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Nitrosation of  clonidine has been studied kinetically both in acid medium (with nitrous acid) and in 
basic medium (with 2.2-dichloroethyl nitrite). The reactive form in acid medium was found t o  be 
the protonated clonidine (pK,  8.18). The absence of  catalysis by halides or thiocyanate, the 
existence of general base catalysis, and the measured solvent isotope effect all indicate that the 
reaction mechanism is different from that for the N-nitrosation of  amines. Specifically, kinetic results 
indicate that the attack of the nitrosating agent on the substrate is not the rate determining step of 
the process, and suggest a mechanism that shows parallels with that found for ureas. However, in 
slightly basic medium, the reaction of  clonidine with the alkyl nitrite occurs through the free base 
form of clonidine, as shown by the influence of  acidity upon the reaction rate. In this case, the 
kinetic behaviour is similar to that exhibited by  amines. 

Guanidines can be considered nitrogenated analogues of ureas. 
However, their peculiar structure makes them compounds of 
great basicity, and in this sense, more similar to amines. The 
mechanisms of nitrosation of amides and ureas in acid medium 
have been exhaustively investigated in recent years; despite 
the first impression of a mechanistic analogy between these 
compounds and amines when receiving the nitroso group, more 
recent studies have revealed substantial differences in their 
behaviour.' - 5  While for amines the attack of the nitrosating 
agent on the free (unprotonated) amine is the rate determining 
step of the process, in the case of the amides this first step is fast, 
the slow step being the transfer of a proton from an inter- 
mediate to the reaction medium. Moreover, in the case of the 
amides the reaction seems to occur initially on the oxygen 
atom,' probably the most nucleophilic centre of the molecule, 
where protonation and alkylation ' also take place, although 
a subsequent rearrangement leads to the thermodynamically 
more stable product, the N-nitrosamide. The reasons for this 
different pattern of behaviour may be related to the much lower 
basicity of amides in comparison to amines, and to the 
structural differences between both molecules. 

This situation makes the kinetic study of the nitrosation of 
guanidines, molecules that combine characteristics of both 
functional groups, very interesting. The reaction, that generally 
leads to the formation of the N-nitrosoguanidines, is known 
synthetically. The decomposition of nitrosoguanidines was the 
subject of a number of kinetic studies, especially in the case of 
the powerful 'direct-acting' carcinogen 1 -methyl-3-nitro- 1 - 
nitrosoguanidine.' Mirvish l o  has studied the possibility of the 
nitrosation of some alkylguanidines (arginine, methylguanidine 
and 1 -methyl-3-nitroguanidine) with the aim of estimating the 
potential health risk to humans derived from their endogenous 
nitrosation. He was able to estimate rate constants for the 
process under pH conditions similar to those in the stomach. 
Nevertheless, as far as we know, there has not been any detailed 
kinetic study that would allow the knowledge of the nitrosation 
mechanism of this interesting group of compounds. 

In the present work we report the results of a kinetic 
investigation in acid media (8 x 10-3-0. 15 mol dm-3 H f )  of the 
nitrosation of clonidine (structure 1 l'), a guanidine with 

hypotensive properties. '' The reaction product has been 
identified recently as N-nitrosoclonidine, which most probably 
has the structure 2.13 The possibility of carrying out nitrosation 
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in neutral or slightly basic media has also been investigated, 
using an alkyl nitrite as the nitrosating agent. Activated alkyl 
nitrites are known to readily transfer the nitroso group to 
amines, but the reaction is unknown for amides or ureas. 

Experimental 
Clonidine, in the form of its hydrochloride (HCLO'), was 
obtained from Edol Laboratories, Portugal; D,O (99.77xD) 
was supplied by CIEMAT (Spain). All other reagents were 
Merck products of the maximum purity commercially available 
and were used as received. 

The monochloroacetic, dichloroacetic, trichloroacetic and 
trifluoroacetic acid buffers were prepared from the corre- 
sponding acids by neutralization with the corresponding 
fraction of NaOH. 

For the reactions studied at [H+] > 0.01 mol dm-3, the 
reported acidities refer to the true concentrations of H +  in the 
reaction medium, allowance having being made for the 
consumption of added protons for formation of nitrous acid 
from sodium nitrite (pK, 3.4). For reactions at lower acidities, 
and also for reactions in the presence of buffers, the acidity was 
estimated from the pH readings. 

The pH was measured with a Radiometer PHM 82 pHmeter, 
equipped with a G K  2401 C combined glass electrode. 

2,2-Dichloroethyl nitrite was synthesized from the corre- 
sponding alcohol and sodium nitrite in acid medium, following 
literature procedures,14 and was stored in the refrigerator in the 
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Table 1 Influence of nitrous acid and clonidine hydrochloride concentrations upon the initial rate of nitrosation of clonidine 

I x 10-3 
2 x 10-3 
2.5 x 10-3 
4 x 10-3 
5 x 10-3 

7.5 10-3 
6 x 

8 x 
0.01 1 
0.0125 
0.015 
0.016 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 

0.065 
0.065 
0.065 
0.065 
0.065 
0.065 
0.065 
0.065 
0.065 
0.065 
0.065 
0.065 
0.07 
0.07 
0.07 
0.063 
0.063 
0.063 

0.0 1 
0.01 
0.01 
0.01 
0.0 1 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
2.5 x 10-3 
5 x 10-3 
7.5 x 10-3 
0.01 
0.012 
0.014 

2.14 
3.33 
4.07 
7.15 
9.46 
10.5 
11.9 
12.9 
18.4 
21.1 
26.5 
29.0 
3.87 
9.47 
12.5 
15.4 
18.6 
22.3 
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Fig. 1 Influence of [H'] upon the initial rate of nitrosation of 
clonidine. [HCLO'] = 0.01 mol dm-3, [HNO,] = 0.01 rnol dm-3. 
Ionic strength = 0.5 mol dm-3. 

presence of molecular sieves to prevent its hydrolysis. Due to its 
instability in water,' stock solutions were prepared in dioxane 
and small aliquots were added to initiate the reaction. The 
content in dioxane in all the experiments performed with alkyl 
nitrite was 3.6%. 

Kinetic measurements were carried out at 25"C, by con- 
tinuously monitoring the increase in absorbance at 290 or 300 
nm corresponding to the formation of nitrosoclonidine. The 
molar absorptivities of nitrosoclonidine at these wavelengths 
were measured using a sample available from earlier work,13 
and values of (4.05 k 0.01) x lo3 and (2.67 k 0.01) x lo3 
mol-' dm3 cm-' at 290 and 300 nm, respectively, were found. 
Kontron-Uvikon 930 or Perkin Elmer Lambda 2 spectro- 
photometers, both provided with thermostatted cell-holders, 
were used for the kinetic studies. 

Kinetic analysis of the data was carried out using the initial 
rate method, to avoid problems derived from the decompo- 
sition of the product-presumably hydrolysis or a second 
nitrosation ' 3-that competed with the nitrosation. Generally, 
the extent of reaction analysed did not exceed 5% of the reaction 
and the absorbance-time data resulted in a good straight line, 
the initial rates of the process being estimated from the slope of 
such plots. When a slight curvature of the trace was detected 
on that initial trace, the experimental data fitted a quadratic 
A = a + bt + ct2 ( A  = absorbance, t = time) and the initial 
rate was estimated from parameter b. In the following, ro stands 
for the initial rate. 

5 
7 

I 

;4 
€ 
U 
6 3  
E 
3 

1 

I 1 I I I I 1 
0 0.1 0.2 0.3 

[Buffer]/mol dm-3 

Fig. 2 Influence of the concentration of buffers upon the initial rate of 
nitrosation of clonidine. [HCLO'] = 0.01 rnol dm-3, [HNO,] = 0.01 
rnol dm-3. Ionic strength = 0.5 mol drn-j. (0) Monochloroacetate 
buffer,pH2.05;(~)dichloroacetatebuffer,pH 1.25;(.)trichloroacetate 
buffer, pH 1.09. Ionic strength = 0.5 mol dm-3. 

Results and Discussion 
Nitrosation of Clonidine in Acid Medium.-The pK, of 

the clonidine hydrochloride was measured potentiometrically 
before carrying out the kinetic studies. The pK, measured was 
8.18, similar to literature values.I6 This means that at the 
working acidities (pH 1-3) clonidine will exist mainly in the 
protonated form, the percentage of free clonidine (unproton- 
ated) being stoichiometrically insignificant. 

The experimental rate equation was established using 
perchloric acid to regulate the acidity of the medium and 
sodium perchlorate to maintain a constant ionic strength of 0.5 
mol dm-3. Fig. 1 shows the influence of acidity upon the reaction 
rate at constant concentrations of nitrous acid and clonidine. 
The plot is a good straight line that passes through the origin, 
indicative of a first order term with respect to the concentration 
of H+ . Studies on the influence of the concentrations of nitrous 
acid and clonidine hydrochloride (HCLO') on the reaction 
rate were performed similarly (see Table I). The reaction was 
also found to be of first order with respect to both reagents 
Ceqn. (1)l. 

ro = k[HNO,][H+][HCLO+] (1) 

The value of the third-order rate constant k obtained from 
rnol-' dm6 s-' the different experiments was: (2.7 f 0.3) x 
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Table 2 Effect of added nucleophiles on the initial rate of nitrosation of clonidine" 
~~~~ ~~ 

[Cl-]/mol dm-3 lo7 r,/mol dm-' s-' [SCN-]/mol dm-3 lo7 r,/mol dm-3 s-' 

0.01 1.31 3 x 10-3 1.52 
0.03 1.63 5 x 10-3 1.34 
0.05 1.45 7 x 10-3 1.41 

0.1 1.33 0.01 1.39 
0.05 1.41 

0.07 1.53 9 10-3 1.49 

~ ~~ 

Initial concentration [HNO,], = 0.01 mol dm-3, [HCLO'], = 0.01 mol drnp3, [H' Jo = 0.065 mol dm-3. 

l F  

I I I I 1 
-2 -1 0 1 2 3 

PK, 
Fig. 3 Bronsted plot for the general base catalysis of the nitrosation of 
clonidine 

when studying the order with respect to HCLO+, (2.55 f 
0.1) x lo-, molP2 dm6 s-l from the studies of the influence of 
nitrous acid and (2.5 k 0.3) x lo-' dm6 s-' from the influence 
of acidity. The agreement is, therefore, very good, and allows a 
mean value of (2.6 2 0.3) x lo-' mol-* dm6 s-l to be 
established for k .  Interestingly, this rate equation is similar to 
that found in the nitrosation of amides, ureas, carbamates, 
e t ~ . " , ~ , ~  Conversely, the nitrosation of amines at these pH 
values tends to occur by N,03, leading to a rate equation of 
order 2 in nitrous acid. More significant is the dependence of the 
reaction rate on acidity, which is identical to the one found in 
the nitrosation of amides and ureas, substrates that, 
unprotonated at normal acidities, react with the nitrosating 
agent in their stoichiometric form. This behaviour differs from 
that of most amines, whose basicity causes them to be mostly 
protonated, so that 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 [H'] in the 
denominator of the corresponding rate equation. In this case, 
the observed rate equation indicates, therefore, that protonated 
clonidine is the reactive species. This situation, which is 
impossible in the case of the amines, becomes possible for 
clonidine because it has more than one nucleophilic centre. 

In order to further explore the apparent differences between 
amines and clonidine, we studied the influence of the usual 
catalysts of the nitrosation process on the rate of the reaction. 
These catalysts (halides, thiocyanate, etc.) considerably accel- 
erate the rate at which the amines nitrosate by providing 
important concentrations of new and effective nitrosating 
agents (ONCl, ONBr, ONSCN, etc.). However, nitrosation of 
amides and related compounds * is not susceptible to this type of 
catalysis. Table 2 shows the effect of the addition of important 
quantities of Cl- (up to 0.1 mol dm-3) and of the strong 
nucleophile SCN- (up to 0.05 mol dm-3) on the rate of the 
process. As can be observed, there is no trace of catalysis. This 
result seems to rule out a mechanism for the nitrosation of 
clonidine similar to that which operates in the case of the 

amines, i.e. a mechanism whose slow step is reaction between 
the nitrosatable substrate and the nitrosating agent. 

To study the mechanism of the process in more detail, the 
possibility of the existence of general base catalysis, of the type 
found in the nitrosation of amides, was investigated. For this, 
buffers of monochloroacetic, dichloroacetic, trichloroacetic and 
trifluoroacetic acids were employed. The results obtained (see 
Fig. 2 for some examples) are indicative of significant buffer 
catalysis, the percentage of catalysis increasing upon increasing 
the proportion of basic form in the buffer. This finding strongly 
indicates that the reaction is subject to a general base catalysis, 
according to eqn. (2). 

ro = [HCLO+][HNO,][H+](k + k,,,[Base]) (2) 

Fig. 3 shows the Bronsted plot relating the catalytic efficiency 
(logk,,,) and the pK, of the catalysts (without statistical 
correction). Included in the plot is also the point corresponding 
to H,O acting as a base-the non-catalytic term-obtained by 
dividing k by 55.5 mol dmP3. The deviation of the point 
corresponding to H,O is common in these types of repre- 
sentation~,~.~." although it could also be indicative of some 
curvature in the Bronsted plot. The existence of general base 
catalysis, which gives rise to a value for the Bronsted exponent 
of /I = 0.7 ( 2 O.l), probably indicates that the transfer of a 
proton from an intermediate to the reaction medium takes place 
in the slow step of the reaction as in the case of the nitrosation of 
amides. The general acid catalysis observed when studying the 
denitrosation of N-nitrosoclonidine yielded a = 0.5,' which 
implies a value of 0.5 for /I in our nitrosation reaction. The 
difference is probably due to the restricted set of catalysts used 
in the construction of these plots, which causes a substantial 
uncertainty in their slopes. In fact, the more reliable points, 
where the extent of catalysis is larger (monochloroacetate and 
dichloroacetate), yield a slope of 0.5, which seems therefore a 
more reliable value. The small extent of catalysis exerted by 
trichloroacetate and trifluoroacetate makes their catalytic 
coefficients less reliable, especially since small solvent effects 
cannot be excluded. The practice of identifying the degree of 
proton transfer in the transition state with the value of the 
Bronsted slope allows us to estimate that the transition state of 
the slow process occurs neither very early nor very late along 
the reaction coordinate. 

The reason why the behaviour of clonidine is more similar to 
that of amides and ureas than to the behaviour of amines can 
be understood if we consider that the reacting species is 
protonated clonidine, a species whose basicity will be much 
lower than that of the non-protonated clonidine. In fact, we 
were unable to measure potentiometrically the pK, corre- 
sponding to a second protonation of clonidine, suggesting 
that the second protonation is very difficult, not occurring 
significantly at pH > 1.5. This idea places our true reactive 
substrate in the range of basicity of amides and ureas, and so it 
is not surprising that its reaction mechanism shows significant 
differences with that of the amines. It is easy to understand why 
reaction via free clonidine cannot be detected: its concentration 
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is so low that the reaction rate derived from this process would 
be much lower than that resulting from the less basic (and less 
reactive), but more abundant, protonated clonidine. 

As in the case of other guanidines, protonation of clonidine 
occurs mostly on the iminic nitrogen (structure 3). The struc- 
ture resulting from this protonation seems intuitively the most 

n 
y H-N.. N-H 

N-H 

3 

favourable of all possible tautomers and this is the structure 
which exists in the solid crystalline clonidine hydrochloride. 
Several studies concerning charge distribution and bond orders 
in this structure can be found in the literature.lg 

Now, if we assume that structure 3 is the one that reacts with 
the nitrosating agents, it is tempting to propose the reaction 
mechanism in Scheme 1. 

HNO, + H+ ;--'NO+ + H,O K ,  

N-H N-H N-H 
cl*"l cl+J .,+J 

\ \ \ 

4 

Scheme 1 

This mechanism leads to rate eqn. (3) which coincides with 

ro = KlK2k3[HN0,] [HCLO+][H+] (3) 

the experimental one [eqn. (l)]. The first step, the pre- 
equilibrium formation of the nitrosating agent through pro- 
tonation of nitrous acid, is followed by a fast equilibrium 
reaction of the nitrosating agent with HCLO', leading to the 
formation of intermediate 4. The final step is a limiting transfer 
of a proton from intermediate 4 to the reaction medium. For the 
sake of simplicity, NO+ is proposed as the nitrosating agent, 
even though the exact nature cannot be ascertained, since the 
reaction rate is determined by the equilibrium concentration of 
intermediate 4, which is independent of the specific way in which 
it may have been formed. This is why catalysis by halides is not 
detected, and this is, in general, one of the main criteria used to 
demonstrate that the attack of the nitrosating agent is a fast pre- 
equilibrium in nitrosation reactions. This mechanism explains, 
therefore, the experimental rate equation, the absence of 
catalysis by nucleophiles and the existence of general base 
catalysis, as being due to the existence of a proton transfer 
during the rate determining step of the process. 

This simple mechanism, although apparently satisfactory, 
does not stand up to more detailed scrutiny. In particular, the 
proton abstracted from intermediate 4 is a proton belonging to 
a N(NO)H+ group which must be extremely acidic. For 
example, it is known that protonated N-nitrosamines have pKas 
usually some 10 units lower than those of the corresponding 
protonated amines," but since the protonation of the N- 
nitrosamines probably takes place on the oxygen atom, the 
decrease in basicity of the amino-nitrogen brought about by the 
introduction of the nitroso group can be substantially lower. In 
fact, the pKa for the protonation of the nitrosodimethylamine 
on the nitrogen atom has been estimated recently as ca. - 12.21 

From these estimates, we can safely attribute to the proton that 
should be transferred from intermediate 4 (the nitrosated 
analogue of a twice protonated clonidine) a pKa well below 
- 10. According to Eigen's theory,22 applicable to proton 
transfer between 'normal' acids and bases, such an acidic 
molecule would transfer the proton to water (pKa of H 3 0 +  = 
- 1.75) by a diffusion-controlled process. In this situation, and 
since the concentration of water is far above that of any other 
base present, general base catalysis would not be expected to 
occur, in contrast with what is experimentally observed. One 
can say additionally that such an acidic intermediate would lose 
the proton to water in a process so fast that it would not be 
possible to talk of such an intermediate, its lifetime being so 
short that it would not be compatible with its diffusion through 
the solvent. Such a process should not, of course, show con- 
ventional base catalysis. Moreover, according to the Hammond 
postulate,23 the transfer of a proton from intermediate 4 to 
water or to any of the bases added, being an energetically very 
favourable process, would have a transition state structurally 
very close to reagents and not intermediate between reagents 
and products as suggested by the observed Bronsted slope. It 
can be concluded both from the existence of general base 
catalysis and from the observed Bronsted slope (in spite of its 
uncertainty) that the pK, of the intermediate that loses the 
proton cannot be widely different from that of the hydronium 
ion (- 1.75) or the acid forms of the buffers used. 

A somewhat similar situation has been detected in the case of 
the nitrosation of amides and related compounds,la where the 
kinetic evidence found was seemingly incompatible with the 
acidities of the intermediates involved in the mechanism. In the 
case of the nitrosation of amines, the possibility that buffer 
catalysis arose as a consequence of a concerted or a pre- 
association mechanism 24 could be ruled out on the basis of two 
conclusive experimental facts: lo for 2-imidazolidone a change 
in rate-determining step could be observed at high buffer 
concentrations (the reaction rate becoming buffer independent) 
and an Eigen-type Bronsted plot (with a Bronsted slope 
changing from 1 to 0) could be observed for 1,3-dimethylurea. 
Both these facts required a stepwise mechanism with trapping 
of an intermediate by added bases. In the present case, we 
cannot absolutely discard other possibilities, but the similarities 
of behaviour between our substrate and amides make a step- 
wise mechanism with liberated intermediates more likely. In 
addition, the observed value of p and the measured solvent 
isotope effect (vide infra) seem to indicate that buffer catalysis 
does not arise from hydrogen-bonding stabilization of the 
transition state for formation of imtermediate 4 in a pre- 
association mechanism and both concerted and preassociation 
mechanisms would not easily explain the absence of catalysis by 
halides or SCN-, since the actual nitrosating agent (ONX) 
would be present in the rate-determining step of the reaction. A 
tentative solution to this situation is found in the mechanism 
shown in Scheme 2, which shows similarities with that proposed 
for amides and ureas.' This mechanism differs from that in 
Scheme 1 in that it proposes attack of the nitrosating agent on 
the minor tautomeric structure of protonated clonidine, 
structure 5. 

In principle, tautomer 5 should react at the most nucleophilic 
centre, the free iminic nitrogen. Such a reaction between the 
substrate and the nitrosating agent will be a fast pre-equilibrium 
step, followed by a slow proton transfer-susceptible to general 
base catalysis-from intermediate 6 to yield a structure more 
likely to receive the nitroso group in the endocyclic nitrogen. 
Intermediate 6 could have a pK, much higher than that of 
intermediate 4 (probably not too far from 0), compatible with 
the existence of general base catalysis. An isomer of nitro- 
soclonidine, 7, which could undergo a rapid internal re- 
arrangement to produce the final product," would thus be 
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HNO, + H +  e N O +  + H 2 0  K ,  

5 6 7 

n 
y ON-N a. .* N-H 

N-H 

Scheme 2 clxY 
Table 3 Influence of clonidine hydrochloride concentration on the 
initial rate of its nitrosation in D,O (99% D)" 

[Clonidine hydrochloride],/mol dm-3 10' r,/mol dm-' s-l 

1 x 10-3 
3 x 10-3 
5 x 10-3 
7 x 10-3 
9 10-3 
0.01 1 
0.013 
0.015 
0.017 
0.019 

0.572 
1 .so 
3.00 
4.28 
4.73 
6.30 
6.95 
8.23 
8.84 

10.25 

[D'], = 0.026, [DNO,], = 0.01 mol dm-'. Ionic strength = 0.5 mol 
dm-' . 

formed. This mechanism involving initial attack of the 
nitrosating agent at the most nucleophilic point of the molecule, 
followed by a rearrangement to a product of greater thermo- 
dynamic stability, is similar to that found for amides and ureas, 
which are initially nitrosated on the oxygen atom,' or 3- 
substituted indoles, which react initially at position 3 of the 
ring.26 The advantage of these reaction pathways, followed by 
substrates of low basicity, seems to be the avoidance of highly 
unstable intermediates-intermediate 4 in this case. For 
substrates of very low basicity, but with only one nucleophilic 
centre in the molecule, such as alcohols, it is not possible to 
invoke mechanisms like the one in Scheme 2. In such cases, the 
attempt to avoid those highly energetic intermediates leads to 
a mechanistic change towards a concerted process." The 
proposed mechanism also explains why the value of the 
measured rate constant for the reverse reaction is only l 3  

1.4 x lo-, mol-' dm3 s-' at 35 "C. This value would be at odds 
with protonation by H 3 0 f  of an intermediate whose pKa is not 
far from zero.22 This problem disappears in the mechanism of 
Scheme 2, according to which the measured overall rate 
constant in the reverse direction would include a presumably 
very low equilibrium constant for isomerization of N- 
nitrosoclonidine to structure 7. This argument shows that the 
mechanism recently reported for the denitrosation pathway 
must be revised in the light of the present results and the 
principle of microscopic reversibility. Definite validation of the 
mechanism in Scheme 2 is difficult since the pK, for intermediate 
6 is unknown. If we assume a pK, in the range 0-1, a Bronsted 
slope of 0.5 would be expected for the series of buffers examined, 
which is not inconsistent with the experimental value of p 

measured (vide supra). The fact that p does not change abruptly 
from 1 to 0 in the vicinity of the pKa of the intermediate (as in 
the simple Eigen's model) is not unusual in these type of proton 
 transfer^,^^" especially if N-acids are involved.27b 

One last indication about the nature of the slow step was 
obtained when the reaction was carried out in D 2 0  and the 
corresponding solvent isotope effect was measured. For this 
purpose, at constant acidity and nitrous acid concentration, the 
influence of the concentration of clonidine hydrochloride- 
which varied between 1 x and 1.75 x lop2 mol dm-3- 
upon the reaction rate was studied (Table 3). The results 
obtained allow evaluation of the overall isotope effect for the 
uncatalysed reaction as k(H)/k(D) = 1.3. Once again, this 
outcome likens the behaviour of the clonidine to that of amides 
and ureas, but not of amines, which should show inverse solvent 
isotope effects (typically 0.3), due to the lower concentration of 
the species derived from the protonation of nitrous acid 28  in 
H,O than in D20.  If the mechanism in Scheme 2 is correct, the 
observed value for k(H)/k(D) includes the influence of the 
isotopic substitution on the pre-equilibria constants K ,  and K4 
and on the rate constant for the slow step k,. Replacement of 
water by deuteriated water increases the value of K ,  2.55 
times.28 Assuming that isotopic substitution does not have an 
appreciable effect on K4, the value of the kinetic isotope effect 
on the slow step can be estimated as 3.3. This value is typical of 
a primary isotope effect, strongly pointing to a rate-determining 
proton transfer. The non-unity value of this effect is in 
agreement with a 'classical' interpretation of the isotope effect 
whose magnitude will be related to the degree of symmetry of 
the transition state.17 Thus, both the value of the Bronsted 
slope D and of the solvent isotope effect on the slow step suggest 
a process with a transition state intermediate between reactants 
and products, but with a structure not very close to any of them. 
Once again, the value found for the isotope effect would be at 
odds with a proton transfer from a strongly acidic intermediate 
(intermediate 4) to water. The value also seems rather high for a 
hypothetical pre-association or concerted mechanism, similar 
to that found in the nitrosation of alcohols." 

Nitrosation of Clonidine in NeutrallBasic Media.-Alkyl 
nitrites are capable of transferring the nitroso group to 
nucleophiles, in a process known as direct transnitrosation. 
This reaction facilitates the nitrosation of a m i n e ~ , ~ ~  thi~lates,~' 
car bani on^,^' etc. in neutral or basic media. 

The reactivity of alkyl nitrites is increased when the ability of 
the RO- group as a leaving group improves, as is the case of the 
alkyl nitrites bearing electron-withdrawing substituents in the 
p - p ~ s i t i o n . ~ ~ " , ~ , ~  The reaction does not take place in acid 
medium, where alkyl nitrites hydrolyse at a rate higher than 
that of the nitroso group transfer." The process has not been 
observed, however, for poor nucleophiles such as ureas or 
amides. The possibility that clonidine could be nitrosated in 
basic medium by means of alkyl nitrites has therefore been 
investigated. Since alkyl nitrites are used as vasodilators and 
muscular  relaxant^,^, the reaction may have biological interest. 

Nitrosation of clonidine at pH 7.8-8.8 has been achieved 
using 2,2-dichloroethyl nitrite as the nitrosating agent. 
Clonidine's own buffering ability was used to maintain the pH 
of the medium at these values, close to its pKa. Table 4 shows 
that the initial rate of reaction, obtained at different pH values, 
is found to increase upon increasing pH, in a way that is 
indicative of the involvement of the non-protonated form of 
clonidine as the nitrosatable nucleophile. Such a m e c h a n i ~ r n ~ ~ ~ , ~  
would lead to eqn. (4), where k, is the bimolecular rate constant 

k,Ka[Clonidine,,,,,][Alkyl nitrite] 
ro = (4) 

(Ka + W+I> 
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Table 4 Influence of pH on the initial rate of nitrosation of clonidine 
by 2,2-dichloroethyl nitrite" 

PH 10' r,/mol dm-3 s-' 

7.45 3.80 
7.77 7.12 
7.90 8.61 
8.23 13.7 
8.67 19.4 

" [Clonidine,,,,,], = 0.01 mol dm-3, [2,2-dichloroethyl nitrite], = 
2 x mol dm-3. Ionic strength = 0.5 mol dm-3, 3.6% dioxane. 

for reaction between free clonidine and alkyl nitrite and K, is the 
acidity constant for protonated clonidine. 

A plot of l/r, us. [H'] results in a good straight line as 
predicted by eqn. (4) .  Moreover, atalue of 8.25 for the pK, of 
clonidine can be obtained from such a plot, in good agreement 
with that obtained experimentally (vide supra). A value of 
1.4 x mol-' dm3 s-' is obtained for the bimolecular rate 
constant k,  between the alkyl nitrite and the non-protonated 
clonidine. Thus, in basic medium, the behaviour of clonidine in 
its nitrosation by alkyl nitrites is similar to that of amines. 

It can be concluded that the basicity of the reactive form is the 
main factor determining the mechanistic behaviour of clonidine 
towards nitrosating agents. In acid media, when the protonated 
form predominates, it is this protonated form-of very low 
basicity-which reacts, showing a pattern of behaviour that is 
similar to that of other nitrogen nucleophiles of low basicity, 
such as ureas or amides, and different to that of the more basic 
amines. However, in basic or neutral media, where the more 
basic free form is abundant, reaction with alkyl nitrites occurs 
through this form, the kinetic behaviour being now akin to that 
of the amines of similar basicity. 
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