
., onatshe*'te Ohemie 11 ,  19S,) H0natsheflefor Cheniie 
�9 by Springer-Verlag 1981 

Kinetic Studies on the Formation of N-Nitroso Compounds. 
IV. Formation of Mononitrosopiperazine and General 
Discussion of N-Nitrosation Mechanisms in Aqueous 

Perchloric Solution 

J. Casado*, A. Castro, and M. A. Lopez Quintela 

Departamento de Qulniiea Fisica, inst i tuto de Investigaciones Qu~mieas, 
C.S.I.C., Universidad de Santiago, E-Santiago de Compostela, Espafia 

(Received 9 September 1980. Accepted 18 March 1981) 

The mechanism of formation of N-nitroso compounds, which are considered 
as potential chemical carcinogens was studied. 

The kinetics of nitrosation of piperazine (PIP) in aqueous solution of 
perehlorie acid have been investigated using a differential speetrophotometrie 
technique. Based on our experimental results, the following rate iaw, in the IVH- 
range 0.85 4.36, is proposed: 

v0 = [nitrite]02 [PIP]o/(1 + f/ [H+]) 2 (g [PIP]o + h + j [H+]) 

where [nitrite]0 and [PIP]o represent initial stoiehiometric concentrations. At 
298.2K and ~z= 1.0M, f =  (1.!7 _+ 0.11) 10-3M, g = ( 3 . 5 + 0 . 7 )  10-2Ms, 
h = 2.6 x 10 -6 M 2 s and j = (0.95 _+ 0.04) M s. 

When the acidity is increased ([H0104] > t M), a new kinetic term comes 
into play: 

v 0' = iv [nitrite]0 [PIP]o 

At 298.2E and ~z = 3.0M, iv = (1.9 -+ 0.2) 10-aM is i. 
A general mechanism for the nitrosation of any N-nitrosable substrate in 

aqueous perehtorie solution in which the only nitrosating agents are N~Os and 
HsNO2+/NO + is proposed. Also, the various particularities of this mechanism, 
according to the 1) K of the N-nitrosable substrate, are discussed. 

(Keywords. Kinetics; Mechanism; Mononitrosopiiverazine; N-Nitrosaticat; 
Piperazine) 

Kinetische Untersuchungen iiber die Bildung von N Nitroso-Verbindungen, 
4. Mitt.: Bildung yon Mononitrosoiv@erazin und eine ffenerelle Diskuasion des 

Mechanismus der N-Nitrosierung in w(iJ3riger Perchlorsgiure 

Der 5{echanismus der Bildnng yon N-Nitroso-Verbindungen, die als poten- 
tielle carcinogene Substanzen gelten, wurde untersucht. Die Kinetik der 
Nitrosierung yon Piperazin (PIP) in wgBriger Perchlorsgurel6sung wurde 
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mittels einer differentiellen spektrophotometrisehen Methode verfolgt. Es 
ergab sich fiir den pH Bereieh 0 , 8 5 ~ , 3 6  folgendes Zeitgesetz: 

v0 = [Nitrit]0~ [P IP]o / (1 + f/ [H+])2 (g [piP]o + h + j [H*] ) 

wobei [Nitrit]0 und [PIP]o die anf~nglichen st6ehiometrisehen Konzentra 
tionen bedeuten. Bei 298,2K und ~ a = l , 0 M ,  f = ( t , 1 7 + 0 , 1 1 ) 1 0 - a M ,  
g = (3,5 _+ 0,7)' 10 -~- M s, h = 2,6" 10 6 M 2 s and j = (0,95 _+ 0,04) M s. 

Bei ErhShung der Aeidit~it ([HC|O4] >_ 1 M) t r i t t  ein neuer kinetischer 
Term auf: 

v 6' = p [Nitrit]0 [PIP]0 

Bei 298,2K und ~ = 3,0M, p = (1,9 _+ 0,2) 10 3 M-is-1.  
Es wird ein genereller Meehanismus f/ir die Nitrosierung jedes N-nitrosier- 

baren Substrates in w/igriger PerchloratlSsung vorgesehlagen, wobei als nitro- 
sierende Agentien aussehlieBlieh N203 und HeNQ+/NO + auftreten. Es werden 
die Besonderheiten dieses Meehanismus beziiglieh der pK-Werte  der N- 
nitrosierbaren Substrate diskutiert. 

Introduction 

A m o n g  chemica ls  conf i rmed as carc inogens  which  have  been recent-  
ly r e p o r t e d  by  the  08ha 1 t he re  a p p e a r  a g r e a t  n u m b e r  of  N - n i t r o s o  
compounds  which  can be fo rmed  f rom amines  and  ni t r i tes2,  3. Un t i l  
now, however ,  no genera l  mechan i sm to i n t e rp re t  the i r  occur rence  in 
d i f ferent  med ia  a n d  under  d i f ferent  e x p e r i m e n t a l  cond i t ions  has  been 
proposed .  I n  prev ious  papers4,  5 we have  s t a t e d  the  ex is tence  of  two 
d i f ferent  mechan i sms  for the  N - n i t r o s a t i o n  r eac t i on  in aqueous  so lu t ion  
of  perch lor ic  acid,  depend ing  on t h e  p K  of the  2V-nitrosable compound .  
I n  fact ,  for the  n i t r o sa t i on  of  d i m e t h y l a m i n e  (DMA) in low a c id i t y  
solut ions,  we have  shown t h a t  d in i t rogen  t r i ox ide  is t h e  main  n i t ro-  
sa t ing  agent ,  whereas  for m e t h y l u r e a  (MU) the  n i t r o s a c i d i u m  a n d / o r  
t he  n i t r o s o n i u m  ion is t h e  ma in  agent .  I n  o rde r  to  i n t e r p r e t  these  
mechan i s t i c  differences r e l a t ed  to  the  p K  of the  N - n i t r o s a b l e  s u b s t r a t e  
and ,  i n a s m u c h  as D M A  and M U  have  a v e r y  d i f ferent  p K  value  (pK a : 
10.7 and  0.9, respec t ive ly) ,  we have  car r ied  ou t  a k ine t i c  s tudy ,  in 
s imi la r  cond i t ions  to  those  of the  a b o v e - m e n t i o n e d  papers ,  wi th  
p ipe raz ine  (PIP)  an amine  wi th  i n t e r m e d i a t e  bas ic i ty  (PKa = 5.55). 

I n  a d d i t i o n  to the  k ine t ic  i n t e r p r e t a t i o n  of the  resul ts  o b t a i n e d  w i th  
p iperaz ine ,  a genera l  mechan i sm is p roposed  t h a t  i n t e rp r e t s  sat is-  
f ac to r i l y  t he  severa l  k ine t ic  aspec ts  r e l a t ed  to t he  f o r m a t i o n  of  a n y  N- 
n i t roso  ~ompound in aqueous  perch lor ic  solut ion.  

Experimental 

The rate of nitrosation of piperazine was followed using a differential 
spectrophometric technique. Absorbance was measured at 249 nm. This wave- 
length corresponds to an isosbestie point of nitri te for which mononitro- 
sopiperazine (MNP) absorption is the strongest. 
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Since the ni trosat ion rate of piperazine is relat ively fast, there is no problem 
working at normal  temperature ,  tha t  is, at 298K, and low nitr i te  coneen- 
trations,  avoiding in this way  the problem of the spontaneous decomposit ion of 
nitrous acid. 

As piperazine has two N-ni t rosable  ni t rogen atoms, it may occur that  
dinitrosopiperazine (DNP) be formed by means of two consecutive reactions in 
the second of which M N P  is the 5"-nitrosable substrate instead of piperazine 
itself. However ,  it has been observed tha t  this second reaction of D2VP 
ibrmat ion pract ical ly does no t  take place under the exper imental  conditions of 
reaction when the initial rate method  was employed in the kinetic analysis of 
the data.  

All the kinetic runs were performed in duplicate at 298.2 K (with rate values 
agreeing to within 5~o) in 1 cm pi~th-length rectangular  quartz cells of a double 
beam P Y E  UNICAM SP 1700 spect rophotometer  wi th  an A R 2 5  linear 
recorder. 

All chemicals were Merck p.a. and s tandard analysis procedures were 
employed for their  estimation. Exper iments  were performed as in previous 
papers4, s. The A s values (equal to sMNp-Snitrite) s being the molar absorpt ivi ty  
obtained at 249 nm was (2.36 _+ 0.02) 103 M -1 cm-L 

All kinetic da ta  were analysed by the method of least squares in a UNIVAC 
1108 computer.  In  the linear least squares analysis, the  OLS/WLS 7 and the 
Lack of F i t  s tests were built in. The non-l inear opt imizat ion used is based on 
the Marquardt s t ra tegy 9, which minimizes the  value of the expression 

w~(y~ ~)~ where N o = number  of observations;  w,~ = weighting factor;  
i = l  

y~ = i th observat ion of the dependent  variable and ?)~ = i th calculated value of 
the dependent  variable. Standard deviat ions are used throughout  this work. 

Results and Discussion 

T h e  a c c e p t e d  s t o i c h i o m e t r y  for  t h e  r e a c t i o n  is g i v e n  in S c h e m e  1. 

Scheme 1 

H2~/ ~H2 HNO2 + ~ (~ H2 + H20 
H2C~.~/-CH2 H2C~.~I./C H 2 

H2 H 2 

Low Acidity Reaction Media: p H  >_ 1 

R e s u l t s  

A t  c o n s t a n t  [PIP]o , p H  a n d  tz, t h e  i n i t i a l  r a t e  o f  M N P  f o r m a t i o n  

was  p r o p o r t i o n a l  to  t h e  s q u a r e  of  t h e  i n i t i a l  s t o i c h i o m e t r i c  c o n c e n  
t r a t i o n  o f  n i t r i t e ,  as is s h o w n  in Fig .  1: 

v 0 = a [nit, r i te]0  ~ (1) 

U n d e r  t h e s e  c o n d i t i o n s ,  a = (5.6 _+ 0.2) 10 -2 M 1 s-1. 
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At constant [ P I P ] o  and ,~, values of the kinetic parameter  a were 
obtained varying the initial nitrite concentration in the range 
(1.10-11.0) 10-4M at different p H  values (0.85 4.36). The complete 
(pH-a)  profile is shown in Fig. 2. 

W]c o ' /  
0 1 i 

[nitrite]~o/(lO-5 M 2 ) 

Fig. 1. Ini]uenee of ni t r i te  concentrat ion on the initjM ra te  of fbrrnation oil 
mononitrosopiperazine at. 298.2 K, [PIP]o = 1.03 x 10 2 M, toll = 0.88 and 

= 1.OM 

When the initial piperazine concentration was varied in the range 
(5.90 x 10 5--0.288)M at constant values o f p H  and ~, it was found that  
the kinetic parameter  a [obtained varying the initial nitrite concen- 
trat ion in ~he range (1.10-5.50)10~M] displayed the experimental  
behaviour shown in Fig. 3. This curve can be expressed by the following 
equation (Fig. 4), 

a = [ P I P ] o / ( b [ P I P ] o  + c) (2) 

which shows the simultaneous existence of first.- and zeroth orders in 
piperazine. For the results shown in Fig. 4, b = (15.1 __0.4)Ms and 
c = (2.48 +_ 0.07) 10 -2 M 2 s l~ 

Mechanism 

From these experimental  results it follows tha t  dinitrogen trioxide 
is the only nitrosating carrier tha t  can really operate in these ex- 
perimental  conditions. 
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Fig. 2. [n i luenee  of p H  on second order  kinet ic  p a r a m e t e r  ct for the  n i t ros~t ion  
of Ioiperazine at  298.2 K, [PIP]o = 1.03 x 10 --~ M, [ni t r i te]0 : varied in the  range 

(1.10-11.0) x 10 .4 ~4/and ix = 1.0;lJ 

[PIPlo/fl0 ~M) 
] 2 

' :  I _,_____a- o 

6I --cJ 

,r i 

i 

0 0.5 1.0 1[5 
[PIPlo/(IO -s M) 

Fig. 3. In f luence  of p iperazine  on second order  k inet ic  p a r a m e t e r  a for the  
fo rmat ion  of mononi t rosopipera .z ine  at  298.2 K, [ni t r i te]0:  var ied in the  range  

(1.10-5.50) x 10-a M, pH = 4.22 and  a = 1 .0M 
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On the other hand, since piperazine is an amine less basic than 
D M A ,  it is necessary to consider the possibility tha t  the rate of N203 
formation may be comparable to its subsequent at tack on the amine, 
just as it occurs in the nitrosation of N-methylaniline (2oK = 4.85) 11. 

% 

' ' l b  ' i s  ' 
1/([PIP]ol03 M -I ) 

Fig.  4. In f luence of  p ipemz ine  concent ra t ion  on ~orm~t ion r~te of  monon i t roso -  
piper~zine under the experimental working conditions which are described in 

Fig. 3 

Theretbre the following reaction mechanism is proposed for the 
nitrosation of piperazine in reaction media of low acidity: 

1. C4N2H~ + H + ~ C4N2Hi~ (K1) 
2. NO2- + H + ~ HN02 (K2) fast, 
3. HN02 + H + ~ H2N02 + (K3) 
4. H2NO.) + + N02- ~ N203 + HzO (]c4' /c-4) slow 
5. N203 + C4N2H1P -~ CaN~HI~--NO + HN02 (/c5) 

According to this mechanism, the rate law can be expressed as 
follows: 

Vo = d [ M N P ] o / d t  = ks [N2Oa]0 [CaN~H~ 1o (3) 

Applying the steady state approximation to NzO3 and taking into 
account that,  under the working conditions used, it may be supposed 
that  (i) [ P I P ]  = [C4N~Hll +] + [CaN2H{~] and (ii) 
[nitrite] = IN02 ] + [HN02] 12,13 the following rate law can easily be 
deduced: 

Vo = ~ [ P I P ] o  [nitrite]02/(1 + ~/[H+])2 (y [ p I P ] o  + S + ~ [H+]) (4) 
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where, 

= k4ksk3/K2; ~ = I/K2; ~, = ks; ~ =/c_4; -~ = Ic 4Kv 

Rate  Law and Kinetic Parameters  

The rate law (4) interprets satisfactorily the second order depen- 
dence found with respect to nitrite and also shows tha t  the kinetic 
parameter  a can be expressed by the following equation: 

a = [PIP]o~  (1 + ~/[H +])2 (V/z [ P I P ] o  + ~/~ + ~/~ [H +]) (5) 

1~ �9 �9 �9 �9 
+ 

5 

0 5 10 15 
[H+I/(10-2M} 

Fig. 5. Influence of loll on nitrosation rate of piperazine under the experimental 
working conditions which are described in Fig. 2. The value of the kinetic 
parameter ~ = 9.3 x 10 -4 M was obtained by optimization (see text). The scales 

of points (O) are multiplied by the factor 10 2 

It should be noticed that when the pH remains constant, this equation 
is reduced to an expression similar to that experimentally found (2). On 
the other hand, at constant [P]P]o, the function which describes the 
influence of [H +] on the reaction rate is 

a = 1/(1 + ~/[H+])2 (V + 0 [H+]) (6) 

where 

= V/c~ + S/c~ [PIP]o and 0 = ~/~ [PZP3o 

With the aim of observing whether  the experimental  data (Fig. 2) 
may be well fi t ted to equat ion (6), the paramete r  ~ was optimized in 
order to fit da ta  to the following linear regression14: 

1/(1 + ~ / [ n + ] ) ~  ~ = d + e [ n + ]  (7) 

As is shown in Fig. 5, a satisfactorily fit t ing of da ta  is obtained. For  the 
results shown in this Figure, the following values of the kinetic 
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parameters  were obtainedl5: ,8 (op t imized)=  9.3 x 10--4M, d = (6.0 
0 + 4) 10 2 M s and e = 93 _+ 4 s. The value of ~ obtained implies a value 
of pKnitrit e of 3.03, in good agreement with values obtained by other 
authors using non-kinetic methods 16 and it constitutes another con- 
f irmation of the above fitting. 

Hence, according to these data,  the experimental  rate equation will 
be: 

v o = [nitrite]o~[PIP]o/(1 + f / [H*] ) ) (g  [PIP]o + It + j [H+]) (8) 

and the kinetic parameter  a defined above is given by 

a = [PIP]o~(1 + f/[H~])e (g [p IP]o  + h + j [H+]) (9) 

By means of the above mentioned method of non-linear optimization, 
the following values of the kinetic parameters  (f, g, h and j)  were 
obtained at  > = 1.0 M and T = 298.2 K, by  fitting the 28 experiments 
involved x7 : 

f = (1.17 + 0.11) lO -a M 
g = (3.5 _+ 0.7) 10 2 M s  

{h = (2.7 + 9.3) 10 .6 M s} 
j - (0 .95  _+ 0.04) M s 

As will be noticed, the value found for the kinetic parameter  h (that 
appear  between brackets) is not  statistically significant. This is a 
reasonable result, since by taking the approximate  value of 
3 x 10-6M ~s for the kinetic parameter  h, we find that ,  under the 
experimental  conditions of the present work, this term is not significant 
in relation to the others: h < < g [PIP]o and h < < j [H ~]. A more 
accurate value of the kinetic parameter  h can be obtained by comparing 
equations (4) and (8). F rom these, it can be deduced tha t  he = j /K1,  and 
taking for K1 the value of 3.7 x 105 la, h = 2.6 x 10-6 M 2 s. 

Comparat ive  Discussion 

By comparing equations (5) and (9) it is possible to deduce: 
i) A value of pKnitrne in bet ter  agreement  with all experimental  

data  than  tha t  obtained above:  

pKnitrit e = -log ~ = logf  = 2.93 _+ 0.04 

ii) The vMue of the formation rate  constant of N2Oa. For  compara-  
t ive purposes, we set up the tbllowing rate equation: v = /c  [HN02]  2 
corresponding to the process: 

2 H N Q  --+ N20a + H20 
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By  compar ing  this  process  wi th  s teps  2, 3 and  4 of the  above  
mechan i sm,  i t  can  be conc luded  t h a t :  

]C = k 4 K 3 / K  2 = ~/'~ = 1/g = (29 +_ 6 ) M - i s  -1. 

I n  Tab le  1 are  s u m m a r i z e d  the  ]c-values o b t a i n e d  b y  severa l  a u tho r s  
s t udy ing  d i f fe ren t  reac t ions .  Because  mos t  resul t s  were  ob t a ined  a t  
273.2 K,  we have  e x t r a p o l a t e d  our  ]c-value o b t a i n e d  a t  298.2 K to  t h a t  
t e m p e r a t u r e .  F o r  th is  p u r p o s e  we have  t a k e n  into  a c c oun t  the  va lue  of 
6 2 . 3 k J  mo l - I  for t he  a p p a r e n t  a c t i v a t i o n  energy  of  ]c o b t a i n e d  b y  
D6ring  and  Gehlen is. 

Table i. Second" order rate con.stants for the ]brmation of N20 a at 273.2 K 

Reaction tz/M le/M -1 s -1 Ref. 

Diazotization of aniline 
Idem in acetate and phtalate buffers 
Diazotization of aniline 
Diazotization of other aromatic amines 
0xigen exchange between nitrous acid 

and water 
Azide-nitrite reaction 
Asorbic acid oxidation by nitrous acid 
Hydroxylamine-nitrous acid reaction 
Nitrosation of 1,2-dimethylindole 
Nitrosation of piperazine 

0.01 0.85 ~ 
0.1 0.78 is 

0.92 20 
0.01 0.80 21 

0,24).3 0.53 ~2 
0.01 0.80 ~ 

- -  0.55 2~ 
--- 0.59 is 

0.90* ~4 
1.0 2.8 this paper 

* At 276.2K. 

iii) The  r a t e  cons tan t ,  k5, co r respond ing  to  t he  a t t a c k  of  the  
n i t r o s a t i n g  agent ,  N203, on p iperaz ine .  F r o m  h, and  t a k i n g  for t he  
equ i l ib r ium c o n s t a n t  of N20a f o r m a t i o n  (KN203 = K a K4/K2)  the  va lue  
of  0.1625, 26 

kx~o~ = (1/KN~o3)/h = k 5 = 2.4 x 106 M - i s  1. 

In termedia te  A c i d i t y  Reac t ion  M e d i a :  [ H C 1 Q ]  >__ 1 M 

Resu l t s  

A t  [HC104] = 1 M and  c o n s t a n t  [ P I P ] o ,  the  inf luence of n i t r i t e  on 
r e a c t i o n  ra te  was  s tud ied .  U n d e r  these  cond i t ions  i t  was  found  t h a t  the  
r eac t ion  was  f i rs t -  and  second  order  in n i t r i t e  (Fig. 6): 

v 0 = / [n i t r i te]0  + m [nitri te]02 (10) 
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Under  the condit ions used to obta in  the  results shown in Fig. 6, 
l = (1.85 ___ 0.15) 10 5s-1 and m = (6.2 __ 0.3) 10-3 M-1 s -1. 

Fo r  compara t ive  purposes.  Eq.  (8) can be ex t rapola ted  to the 
present  experimental  conditions. The m-value so obtained is 
re(ext.)  = (10.4 _+ 0 . 4 ) 1 0 - a M - i s  -1. The difference m a y  be explained 
tak ing  into account  t h a t  this la t ter  value was obta ined for i~ = 1 .0M 
and the former  for 3.0 M. 

% 4  
-% 
7 

-9, 
>~ 

2 

, } , ~ , ; 
[nitrite]o/(lO SM) 

Fig. 6. Influence of nitrite concentration on the initial ratt, of nitrosation of 
piperazine at 298.2K, [PIP]  o = 1.03x 10 2M, [HCI04]=  1.0M and 

= 3.0M 

In  order to  isolate only the first order in nitri te,  the acidi ty  of  the 
react ion medium was increased. The react ion became too fast for 
analysis  by the initial ra te  method ,  so t h a t  in this case the integral  
me thod  was applied ([HCI04] = 3 .0M and [nitrite]0 = 2 x 10-4M). 
However ,  a compet i t ive  react ion appeared,  the fo rmat ion  of  D N P .  This 
substance  has a molar  absorpt iv i ty ,  at  the wavelength  used, appoxi-  
ma te ly  ten  times greater  t h a n  M N P .  This means t h a t  this react ion soon 
interferes with the first react ion which is therefore ve ry  difficult to  
isolate. I t  would be possible to analyse bo th  react ions as consecutive 
reactions,  bu t  it seemed more  convenient  to  car ry  ou t  a s t udy  of  this 
new mechan i sm "v ia  first order in n i t r i te"  under  the conditions of  lower 
ac id i ty  which can be studied more easily even t hough  the mechanism 
'%-ia N203" s tudied above was still present .  

I t  was then  observed t h a t  the  kinetic pa ramete r  l [obta ined by 
vary ing  the  initial ni t r i te  concent ra t ion  in the  range (0.50~.5) 10 -a M],  
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once the influence of  the second order in nitr i te had  been removed  was 
propor t iona l  t.o piperazine concent ra t ion  (Fig. 7): 

1 = n [ P I P ] o  ( 1 l)  

Under  those conditions, n = (1.98 _ 0.02) 10-~M -1 s -1. 
I t  was also observed t h a t  the kinetic pa rame te r  I was independent  of  

the ac id i ty  of  the react ion med ium in the range : [HC104] : 1.0-1.8 M. 

6 

4 

b 
% 

o ~ �89 3 
[PIP]o/(IO-2M) 

Fig. 7. In f luence  of piioerazine concen t r a t ion  on the  f irst  order k inet ic  
parameter l for the nitrosation of piperazine at 298.2 K, [nitrite]o : varied in the 

range (0.500-2.50) x 10-3M, [HCI04] = 1.0M and ~z = 3.0M 

We can therefore conclude this new te rm satisfies the following 
equa t ion  : 

v0' = p [ni t r i te]  0 [ P I P ] o  (12) 

At 292.2K and a = 3 .0M,  p = (1.9 • 0.2) 10:-aM is  1. 

Mechanism and Discussion 

The new te rm (v0') in the kinetic equa t ion  can be in terpreted if it is 
assumed t h a t  on increasing the  acidi ty  of the medium a new ni t rosa t ion 
pa th  becomes more and more  impor tan t .  This is expressed by  stage 6. of  
the mechanism in which it is supposed tha t  the  n i t rosacidium ion (or 
n i t rosonium ion, see previous papers4, 5) is the  new ni t rosat ing agent :  

6. C42~2Hll + + H~NO2+-*C4N2Hi~- -NO + H30  + (]c6) slow 
According to this, the  rate  law can be expressed as: 

Vo' = ~6 [H2N02+]o [C4N2H~ ]0 (13) 
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And, t ak ing  into account  t h a t  under  these working  condi t ions  (high 
acidi ty) ,  it m a y  be supposed  t h a t  [nitri te]0 = [ H N Q ]  and 
[PIP]o  = [C4N2Hl+22]01e, 13, we can wri te :  

v o' = X [PIP]o  [nitri te]0 (14) 

where  X = ]cGK3/K 1. This equa t ion  is ident ical  in fo rm to t h a t  found  
expe r imen ta l ly  (12). B y  compar ing  equa t ions  (12) and  (14) we find 
t h a t  : 

p = lc6K3/K 1 = (1.9 _+ 0.2) 10 a M - i s  1 

and  tak ing  into  account  t h a t  K1 = 3.7 x 10 ~ 13 and  K3 = 4 x 10 -7 a'5 we 
obta in  the  ra te  cons tan t  re la ted to the  a t t a c k  of the  n i t rosac id ium ion 
on p iperaz ine  : 

]cfi2No2+ = ]c 6 = 1.8 x 109M- i s  1 

By  compar ing  the  ra te  cons tan t s  ]C~o~ and ]CH~XO ~_ one m a y  observe 
t h a t  only the  a t t a c k  of the n i t roac id ium ion on piperazine  is close to the 
encounter - l imi t  in aqueous  solution, which is in ag reemen t  wi th  the 
results  r epor ted  in previous  papers  wi th  o ther  subs t ra tes  (see below). 

Nitrosation Mechanisms in Perchloric Acid Solution: General Survey 

I n  the  light of these resul ts  and  t ak ing  into accoun t  those repor ted  
in preceding papers  for the n i t rosa t ion  of D M A  4 and M U 5 and  also 
those  for s imilar  react ions 27, we propose  the  following m e c h a n i s m  as 
general  for the  n i t rosa t ion  of any  subs t ra t e  in perchloric acid solut ion : 

1. A ' A N H  + H + ~ A ' A N H 2  + (K1) 
2. N02 + H + ~ H N 0 2  (K2) fas t  
3. H N 0 2  + H + ~-~ H2N02 + (K3) 
4. H2N02 + + NO2-  ~ N203 + H20  (k4, k-4) 
5. A ' A N H  + N2Oa ~ A ' A N - N 0  + H N 0 2  (ks) slow 
6. A ' A N H  + H2N02 + -~ A ' A N - N O  + H30  + (k6) 

where  A ' A N H  represents  any  N-n i t rosab le  subs t ra te .  
The  ra te  equa t ion  is then :  

Vo = [d  [ N - n i t r o s o c o m p o u n d ] / d  tit  ~0 = 

= k 5 [NzOa]0 [ A ' A N H ] 0  + k 6 [HzN02+]o [ A ' A N H ] o  (15) 

Apply ing  the  s teady  s ta te  a p p r o x i m a t i o n  to NzOa and t ak ing  into 
accoun t  [ S U B ]  = [ A ' A N H 2  +] + [ A ' A N H ]  and [ni t r i te]  = 
[ H N Q ]  + [ N Q  ] the  following ra te  law can be deduced f rom (15): 

(k4 k5 K3/K2) [nitr i te]o 2 [SUB]o 
Vo= + 

(1 + 1/K2 [H+])  2 (ks [SUB]o + ]c-4 + K1/c-4 [H+])  
(16) 

ka K3 [nitri te]o [SUB]o [H +] 
+ 

(1 -}- 1/K 2 [I:[+] ) (1 -]- K 1 [H+])  
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This ra te  law may  be considered as the general rate equation for N- 
nitrosation in aqueous solution of perehloric acid and it is valid, in 
principle, for any  N-nitrosable substrate.  The characteristic parameters  
in Eq. (16) for a part icular  substrate  are obviously/ca, k6 and K1, tha t  is, 
the rate constants for the a t tack  of the nitrosating agent on the 
substrate  and the equilibrium constant  for the protonat ion of the N-  
nitrosable nitrogen atom. 

I t  is obvious tha t  to carry out a quant i ta t ive discussion of this 
equation in order not  only to interpret  the different experimental  
results obtained but  also to predict  the mechanistic pa th  by which the 
nitrosation reaction takes place for a particular substrate,  it is ne- 
cessary to know how the values of lea and/c 6 change with the part icular  
nature  of the substrate.  As was s ta ted 6, al though in series of similar 
compounds coherent correlations m a y  be set up between the values of 
k 5, /c 6 and K1, a similar correlation does not  seem to exist when the 
compounds are of unrelated structures. Clearly the reason is tha t  K 1 (a 
thermodynamic  quanti ty)  does not represent a react ivi ty  index (a 
Mnetic quant i ty)  tha t  allows all aspects involved in the a t tack  of the 
ni trosating agent  on the N-nitrosable compound to be explained. I t  is 
therefore necessary to take into account  in this discussion aspects other 
than the p K  t ha t  can influence this react ivi ty  (see below). For this 
purpose we have summarized in Table 2 some of more representat ive 
values of k 5 and lc 6 arranged according to the nature  of the substrate.  

Influence of the Nature of the Substrate on k.5 

From Table 2 it may  be deduced tha t  fundamental ly  two factors 
influence this rate constant,  namely:  

i) The polarizabili ty of the lone pair of electrons of the nitrogen 
a tom of the N-nitrosable compound. In  fact, the rate  constant  /c 5 is 
relatively small if we compare its values with the limitingvalue in 
aqueous solution ( ~  1010) 37 because N203 is a non-ionic nitrosating 
agent and only weakly electrophilic (compared, for example,  to 
H2NO~+)27, 38. This implies tha t  the degree of polarizabili ty of the 
electron pair of substrate  nitrogen will be a decisive factor in the 
formation of the new bond with N203. Thus, for example, according to 
Schmid31, "39, the polarizabili ty of the lone electron pair of a nitrogen 
a tom is great ly  increased when there is a n-aromatic electron cloud in 
the molecule with which it can interact.  This implies tha t  for these 
compounds/c 5 is greater  than  those in which there is not  this possibility 
of conjugation (see Table 2). 

Another way  to increase the polarizabili ty could also be the 
existence of a negative charge on the nitrogen atom. This electronic 
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Table 2. Values of ]c 5 and ]c6for the nitrosation of different substrates by Nz03 and 
H2N02 +, respectively, at 298.2 K 

Substrate  p K  a ]c5/M 1 s 1 k6/M - i s  -1 Characteristics Ref. 

2,4-dinitro- 
aniline 4.5 - -  2.4 x l0 s 
azulene 1.67 - -  7.4 x 1010 
p- t r imethylamo-  
niumanil ine 2,51 ~ 7 x 106 
o-chloroaniline 2.63 ~ 3 x 106 1.2 x 10 lo 
o-toluidine 4.39 ~ 8 x 107 1.5 x 10 lo 
p-tolnidine 5.07 ~ 4 x 10 s 2.0 x 10 lo 
p-methoxyani l ine  5.29 ~ 3 x 10 s - -  

azide 5.0 - -  3.8 x 10 lo 

piperazine 5.55 2.4 x 106 2.3 x 109 

phenylurea ~ - - 0 . 3  < 2 x 10 -8 ~ 7 x 105 
methylurea  0.9 < 20 8 x 107 
mononitroso- 
piperazine 6.8 5.2 x 105 - -  
N,N-dimethyl -  
hydracine 7.21 1.0 x l0 s 
hydracine 8.07 - -  2.0 x 109 
d imethylamine  10.9 2 x 10 ~ ~ 2 x 10 m 

neutral,  aromatic  
neutral,  aromatic 

cationic, aromatic  
neutral ,  aromatic  
neutral,  aromatic  
neutral,  aromatic 
neutral,  aromatic 

anionic, aliphagie 

cationic, Miphatie 

neutral ,  aliphatic 
neutral  aliphatic 

neutral  aliiohatic 

neutral  aliphatic 
neutral  aliphatie 
neutral ,  aliphatie 

c h a r g e  w o u l d  be  m u c h  m o r e  p o l a r i z a b l e  t h a n  t h e  lone  pa i r  o f  t h e  

n i t r o g e n  a t o m .  U n t i l  n o w ,  h o w e v e r ,  t h e r e  is n o t  a n y  e x a m p l e  o f  th i s  

pos ib le  ef fec t ,  b e c a u s e  t h e r e  are  v e r y  l i t t l e  s tud ie s  w i t h  n e g a t i v e l y  

c h a r g e d  s u b s t r a t e s .  
ii) T h e  e x c i t a t i o n  of  t h e  e l e e t roph i l i c  c h a r a c t e r  o f  t h e  n i t r o s a t i n g  

agen t .  T h i s  e x c i t a t i o n  m a y  be  a c h i e v e d ,  for  e x a m p l e ,  b y  t h e  p r e sence  o f  

a p o s i t i v e  c h a r g e  in t h e  s u b s t r a t e  m o l e c u l e  t h a t  f a c i l i t a t e s  t h e  a t t a c k  o f  

t h e  n i t r o s a t i n g  a g e n t  b y  m e a n s  o f  a p rocess  l ike  t h e  one  s h o w n  in 

S c h e m e  2. 

Scheme 2 

, //0 
A ' ~  N .~6+ N 

A \  N~ 
~ - 0  j "~ 0 

T h i s  e f fec t  m a y  be  o b s e r v e d  i f  we  c o m p a r e  t h e  r a t e  c o n s t a n t s  k 5 for  

c a t i o n i c  a n d  n e u t r a l  c o m p o u n d s ,  for  e x a m p l e  P I P  a n d  D M A  (see T a b l e  
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2); this lat ter  compound,  being a non-charged molecule, lacks this 
excitat ion effect. This explains why the rate constants for PIP and 
DMA are of similar magni tude a l though the electron density over the 
nitrogen a tom of DMA must  be greater  than tha t  of PIP,  as is shown 
by the difference in their pK values. 

On the other hand, one notes tha t  this secons factor is quanti ta-  
t ively less impor tan t  than  the effect of the polarizabili ty as it is shown 
by  the tact tha t  the rate  constants ]c a for aromatic  amines are greater 
than  those for cationic compounds (/c a for/o-methoxyaniline = 3. l0 s,/c a 
for piperazine = 2,4' 106). 

Influence of the Nature of the Substrate on Ic 6 

As m a y  be observed in Table 2, the rate constants for the H2N02 + 
ion are greater  than  those of N20 a. This is a reasonable result given the 
much more electrophilic character  of the cationic nitrosating agent  27. 
Because of this great react ivi ty  it is also observed that ,  except for 
nonaromat ie  compounds of ]ou T /oK (as for example MU), the rate  
constants are close to the encounter-rate  limit in aqueous solution. 

For  k 6 the effects considered above (i, ii) with regard to ka, we 
observe that ,  in this case, no excitat ion process of the electrophilic 
character  of the nitrosating agent  could take place because the 
nitrosacidium ion is not only an electrophilic compound but, also a 
nucleophobe and there will be a tendency for the positive charge of the 
substrate  to avoid it, eliminating in this way the possibility of the 
excitat ion effect. In  fact, we observe tha t  k 6 actually increases aproxi- 
mate ly  10-fold from P I P  to DMA, this increase being limited by the 
encounter-rate limit in solution. (Compare with the ahnost  zero varia- 
tion of ]C5 for the same examples). 

The effect of polarizabili ty will also be very impor tan t  in this case, 
so much for the presence of an aromatic  ~-cloud (compare, for example,  
]C6 for o-chloroaniline and N,N-dimethylhydracine)  as for the existence 
of a negative charge on the substrate  nitrogen (compare, for example,/% 
for azide and hydracine). However,  given the much more electrophilic 
character  of the H 2 N Q  + ion compared to N203, its react ivi ty  will be 
much less influenced by polarizabili ty than N2Oa. Moreover, this 
influence will be damped when the rate  constant  ]% is close to the 
encounter-rate  limit. 

I f  we take into account these aspects, then, it is possible to a t ta in  a 
quali tat ive interpretat ion of the different kinetic laws for the N- 
nitrosation reaction in aqueous perchloric solution on the basis of the 
basicity of the N-nitrosable substrate40 : 

82 ]~Jonatshefte s Chemi% VoL l12/J 1 
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1. High Basicity 

For these substrates, such as DMA, Eq. (16) can be reduced to: 

(K 3 K 4/C5/K1 K~) [nitrite]02 [SUB]o k6K3 [nitrite]o [SUB]o 
v~ -- (1 + l/K2 [H+]) 2 [H +] + K1 (1 + 1/K 2 [H+]) (17) 

where K4 =/c4/k 4. 

This equation shows that  when K 1 is great, equilibrium 1 of the 
general mechanism is found greatly shifted to the right hand side, that  
is, there is a very low amount  of free substrate tha t  is able to react  with 
the nitrosating agents. This implies tha t  with these compounds the 
formation of the nitrosating agent, N~03, is not  found to be the 
product-determining stage of the reaction. 

On increasing K1,/ca and ]c a they do not  increase in the sanre ratio, 
first, because nucleophilicity increases less than basicity 11 and, second, 
because/ca is close to the encounter-rate limit. Hence, in general, when 
the pK increases in a series, the nitrosation rate significantly decreases. 
This is the reason why aliphatie amines react very slowly, so much that  
with these compounds it is necessary to take into account a parallel 
reaction, the self-decomposition of nitrous acid4. As a consequence of 
the self-decomposition the rate is greatly increasing with ~he acidity of 
the reaction medium41; and given that ,  as can be deduced from Eq. 
(16), the mechanism via H~NO2 + requires a more acidified reaction 
medium than the mechanism via N9.03, it is very difficult to detect the 
presence of the mechanism via H2N02 + with these compounds. In fact, 
the influence of this term could only be observed in the nitrosation of 
DMA under extreme experimental conditions while studying the 
catalysis of nitrosation by chloride ions 6. 

2. Intermediate Basicity 

For those substrates with intermediate basicity, such as piperazine, 
toluidine, etc., it is possible, in principle, to set up experimental 
conditions to observe all the kinetic terms of the rate equation (16). 
Clearly these experimental conditions will depend on each particular 
substrate. 

3. Low Basieity 

For these substrates, one must distinguish in advance those with 
high polarizability (such as aromatic compounds) and those which do 
not show this effect (for example, MU). Whereas for the former it is 
possible, in principle, to set up experimental conditions to observe both 
terms of Eq. (16), for the latter it is very  difficult to detect the 
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m e c h a n i s m  v ia  N.~Oa because  the  differences be tween  ]c 5 and  k 6 become 

g rea t e r  and  g rea t e r ,  since t he  r e a c t i v i t y  of  N20 3 is more  inf luenced b y  
the  nue leoph i l i e i ty  of  the  s u b s t r a t e  t h a n  t h a t  of  H2N02*, as was s t a t e d  
a b o v e  (see also%). Hence,  for these  compounds ,  the  r a t e  equa t ion  is 
p r a c t i c a l l y  r educed  to  t he  2nd t e r m  of Eq .  (16). 

F i n a l l y ,  i t  is conven ien t  to  po in t  ou t  t h a t  i t  would  be v e r y  
in te res t ing  to  be able  to  desc r ibed  in q u a n t i t a t i v e  form the  va r ious  
fac to rs  d e p e n d i n g  on the  form of the  N - n i t r o s a b l e  s u b s t r a t e  t h a t  can 
affect  the  r e a c t i v i t y  of the  agen t s  N2Oa and  H2NO.) +. So far,  however ,  
t he re  a re  n o t  suff ic ient  resu l t s  ava i l ab l e  to  p e r m i t  such conclusions.  
F r e e - e n e r g y  cor re la t ions  a n d  i so topic  s tudies ,  among  others ,  are  at  t he  
m o m e n t  being u n d e r t a k i n g  so as to  r each  th i s  q u a n t i t a t i v e  descr ip t ion .  
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