combines
characteristics of both functional groups (as shown in Chart 1).
EXPERIMENTAL

AG (as aminoguanidine hydrochloride) was provided by Sigma.
All the other reagents (from Fluka or Sigma) were of the highest
purity available grade and were used without further purification.
All experiments were carried out at 25.0 8C, and NaClO4 was used
to keep the ionic strength of the medium at 1.0M. Kinetic runs
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were monitored following the decrease in absorbance
(l¼ 372 nm) due to the disappearance of nitrous acid using
an Applied Photophysics SX-18MV Stopped-Flow Reaction
Analyzer or, for the slower ones, in a UV–Vis spectrophotometer
Agilent 8453, both thermostated with an accuracy of 0.2 8C. All
kinetic experiments were performed under pseudo-first-order
conditions keeping in deficit the nitrite concentration ([NO�

2 ]¼
5� 10�4M). In all the cases, the absorbance–time data fitted the
corresponding first-order integrated rate equations accurately.
The observed first-order rate constant, kobs, was reproducible
within 5%. In the experiments to study the effect of buffers,
different amounts of buffer solutions were added to the mixtures
that already contained the amount of acid required to achieve
the desired pH.
Figure 2. Influence of Hþ concentration upon kobs [AG]¼ 8� 10�3M,

(*) in H2O, (*) in D2O

RESULTS

Guanidines are traditionally viewed as strong organic bases with
the pKa for guanidinium (H2N)2C——NHþ

2 being 13.6 in water.[21]

However, N-substitution can reduce the basicity such that the pKa
value of the corresponding aminoguanidinium ions in water[22] is
11.04, then AG exists mainly in the protonated form under the
experimental conditions used in this study ([Hþ]¼ 0.02–0.4M).
The influence of the concentration of AG on the reaction rate

was studied at three different constant Hþ concentrations (0.1,
0.2 and 0.3M) and AG concentrations ranging from 0 to 0.02M.
Figure 1 shows the influence of AG concentration on the
observed rate constant. The plots are all good straight lines with
slightly negative intercepts. These negative values may be due to
the fact that AG is added to the reaction media as AG
hydrochloride. We have taken into account this fact to keep
the concentration of protons constant, but the [Cl�] increases as
the AG concentration increases and chloride ions catalyse the
reaction vide infra. The fact that the plots are all good straight
lines is indicative of a first-order term with respect to [AG].
Besides, we can also observe in Fig. 1 that the values of the slopes
increase with increasing [Hþ]. This result suggests us that the
reaction is catalysed by Hþ. To study this effect in more detail, we
analysed the influence of acidity on kobs at a constant
concentration of AG. We can see in Fig. 2 that the plot is a
Figure 1. Influence of aminoguanidine concentration upon kobs, (*)

[Hþ]¼ 0.1M, (*) [Hþ]¼ 0.2M, (&) [Hþ]¼ 0.3M
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good straight line that passes through the origin, indicative of a
first-order dependence on the concentration of Hþ.
Previous studies on nitrosation of guanidines of different

basicity[18–20] showed that their kinetic behaviour differs from
that of most amines. In order to explore the apparent differences
between amines and guanidines, we studied the influence of the
usual catalysts of the nitrosation process on the rate of the
reaction. These catalysts (halides, thiocyanate, etc.) considerably
accelerate the rate at which the amines[11] and amino acids[23]

nitrosate by providing important concentrations of new and
effective nitrosating agents (ONCl, ONBr, ONSCN, etc.). However,
nitrosation of amides and related compounds[11] is not
susceptible to this type of catalysis. Figure 3 shows the effect
of the addition of X� and SCN� to the reaction media, on the rate
constant for nitrosation of AG. As can be observed, the plots are
all good straight lines with similar positive intercepts (note the
different scale in the SCN� axis) representing the reaction rate for
the uncatalysed reaction. The slopes of the plot display a familiar
catalytic sequence, Cl�< Br�< SCN�, found in nitrosation
reactions. This behaviour indicates that, unlike other guani-
dines,[18–20] nitrosation of AG is subject to nucleophile catalysis,
Figure 3. Influence of halides concentration upon kobs [AG]¼ 8�
10�3M, [Hþ]¼ 0.1M, (*) Cl�, (*) Br�, (&) SCN�
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Table 1. Influence of buffers concentration on kobs for the
nitrosation of aminoguanidine, [AG]¼ 0.01M (MCA pH¼ 2.7,
DCA pH¼ 1.1)

[MCA]/M kobs/s
�1 [DCA]/M kobs/s

�1

0.1 0.031 0.1 1.03
0.2 0.032 0.2 1.06
0.4 0.029 0.4 1.07
0.6 0.037 0.6 1.19
0.8 0.033 0.8 1.09

Table 2. Values of the bimolecular rate constant for the
uncatalysed (k1) and catalysed reaction (k2) for the nitrosation
of aminoguanidine

Nitrosating agent KXNO (M�1) k1 or k2/M
�1 s�1

NOþ 3.0� 10�7 (5.0� 0.4)� 109

ClNO 1.1� 10�3a (7.1� 0.3)� 106

BrNO 5.1� 10�2a (9.9� 0.4)� 105

SCNNO 30a (1.5� 0.1)� 104

a Taken from Reference [11].

ELECTROPHILIC ATTACK IN NITROSATION OF AG
and seems to confirm a mechanism for AG nitrosation that is
similar to that for amines, i.e. a mechanism whose slow step is the
reaction between the nitrosable substrate and the nitrosating
agent.
In order to further explore the apparent similarities between

amines and AG, the possibility of the existence of general base
catalysis, of the type found in the nitrosation of amides and ureas
was investigated, even though amines are not susceptible to this
type of catalysis. For this, buffers of monochloroacetic (MCA) and
dichloroacetic acid (DCA) were employed. Table 1 shows the
effect of the addition of buffers to the reaction media, on the
rate constant for AG nitrosation. As can be observed there is no
trace of catalysis. At these concentrations, general bases produce
substantial catalytic effects in the nitrosation of amides. Again,
opposite to other guanidines, nitrosation of AG shows the
absence of general base catalysis and reassert the conclusion that
the mechanism for AG nitrosation is similar to that of amines.
The mechanism for the nitrosation of AG is shown in Scheme 1.

The first step, the pre-equilibrium formation of the nitrosating
agents (XNO), is followed by the rate limiting attack of the
nitroasating agents on the substrate (k2), leading to the formation
of an intermediate (AGNOþ). The final step is a fast transfer of a
proton from (AGNOþ) to the reaction medium to give the
nitrosoaminoguanidine (AGNO). This mechanism leads to the
next expression for the observed first-order rate constants (Eqn
1), which explains the influence of the concentration of AG and
[Hþ] on the reaction rate, and also the presence of catalysis by X�.

kobs ¼ k1KNO½AG�½Hþ� þ k2KXNO½AG�½Hþ�½X�� (1)

The observed rate equation (Eqn 1) is similar to that found in
the nitrosation of amines, ketones and aminoacids.[11,23,24] The
Scheme 1.
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values of the bimolecular rate constant for the uncatalysed
reaction (k1) were calculated taking a value of 3� 10�7M�1 for
KNO,

[25] (although there is a considerable uncertainty over the
correct value of this equilibrium constant, with measured values
ranging[26,27] from this value to 1.2� 10�8M�1). The values
obtained for k1 from different experiments were: 5.3� 109M�1 s�1

when studying the influence of AG (as shown in Fig. 1),
4.9� 109M�1 s�1 from the influence of Hþ on the reaction rate
(as shown in Fig. 2) and 4.85� 109M�1 s�1 from the values of the
intercepts of the influence nucleophiles on kobs (Fig. 3). Therefore
the agreement is very good, and allows a mean value of
(5.0� 0.4)� 109M�1 s�1 to be established for k1 (as shown in
Table 2). This value is close to the encounter-controlled limit
(7� 109M�1 s�1 for neutral substrates),[11] implying that in
presence of NOþ as nitrosating agent, this reaction is indeed a
true diffusion-controlled process. The values of the second-order
rate constant for the catalysed reaction (k2) are listed in Table 2,
together with the corresponding values of KXNO and the value
obtained for the attack by NOþ in the absence of the catalyst. The
values of the bimolecular rate constant show that the reactivities
of the nitrosating agents follow the same order as usual in the
nitrosation reactions (NOþ> ClNO> BrNO> SCNNO).[11] In the
presence of X�, the reaction is subjected to chemical control;
even the most reactive nitrosyl halide reacts with a rate constant
103 times less than the encounter limit.
In order to confirm the proposed mechanism, the correspond-

ing isotope effect was measured. The results were obtained and
compared with the reaction in presence of H2O, as shown in
Fig. 2. The observed deuterium isotope effect on the nitrosation
reaction k1(H)/k1(D) was 0.50. This result confirms that AG
behaves like an amine and not like amide or urea, which should
show primary isotope effect (typically between 3 and 7).[11]

Amines show inverse isotope effect, due to the lower
concentration[28] of the species derived from the protonation
of nitrous acid in H2O than in D2O.
Chart 2.
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Finally we would like to highlight that at acidities used in this
work, AG reacts with nitrosating agents in its stoichiometric form.
This behaviour differs from that of most amines, whose basicity
causes them to be mostly protonated. Therefore the reactive
species (free base) is only a minor proportion of the
stoichiometric concentration, a fact that leads to the appearance
of a term with [Hþ] in the denominator of the rate equation and
then, absence of acid catalysis at the acidities used in this work. In
our case, we have observed a first order dependence on the
concentration of Hþ (as shown in Fig. 2) and the observed rate
equation indicates, therefore, that the protonated AG is the
reactive species. This situation becomes possible for AG because
protonation of guanidines occurs mostly on the iminic
nitrogen[20] (as shown in Chart 2). The reaction via neutral AG
cannot be detected because its concentration is so low that the
reaction rate of this process is much lower than that resulting
from the less basic and less reactive, but more abundant pro-
tonated AG. The fact that AG reacts through its protonated form
could explain its slight lower reactivity in nitrosations reactions.
Nitrosation reaction of AG shows a different behaviour than

other previously studied guanidines, whose nitrosation beha-
viour is similar to amides. The existence of catalysis by X� species
(halides, SCN�), the absence of general base catalysis and the fact
that the reaction is subjected to an inverse solvent isotope effect
led us to conclude that the electrophilic attack of the nitrosating
agents on the substrate is, as in the case of amines, the rate
limiting step. We have found that unlike other amines, the
protonated AG is the reactive species. This situation is possible for
AG because protonation of guanidines occurs mostly on the
iminic nitrogen, which may be the reason for the lower reactivity
of AG.
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