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Using a differential spectrophotometric technique in water at 25°C 
measurements were made of the reaction rate in the nitrosation of a number of 
secondary amines in conditions in which the effective nitrosating agent is 
thought to be dinitrogen trioxide. Analysis of the rate data leads to values of/c, 
the true rate coefficient for the N-nitrosation step, which, like the values re- 
calculated here for other systems involving aliphatic and aromatic substrates of 
pKa > 5, exhibit the same unvarying order of magnitudei  l0 s M -1 s -1. This 
figure together with the invariance already mentioned indicates that the attack 
of the N203 upon free amines must be diffusion controlled; this hypothesis is 
supported by the values found for the enthalpies of activation (10-20 kJ/mol). 

(Keywords: Dinitrogen trioxide; Kinetics of nitrosation; N-Nitrosation; 
Secondary amines) 

Kinetische Untersuchungen zur Bildung von N-Nitroso-Verbindungen, 6. Mitt.: 
Die Reaktivitdit von N203 als Nitrosierungsmittel 

Es wurde mittels einer differentiellen spektrophotometrischen Mcthode die 
Reaktionsgeschwindigkeit dcr N-Nitrosierung yon sekund/~ren Aminen unter 
Bedingungen untersucht, bei denen N203 als nitrosierendes Agens angesehen 
wird. Der wahre Reaktionsgeschwindigkeitskoeffizient k ffir den N-Nitrosie- 
rungsschritt - -  sowohl ffir die oben genannten als aueh andere erneut be- 
rechnete Systeme mit aliphatischen und aromatischen Substraten mit pK a > 5 
- -  ergab immer die gleiche Gr6ftenordnung von l0 s M -1 s -1 . Dieser Befund zeigt 
an, dab der Angriff yon N203 auf die freien Amine diffusionskontrolliert 
erfolgen mul3, wobei diese Annahme auch yon den experimentellen Aktivierun- 
gsenthalpien yon 10--20kJ/mol gestfitzt wird. 
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Introduction 

I n  the  l i t e r a t u r e  on the  mechan i sms  of f o r m a t i o n  of N-n i t ro so  
c o m p o u n d s  d iverse  ev idence  is found  concerning  the  inf luence of  the  
s u b s t r a t e  upon  t:, the  specific r a t e  of the  a t t a c k  of  t he  d in i t rogen  
t r i ox ide  upon  the  free amine.  W h e r e a s  Challis 1, Mirvish 2 and  Moss 3 f ind  
for h i g h - p K  amines  a c o n s t a n c y  in the  va lues  of/c which  seems ha rd  to  
explain4,  Schmid 5 f inds t h a t ,  in t he  d i azo t i z a t i on  of  ani l ines  ofpK~ < 5, 
/c is va r i ab le ,  w i th  a degree  of cor re la t ion  be ing  obse rved  be tween  t: and  
the  pKa of the  subs t r a t e .  An  ear l ier  s t u d y  of  our  own6 ar r ives  a t  s imi lar  
conclusions  to  Schmid's. 

I n  1981 Marlcovils e ta l .7  e s t ab l i shed  a va lue  for the  equ l ib r ium 
c o n s t a n t  of  2 NO2H ~ N 2 0 ~  + H20  which  a l lowed t h e m  to ca lcu la te  for 
ani l ine  a t  25 °C a va lue  for /c  (7 '  10 s M 1 s - l )  which  t h e y  c la imed  to lie 
wi th in  an order  of m a g n i t u d e  of  the  encoun te r  ra te .  

To ga in  fu r the r  u n d e r s t a n d i n g  of these  va r ious  f indings  in th is  p a p e r  
we have  car r ied  ou t  a s t u d y  of  the  k ine t ics  of n i t r o sa t i on  of  d ie thy l -  
amine  (DEA), d i p r o p y l a m i n e  (DPA), d i - i s o p r o p y l a m i n e  (DIPA) ,  di- 
b u t y l a m i n e  (DBA), d i - i s o b u t y l a m i n e  (DIBA) ,  m e t h y l b e n z y l a m i n e  
(MBzA),  e t h y l b e n z y l a m i n e  (EBzA) and  m e t h y l c y c l o h e x y l a m i n e  
(MChA). On the  basis  of  the  resul t s  of  these  and  o the r  s tudies  car r ied  
out  in our  l abora to ry6 ,  s-10 we shal l  d iscuss  the  obse rva t ions  refer red  to  
above. 

Experimental 

The rate of nitrosation was followed using a differential spectrophotometric 
technique in which absorbance was measured at 249 nm for DEA, DPA, DIPA, 
DBA and DIBA and at 323nm for MBzA, EBzA and MChA, these wave- 
lengths being isosbestic points for sodium nitritelL All experiments were 

Table 1. Molar absorptivitie8 of 2V-nitroso compounds a, b 

Nitrosamine ~249 (M-1 em 1) Nitrosamine ~32~ ( M-1 era-l) 

NDEA 3 358 ± 43 NMBzA 53.3 + 0.3 
NDPA 3 408 ± 42 NEBzA 56.0 ± 0.5 
NDIPA 3 752 + 38 NMChA 69.1 + 0.5 
NDBA 4610 ± 64 
NDIBA 3 527 ± 23 

a The ~ values of N02Na: ~323 = 11.8_+0.1 and ¢249 = 5 0  _____ 5 a r e  taken 
f rom 11. 

b Namine means N-nitrosamine (for ex., IVDEA means N-nitrosodiethy]a- 
mine). 
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carried out in the range pH 1.5-3.5 and with concentrations of nitrite low 
enough (5 20 mM) to avoid trouble caused by spontaneous decomposition of 
nitrous acid. The concentration of the amine ranged between 0.189 M for DBA 
and 1 M for DIPA.  All experiments were carried out at 298 K with the ionic 
strength brought to 2 M. 

Table 1 shows the results obtained for the molar absorptivities of sodium 
nitrite and the various nitroso compounds. 

The nitroso compounds used were either Serva products or were synthesiz- 
ed by ourselves using Vogel's method 12. For further details of laboratory 
techniques and data processing the reader is referred to previous papers~, 11, la 

Results 

W h e n  observed in presence of bromide  ions the n i t rosa t ion  of 
amines  s tudied was found  to be first order wi th  respect to the amine,  
s imul taneous ly  first and  second order wi th  respect to the n i t r i t e  and  
zeroth and  first order wi th  respect to the bromide  ion. W h e n  the 
concen t ra t ion  of the bromide  ion is zero the ini t ia l  ra te  is second order 
wi th  respect to the ni t r i te .  On the basis of these results  and  bear ing in 
mind  the  ra te  equa t ion  found  for the n i t rosa t ion  of d i m e t h y l a m i n e  13, 
the r~te equa t ion  deduced (extrapolated to [Br- ]  = 0") is 

v0 = ~ [nitrite]~ [amine]0 [H+J/(~ + [H +])z (1) 

Table 2. Kinetic parameters' and experimental enthalpies of activation 

Substrate ~a ( g  1 s-i) A H # ~) (kJ mol-~-) 

DEA (2.3 ___ 0.1) • 10 6 77 ± 2 
DPA (2.0 ± 0.3) • 10 -6 73 ± 5 
DIPA (2.9 ± 0.5)" 10 -6 70 ± 1 
DBA (3.0 ± 0.2) • 10 -6 76 ± 3 
DIBA (5.4 ± 0.1) - 10 -6 - -  
MBzA (1.5 ± 0.2)" 10 4 45 ± 3 
EBzA (2.0 ± 0.1) • 10 -4 - -  
MChA (1.4 ± 0.2) • 10 5 _ 
Morpholine (1.33 ± 0.02)" 10 -3 54.4 ± 0.5 

Determined at an ionic strength of 2.0 M except in the case of morpholine, 
for which the ionic strength was 0.5 M. 

b Determined in the range 17-35 °C. 

By means  of an optimizatioja process described in previous  
articles6,11,13 the values  of the  paramete rs  for the var ious subs t ra tes  

* A systematic study of the influence of bromide ions is at present under 
way in our laboratory. 
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were estimated.  Table 2 shows the values of ~ for the various substrates 
together with the experimental  enthalpies of activation. The mean of 
taken over all the substratcs used is 1.41 • 10 -a M. 

Mechanism and Rate Equation 

At the p H  and concentration of nitrite employed the effective 
nitrosating agent  ought to be dinitrogen trioxide l~. On the basis of the 
experimental  findings, and bearing in mind the results of previous 
work~, 11,1.3, the following mechanism is therefore proposed: 

1. NO~- + H + ~ HN02 K1 
2. R2NH + H+ ~,~ R2NH~ K2 
3. HN02 + H + ~- H2NO~ h~ 
4. H2NO~ + NOff ,~  N203 + H20 K4 
5. R2NH + N203 --+ R~NNO + NO2H ]c 

Since in the working conditions employed [amine] = [R2NH +] and 
[nitrite] = [N092] + [HN02],  the following rate equation is deduced: 

v o = ([cK3K4/K 1K2) [amine]o[nitrite]8[H+]/(1/K ~ + [H~]) 2 (2) 

which is compatible with the experimental  results obtained. This 
agreement implies a value of 2.85 for the p K  a of nitrite, which is in good 
correspondence with the values obtained by  other authors using non- 
kinetic methods 14 and is evidence in favour  of the mechanism proposed. 

Discussion 

From the values of ~ (shown in Table2)  k may  be calculated given 
the PKa of each amine 15 and the value of K = K 3 K 4 / K  1 

(2 NO2H ~ N203 + H20 K). The scat ter  of the values proposed for K in 
the l i terature is so wide tha t  some authors put  forward estimates as 
much as 70 times as large as othersS, 16-1s. The value proposed by 
Markovits  ctM. 7, (3 .03±0 .23) -10-3M -1, is of the same order of 
magni tude as the value calculated thermodynamicMly1% 
(2.3 +__ 1.0)' 10-aM -1. Markovits '  results have been confirmed by our- 
selves (unpublished results) and his is the value used in this paper. Table 3 
shows the results of this calculations of k for the amines studied by 
ourselves together  with values for a number  of amines studied by other 
authors which have been re-calculated using Markovits'  K.  

The values of k reported in Table 3 for amines of p K  a between 5.55 
and 11.25 are of the order of l0 s. Both this constancy and the value 
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Table 3. Values of k for various' 8ubstrates at 298 K 

643 

Subs t ra te  p K  a lc (M -1 s -1 ) ~ (M) I~ef. 

p - t r ime thy lamonium-  
aniline 2.51 4.7 
o~chloroaniline 2.63 1.4 
m-chloroaniline 3.46 9.6 
p-chloroanil ine 3.92 2.8 
o-toluidine 4:.39 4.2 
aniline 4.60 7.5 
m-goluidine 4.69 8.2 
N-methylani l ine  4.85 4.0 
p- toluidine 5.07 1.9 
p-methoxyani l ine  b 5.29 1.8 
piperazine 5.55 1.3 
hydroxylamine  5.90 2.0 
m ononitrosopiperazine 6.80 7.5 
morpholine 8.70 2.2 
methylbenzylamine  9.54: 1.8 
e thylbenzylamine  9.68 3.1 
N-methylglycine  10.20 1.5 
2-butylamine 10.56 1.6 
propylamine  10.67 9.4 
methylamine  10.70 t .6 
di- isobutylamine 10.82 1.3 
d imethylamine  10.87 1.2 
d ie thylamine 10.98 1.1 
dipropylamine 11.00 1.2 
methylcyclohexylamine 11.04 2.2 
d i4sopropylamine  11.20 1.6 
piperidine 11.20 1.3 
d ibuty lamine  11.25 1.8 

a dilute solutions 16 
b at  0 °C. 

106 0.1 20 
107 a 5 
107 a 5 
108 a 5 
10 s a 5 
10 s a 5 
108 a 5 
108 0.1 8 
109 a 5 
10 s 0.01 20 
10 s 1.0 6 
10 s 0.1 21 
107 - -  2 
108 0.5 9 
10 s 2.0 this paper  
10 s 2.0 this paper  
108 2.0 22 
10 s 1 . 2  10 
107 - -  23 
108 - -  23 
10 s 2.0 this paper  
10 s 2.0 13 
10 s 2.0 this paper  
l0 s 2.0 this paper 
lO s 2.0 this p~per 
10 s 2.0 this paper  
10 s - -  2 

10 s 2.0 this paper  

Table 4. Variation of ~ K a with temperature 

~K (M 2 cm-1) T (K) 

22.0 279.0 
23.1 284.1 
24.3 289.0 
25.3 293.6 
27.7 298.5 

a e represents  the molar absorp t iv i ty  of N203 at  285 nm. 
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i t se l f  i nd ica t e  t h a t  t he  r eac t ion  be tween  the  free amine  and  the  
n i t r o s a t i n g  agen t  N20a mus t  be di f fus ion controlled24, ss. This  in ter -  
p r e t a t i o n  is no t  incons i s t en t  wi th  the  b e h a v i o u r  shown in Table  3 fox' 

p K ~  < 5, when ]c decreases  wi th  the  bas i c i t y  of  the  subs t r a t e ,  since 
s imi lar  b e h a v i o u r  is obse rved  in the  n i t r o s a t i o n  of  ani l ines  b y  N O B r  
and  NOC1, which  are  recognized  in the  l i t e r a tu r e  as di f fus ion con t ro l l ed  
processes* 25, 26 

The di f fus ion con t ro l  hypo thes i s  has been fu r the r  t e s t ed  b y  cal- 
cu la t ing  the  en tha lp i e s  of  a c t i v a t i o n  for N203 a t t a c k i n g  the  free amine  
(step 5 of  the  mechan ism) .  The  e x p e r i m e n t a l  en tha lp i e s  of  a c t i v a t i o n  

shown in T a b l e 2  ref lec t  t he  v a r i a t i o n  of  ~ wi th  t e m p e r a t u r e .  Since 
= k K / K s ,  in o rder  to ca lcu la te  A H # for ]c i t  is necessa ry  to know the  

en tha lp i e s  of  p r o t o n a t i o n  for the  va r ious  amines  1~ and  the  e n t h a l p y  
associated with  K ( A H ) ,  which we :have calculated ourselves. Table  4 
shows the  v a r i a t i o n  of  ~ K wi th  t e m p e r a t u r e .  

F r o m  the  va lues  of Tab le  4 A H is e s t i m a t e d  to  be 5.9 _+ 0.5 k J /mo l .  
The  va lues  of  A H # ,  co r re spond ing  to  s tep  5 of the  mechan i sm,  are  
shown in Tab le  5, and  can be seen to  lie wi th in  the  gene ra l ly  p e r m i t t e d  
range  for di f fus ion con t ro l l ed  processes  %. 

Table 5. Values of A H # for the reaction of N20a with various substrates 

Substrate A H  # (kJ mo1-1) ' Substrate AH # (kJ mo1-1) 

D M A  1 D I B A  10 
DEA 21 Morpholine 7 
DPA 12 2-butylamine 19 
D I P A  7 N-methylglycine 26 
DBA 12 

The  resul t s  and  conclusions  p resen ted  in this  p a p e r  e l imina t e  the  
dif f icul t ies  some au tho r s  1, 4, 25 have  found in exp la in ing  the  i nva r i ance  
of  t:. I n  fact ,  if  the  r eac t ion  is d i f fus ion con t ro l l ed  the re  is indeed  no 

longer  a n y  d i f f i cu l ty  in exp la in ing  this  cons tancy ,  since the  n a t u r e  of  

* I t  should be pointed out that  the values of k listed in Table 3 are 
calculated from data  determined at very diverse ionic strengths and that  the 
lat ter  has a considerable influence upon the rate of reaction 13. Since only 
neutral molecules are involved in the rate determining step of the mechanism, 
the variation of the rate with the ionic strength is assumed to be due to changes 
in the equilibrium constants of the preceding steps. Nevertheless, since no data  
are available for the equilibrium constants in diverse working conditions (nor 
even for the thermodynamieM equilibrium constants of all the equilibria), this 
effect has been ignored in calculating the true rate constant k. 
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the substrate has no influence on/c. The model now proposed renders 
irrelevant such discussions, including our own published in 6 *. Since in 
the present s tudy N2Oa has not been observed to discriminate between 
amines of widely differing pK~ (itself evidence in favour of the diffusion 
hypothesis), the arguments  developed in6 are now unnecesary. 

Another example occurs in Challis and Kyrtopoulos' s tudy 2v of the 
nitrosation of piperidine by  gaseous N20a in alkaline solution, in which 
they arrive at the conclusion that N~O a generated in situ is less reactive 
than  the gaseous form. About  tha t  conclusion and taking into account 
t h a t - - a s  it seems to be indicated by  the results of this w o r k - - t h e  
reaction of N203 with piperidine is diffusion controlled, therefore any 
discussion of possible variations in the react ivi ty  of N2Oa depending on 
its origin seems unnecessary. I t  should be pointed out tha t  even though 
the value found by Challis and Kyrtopoulos for the reaction between 
N20 a and piperidine could be considered, at a first glance, to agree with 
the one we have calculated in this paper,  this agreement  is only 
superficial because of different working conditions (by injecting gase- 
ous N203 factors such as agitation, size and shape of the reaction vessel, 
etc. may  exert  a significant influence). Therefore it is not advisable to 
compare the two sets of results. 

A rather  different comment  may  be made upon the conclusions of 
Challis and Lawson 29 when studying the nitrosation of 2-phenylindole. 
On finding experimental ly tha t  the reaction is second-order with 
respect to HN02,  they consider two possibilities, diffusion controlled 
a t tack  by  N203 and basic catalysis by  N O t  ions. In  the light of the low 
value of/c they  obtain (0.8' 106 M -1 s -1) they reject the former hypo- 
thesis, but  at  the same t ime the second contradicts their own results for 
other indoles. This di lemma disappears when instead of the value 
0.2 M -1 Challis and Lawson used to calculate k, the Markovits' value of 
3 • 10 -a M -1 is used. This gives a value of 0.6- l0 s M -1 s -1 for k, which, 
even though obtained at  3 °C, is quite compatible with our own results 
in Table 3 and thus with a diffusion controlled a t tack  by  N~Oa. 

Finally, it must  be pointed out tha t  the t~et tha t  Marlcovits' value 
for K brings a number  of diverse results into line and enables a coherent 
explanation to be given for them all provides powerful evidence in 
favour of its accuracy. 
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