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The kinetics of the nitrosation of N-methylacetamide have been studied 
using spectrophotometry. Significant differences with respect to the mechanism 
of nitrosation of amines were observed: the absence of catalysis by halides, the 
existence of general basic catalysis by acetate and its chlorated derivatives 
obeying Bronsted's law (with 13 -- 0.49), and the primary isotopic effect (with a 
ratio of 7.9 between the rate constants for the elementary process in It20 and 
D20 ). All this indicates that  the slow step of the mechanism must be the transfer 
of a proton from the protonated nitrosamide to the reaction medium. 

(Keywords: Kinetics of nitrosation; 2g-Nitrosation of N-methylacetamide; 
Proton transfer) 

Kinetische Untersuchungen zur Bildung von N-Nitroso- Verbindungen, 10. Mitt.: 
Die Nitrosierung yon 2g-Methylacetamid und die Unterschiede in bezug auf die 

Nitrosierung yon Aminen 

Die Kinetik der Nitrosierung yon N-Methylacetamid wurde mittels 
Spektrophotometrie untersucht. Es wurden signifikante Unterschiede zum 
Mechanismus der Nitrosierung von Aminen beobachtet: die Abwesenheit einer 
Katalyse durch Halogenide, die Existenz einer generellen basischen Katalyse 
durch Acetat  und dessen chlorierten Derivaten unter t]bereinstimmung mit dem 
Bronstedschen Gesetz (mit ~ = 0,49) und einem beobachtbaren Isotopeneffekt 
(mit einem Verh/iltnis von 7,9 zwischen den Geschwindigkeitskonstanten in H20 
und D20 ). All das zeigt an, dag der geschwindigkeitsbestimmende Schritt im 
Mechanismus der Transfer eines Protons vom protonierten Nitrosamid zum 
Reaktionsmedium sein mul3. 
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Introduction 

Although abundant  literature exists concerning the mechanisms 
involved in the nitrosation of amines (see, for example, gels .  1,2), the 
same cannot be said regarding the nitrosation of amides and ureas, in 
spite of the unquestionable interdisciplinary interest due to the fact tha t  
some of the nitrosation products are potential ly carcinogenic 3 ~  
whereas others have been used against cancer 6'7. However, the 
discovery that ,  unlike nitrosamines, carcinogenic nitrosamides 
generally induce tumours at  the site of contact  s has caused greater 
interest in their reaction mechanisms. I t  has become increasingly 
apparent  tha t  there are significant differences between nitrosated 
amines and amides with regard to their effects and their mechanisms of 
formation. 

Until 1974 the commonly accepted reaction mechanism for the 
nitrosation of amides s'9 was tha t  proposed by Bruylants et al. 10,11, in 
which, by analogy with the amine case, the rate controlling step is the 
at tack on the amide by  the nitrosating agent, which can be either a 
nitrosyl halide l° or the NO + ion itself 12. However, a number of 
subsequent discoveries have thrown doubt  on the validity of this 
analogy. During a s tudy on the decomposition of N-n-buty l -N-  
nitrosoacetamide in aqueous media, Berry and Challis found tha t  the 
denitrosation reaction which takes place simultaneously with de- 
amination is not susceptible to nucleophilie catalysis by C1- and 
involves protonation of nitrogen as its slow step 13. They concluded that ,  
contrary to the opinion then current 10, the nitrosation of amides would 
not be susceptible to nucleophilic catalysis either. The same conclusion 
was reached in 1980 by Hallett and Williams, who considered tha t  in the 
nitrosation of methylurea the slow step might be the transfer of a proton 
to the medium 1~. 

Complementary results have been reported by Yamamoto et al., who 
found that  organic acid buffer solutions, which had no effect on the 
nitrosation of amines, did catalyse the nitrosation of ureas 15. This has 
been checked for methylurea by Casado et al., who found buffers 
composed of acetic acid or its derivatives to exert  basic catalysis 
satisfying Bronsted's equation, and used isotopic effect data to confirm 
that  the slow step is the loss of a proton from the protonated nitrosamide 
intermediate 16 

With the aim of helping to clarify the differences between the two 
kinds of mechanism, the present article reports a detailed investigation 
of the nitrosation of N-methylacetamide (MAC), a simple amide whose 
nitrosation product, N-methyl-N-nitrosoacetamide is carcinogenic 17. 
Apart  from its biological value (the amide group abounds in living 
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beings) ,  th is  s t u d y  is also of  i n t e re s t  s ince i t  a l lows compar i son  w i th  the  
m e c h a n i s m  of  n i t r o s a t i o n  of  ureas .  

Experimental 

All the reagents used were Merck, p.a., except the N-methylacetamide and 
m0no- and dichloroacetic acids, which were Merck p.s. The N-methylacctamide 
was double distilled and recrystallized from the molten state (m.p. 30 °C). The 
other reagents were dried and used without further purification. The 
concentrations of the earboxylic acid solutions used were determined by 
t i t rat ion with NaOH. The 99.77~ D20 heavy water used was supplied by the 
Spanish ~'uclear Energy Board. 

Reaction rates were measured using spectrophotometry to follow the 
appearance of the nitroso compound by recording the increase in absorbancc at 
249nm (e =4410 -4 -40M- lcm -1) and 265nm (e = 1560 + 1 0 M - l c m - l ) ,  
which are isosbestic points for nitrous acid. Because the reaction is slow and 
there is competition from the decomposition of nitrous acid, the initial rate 
method was used and the reaction was never followed further than 1~. All 
experiments were duplicated, and the values obtained from the duplicated for 
the reaction rates never differed by more than 3~. 

Absorbance measurements were taken on Coleman 55 and Uvikon 820 
spectrophotometers and pH measurements using a l~adiometer 82pH-meter.  
All experiments were carried out at  25 °C and at  an ionic strength of 0.2 M using 
appropriate solutions of NaCI04. 

N-methyl-N-nitrosoacetamide was found to be thermally and 
photochemically stable under the working conditions employed. 

Results and Discussion 

A t  a concen t r a t i on  of  n i t r i t e  (Nit) of  4.05" 1 0 - 3 M  and  p H  2.17 the  
inf luence of  t he  c o n c e n t r a t i o n  of  M A C  on the  in i t i a l  r a t e  of  n i t r o s a t i o n  
was  s t ud i ed  b y  v a r y i n g  [ M A C ]  be tween  0.04 and  0.4 M.  The  resul ts ,  
p l o t t e d  in F ig .  1, show t h a t  the  o rde r  of  the  r eac t i on  w i th  r e spec t  to  t he  
a m i d e  is one:  

v o = a [ M A C ]  (1) 

w i th  a = (1.25 _ 0.02).  10 -Ts  -1.  

Nex t ,  the  inf luence  of  t he  c o n c e n t r a t i o n  of  n i t r i t e  was i n v e s t i g a t e d  
b y  v a r y i n g  i t  be tween  1 .52-10 - 3  a n d  1 . 5 2 . 1 0 - 2 M  a t  p H 2 . 2 3  and  
[ M A C ]  = 0.586 M.  The  resu l t s  a re  shown in Fig .  2, where  t he  order  of  
the  r eac t i on  w i th  r e spec t  to  n i t r i t e  can be seen to  be one over  t he  whole  
r ange  s tud ied :  

v o = b [Nit] (2) 

w i th  b = (1.55 _+ 0 . 0 1 ) - 1 0 - S s  -1.  

The  inf luence of  a c i d i t y  on the  r a t e  of  r eac t i on  was  s t ud i e d  a t  

69* 
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Fig. 1. Dependence of the initial rate  of ni trosat ion of MAC upon the 
concentrat ion of MAC at pH2.17, [Nit] = 4 .05 .10 -3M,  Ix = 0 . 2 M  
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Fig. 2. Dependence of the in i t ia l  rate  of ni trosat ion of MAC upon the 
concentrat ion of nitr i te  at  ;oH 2.23, [MAC] 0.586 M, g = 0.2 M 
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Influence of acidity on the rate of nitrosation of MAC at 
[MAC] = 0.401 M, [Nit] = 2.53" l0 a M, g = 0.2 M 

[MAC] = 0.401M and [Nit] = 2.53.10 - ~ M  by 
between 1.76 and 3.39. The relationship observed: 

[H+] 
v 0 = c d + [H +] 

is linearized in Fig. 3 as 

varying the p H  

(3) 

[ H + ]  2 d [H +] 
- -  + ( 4 )  

V 0 C C 

where c = (5.9 ± 0.1)" 10-6s - ]  and d = (1.3 ± 0.3)" 10-~M. 

When the influence of halides was investigated it was found that,  as 
in the case of methylurea 14' ]6 the presence of significant quantities (of 
B r - ,  in this case) produced no change whatsoever in the rate of reaction. 
The absence ofnucleophilic catalysis means that  the at tack on the amide 
by the nitrosating agent cannot be the rate controlling step; otherwise a 
catalytic term reflecting the a t tack by BrNO should be detected. By 
analogy with the findings for methylurea the step that  does control the 
rate of reaction may be expected to be the loss of a proton from the 
protonated nitrosamide intermediate. To confirm this, experiments 
were carried out to prove basic catalysis. 
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Fig. 4. Dependence of the initial rate of nitrosation of MAC upon the 
concentration of (a) monochloroacetate buffer at pH2.31, [Nit] = 
4.11"10-3M, [MAC] = 0.425M, li=0.2M; (b) dichloracetate buffer at 
pHI.48, [MAC] = 0.344M, [Nit] = 7.99"i0-3M, $x=0.2M; (c) 
trichloracetate buffer at pH 1.78, [Nit] = 5.83" l0 -3M, [MAC] = 0.132 M, 

g =0.2M 

The possibility of basic catalysis was investigated by studying the 
effect of monochloroacetate buffer (Bur) on the reaction rate. A linear 
relationship of the form: 

V0 
= e + f [Bu f j  (5) 

[Nit] [MAC] 

was observed (Fig. 4a), and the catalytic effect increased with pH 
suggesting basic catalysis by the monochloroacetate ion. With this 
assumption (5) may be rewritten in the form 

v0 ( K ) 
=e  1 + g ~  [B~f] (6) 

[Nit] [MAC] +-H + 

where K is the acidity constant of monochloroacetic acid. To check this a 
series of experiments at different values of pH was carried out. The 
results (Table 1) show that  elf depends linearly on [H+],  which is 
consistent with (6). The determined value of K - - 1 . 8 - 1 0 - 3 M  is in 
agreement with published values. Similar studies were also carried out 
using acetate, dichloroacetate and trichloroacetate buffers, and in all 
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Table 1. Influence of the concentration of monochloroacdtate buffer on the rate of 
nitrosation of MAC at different values of pH [equation (5).] 

pH e" lOS/M-is -1 f" 104/M -~" s -1 (elf)" IO/M 

2.31 1.93 + 0.05 1.10 ± 0.04 1.75 
2.41 1.65 __+ 0.03 1.11 +__ 0.03 1.49 
2.72 0.69 -t- 0.03 0.66 __+ 0.03 1.05 
2.92 0.33 __+ 0.01 0.46 __+ 0.01 0.71 
2.98 0.28 --t-__ 0.01 0.37 __ 0.01 0.75 
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Fig. 5. Dependence of the initial rate of nitrosation of MAC upon the 
concentration of nitrite [equation (7)] at  pH 3.53, [MAC] = 0.471, g = 0.2 M 

cases bas ic  ca t a lys i s  was obse rved  (Figs.  4 b a n d  4 e) a n d  the  va lues  of  K 
are  in a g r e e m e n t  w i th  l i t e r a t u r e  da t a .  

I n  v iew of  t he  low c o n c e n t r a t i o n  of  n i t r i t e  a n d  the  work ing  p H  used 
in the  e x p e r i m e n t s  desc r ibed  so far,  i t  is no t  su rp r i s ing  t h a t  no second  
o rde r  t e r m  ref lec t ing  bas ic  ca t a lys i s  b y  NO~- h a d  been observed .  I n  a 
series of  e x p e r i m e n t s  ca r r i ed  ou t  a t  p H  3.53 [Nit] was v a r i e d  be tween  
2 . 1 0  -2  and  0.2 M.  As  Fig.  5 shows, t he  r e l a t i onsh ip  now found  was:  

v0 = h [ N i t ]  + i [ iVit]  2 (7) 

The c a t a l y t i c  effects of  t he  ace t ic  a n d  mono- ,  di-  a n d  t r i c h l o r a c e t a t e  
buffers  c o m p l y  w i th  Bronsted's e q u a t i o n  (Fig.  6), w i th  a s lope ~ = 0.49 
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(it is quite common for H20 to lie of f the  line is, and since we are dealing 
with correlations of free energy the deviation of NO~- is also reasonable). 
The catalysis in question is therefore a general basic catalYsis of a 
reaction whose slow step must be the loss of a proton which, to judge by 
the value of 13, is in the transition state half way between the reagents 
and products is. This is in contrast  to the case of methylurea,  in which 
the proton in the transition state is close to the reaction products 16. 

/ 
O CH~ COj. / 

CH2 Cl C O /  

CHCI 2 CO~_ 
/ • NO~. 

-2 cc,~ co~ 

/ 
-z  .I-12 0 

pK 

Fig. 6. Brons ted  plot for the general basic catalysis of the nitrosation of M A C  

In the light of the results given above, the following reaction 
mechanism is put  forward: 

HNO~ ~ N0~- + H + K~ ] 

HRCO 2 ~ RC0~- + g + K 2 ! 
HNQ + H + ~ NO + + H20 K3 ( fast 

NO + + CH3NHCOCH3 ~ CH~H(NO)COCH 3 K4 / 
CH3~H(NO)COCH 3 + H~O --* CH3N(NO)COCH 3 + H30 + k 5 ] 

CH31~H(N0)COCH ~ + N0~- ~ CH~N(NO)COCH~ + HN02 k~ / slow 

CH3~H(NO)COCH 3 + RCO~ ~ CHaN(NO)COCH 3 + HRCO 2 k 7 

I t  should be pointed out tha t  although for sake of s implici ty-- the 
effective nitrosating agent has been assumed to be NO +, its real identi ty 
is actually not known, and cannot be ascertained kinetically because its 
a t tack on the amide is not the rate controlling step. Since the various 
nitrosating agents present are in equilibrium and at concentrations tha t  
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are negligible compared with those of NO~- and HN02,  the rate  equation 
deduced f rom this mechanism is independent  of which nitrosating agent  
is actually involved: 

[MAC] [Nit] [ H + ]  2 ( K1 [Nit] K2[Buf] _~ 
a + 13 - -  + ~, ( 8 )  

v° -- (K1 + [H+] )  \ K1 + [I-I +] K2 + [H+J,]  

1.8 

* 

R 

"~ 0.9 
///j 

~ b ' 1) ' 
fD'J x I03/,"4 

Fig. 7. Influence of pD on the initial rate of nitrosation of MAC at [MAC] = 
0.690M, [Nit] = 5.79" 10-3M, g = 0.2M 

where a = K 3 K4 ks, 13 = K3 K4 ]C 6 and 7 = K3 K~ k 7. This equation agrees 
with our experimental  findings; for low concentrations of nitrite in the 
absence of buffer it  reduces to: 

[MAC] [Nit] [ H + ]  2 
v 0 = a (K1 + [ H + ]  ) (9) 

The form of this la t ter  equation coincides with the ease where the 
rate  controlling step may  be as well the a t t ack  on the amide by  NO +. 
This explains the errors of interpretat ion tha t  have appeared in 
l i terature 11, 19, 20. 

When equation (9) was fit ted to the experimental  da ta  using an 
optimization program m based on Marquardt's method 22 the following 
values were found: 

a ---- (5.70 + 0.05) • 10 -3M- 'Zs  -1 
K1 = (1.59 +_ 0.09)" l0 -3 M 
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The value of K] agrees well with that  found by T u m m a v u o r i  and L u m e  
by a non-kinetic method 23. 

To confirm the mechanism proposed above, the reaction was studied 
in D20 to look for the expected pr imary isotopic effect. The influence of 
p D  on the reaction rate was observed in order to calculate the values of a 
and K1 i n  D20 (p/O =pi tmen , re  d + A p H ,  with Apf~I = 0.424). The 
linearized results are shown in Fig. 7 and the ratios of the values of a and 
K1 in H20 and in D20 were found to be: 

a (H20) K1 (H20) 
- -  -- 2.85 and - 2.92 
a (D20) K1 (D20) 

the results of direct measurements . Since The latter value agrees with 25 • 
a ---- K 3 K 4 ]c 5, the ratio a (H20)/a (D20) includes both the effect on k 5 and 
on the equilibrium constants K 3 K 4. When the ratio between the values 
of K 3 K  4 in D20 and H20 is taken as 2.7925 it follows 
ks(H20)/]cs(D20 ) = 7.9 indicating a proton transfer in the rate 
controlling step. The high value for this ratio also confirms that  the 
transition state is symmetrical 26 as the value of ~ suggested. 

I t  is now clear that  the similarity between the mechanisms of 
nitrosation of amines and amides is only partial. Although the general 
reaction scheme is the same for both classes of compound, it is the 
functional group itself (amino or amido) that  determines the rate 
controlling step. 
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