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Kinetics, mechanism, and reactivity of an activated carbon--carbon double 
bond in nitroxyl radicals and their diamagnetic analog in interaction 

with some secondary amines and polyethyleneimine 
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Routes for the reaction of a conjugated methylene group of nitroxyl radicals (NR) with 
secondary amines were suggested and analyzed. Kinetic parameters of the limiting step of 
this reaction for the NR--amine and diamagnetic analog of NR--amine systems were 
estimated. The effect of the medium on these reactions was examined. The specific behavior 
of polyethyleneimine in the reaction with activated methylene groups of 2,2,6,6-tetramethyl- 
3,5-dimethylene-4-oxopiperidine-l-oxyl was demonstrated. 
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Reaction products of 2 ,2,6,6- te tramethyl-3-methyl-  
ene-4-oxopiper idine- l -oxyl  ( la)  and 2,2,6,6-tetramethyl- 
3 ,5-d imethylene-4-oxopiper id ine- l -oxyl  ( l b ) w i t h  sev- 
eral secondary amines have been obtained previously l 
and characterized. The free valence was not affected in 
these reactions. In the present work, we performed the 
kinetic study of these reactions and analyzed the mecha-  
nism of the reaction of nitroxyl radicals (NR) l a - - d  with 
piperidine, morphol ine,  and polyethyleneimine (PEI). 
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Experimental 

The kinetic regularities of reactions of NR with secondary 
amines and PEI were studied at 22 °C by the stop-flow 

method, using a Durrum speCtrophotometer. Measurements 
were carried out at 270, 340, 380, and 425 nm. n-Hexane, 
toluene, chlorobenzene, o-dichlorobenzene, methanol and its 
mixtures with n-hexane, and mixtures of acetone with n-hexane 
were used as solvents. The concentrations of amine and PEI 
(5000) were 0.03 to 0.4 and 0.07 to 0.24 mol L -I ,  respec- 
tively; the concentrations of compounds la--d were (7-- 
40)" 10 -4 mol L -I. The following constants of amine di- 
merization were used for the calculation of the monomeric 
form of amineZ,3: for piperidine, 0.3 L mol -I and for mor- 
pholine, 2.4 L mol -I. Compounds lb,e were synthesized as 
described previously. 1 

Compound la was obtained by the following reaction: 
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+ NaOH 

A 0.1% solution of NaOH was added to an aqueous 
solution of salt. The reaction was completed in less than 
1 min. Compound la was extracted with a-hexane and dried 
with calcium chloride and molecular sieves 4 A. Compound ld 
was synthesized by the known procedure. 4 The dielectric 
permeabilities of n-hexane--methanol and n-hexane--acetone 
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mixtures were calculated using the additivity ride. The effective 
rate constants kexp of the reactions of la - -d  with amines were 
calculated on a computer with a program for irreversible first- 
order reactions, using the time dependence of the optical 
density, 

2_3 D O - D~ 
kexp = - -  log ( 1 ) 

x D -  D~ ' 

where D O and D are the initial and current optical densities, D+ 
is the optical density after completion of the reaction, and x is 
time in sec. The error in the determination of reaction rate 
constants was not greater than 10--15 %. 

The correlation between the real (kl, k 2, k3) and effective 
(kexp) rate constants for the reactions of la - -d  with amines is 
determined by Eqs. (7)--(9) (see below). Rate constants k I, k 2, 
and k 3 were computed using the least-sqtmres method. 

Results and Discussion 

The addi t ion  of  secondary  amines  to the double bond 
act ivated by the carbonyl  group of  stable radical l a  
occurs via Scheme 1. 
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A similar  react ion also occurs for l c ,  for which it is 
known 5 that  only the double  bond conjugated with the 
carbonyl  group readily adds nucleophiles.  The reaction 
of  c o m p o u n d  lb  with secondary  amines  results in the 
format ion of  products  of  mono-  and bis-addi t ion via 
Schemes  2 and 3. 

As has been shown, in the reaction with piperidine 
(0.4 mol L - l ,  [ lb]  = 4.7" 10 -3 mol L - l ,  22 °C, anhy-  
drous hexane as a solvent) ,  the ratio of  rate constants of  
the  react ions in Schemes  2 and 3 is the following: 
k'exp/k"ex p = 0.8 s - I / 2  " 10 -4 s - I  = 4" 103. This shows 
that the react ions  in Schemes  2 and 3 are distinctly 

separated in t ime,  which allows one to measure  precisely 
the rate constant  for the react ion in Scheme 2. 

In all cases, the rate o f  format ion of  the final p rod-  
ucts at a 10-fold (and higher) excess of  amine  obeys the 
regularities of  irreversible f i rs t -order  reactions.  

The react ion order  with respect to amine  was deter-  
mined from the Iogw 0 vs. log[BM] dependence ,  where 
w 0 is the initial rate of  the reaction in Scheme 1 or  2 
de termined from the consumpt ion  of  compounds  l a - - d ,  
and [BM] is the concent ra t ion  of  the monomer i c  form of  
the amine.  The  second order  with respect to amine  is 
observed for concentra t ions  higher than 0.1 mol L - I .  
When  the concent ra t ions  are lower than 0.1 mol L -~, 
the react ion order  decreases to the first order  in all 
systems studied. The corresponding data for the l c - -  
piper idine system are presented in Fig. 1. The react ion 
rate constants  kex o were de te rmined  by Eq. (1) for the 
same concent ra t ion  of  amine  for all systems. For  ex- 
ample,  the values of  [B0] (total concentra t ion  of  amine) ,  
IBM], [BDI (dimeric  form of  amine) ,  and kexp for the 
l c - - p i p e r i d i n e  system are presented in Table 1. 

Table 1. Concentrations of piperidine forms and the corresponding experi- 
mental values of the reaction rate constants of le with piperidine (kexp) at 
22 °C in n-hexane 

lB0] IBM] IBDI kexp/s -~ [B0] IBMI [BD] kexp/S -I  
/mol L -I  /tool L -I  

0.4 0.333 0.0335 0.602 0.148 0.137 0.0055 0.132 
0.333 0.285 0.0245 0.474 0.079 0.076 0.0017 0.061 
0.267 0.234 0.0165 0.338 0.058 0.056 0.001 0.033 
0.222 0.199 0.012 0.238 0.044 0.043 0.00055 0.025 
0.178 0.162 0.008 0.183 0.029 0.0288 0.00025 0.014 
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Fig. 1. Logarithmic dependence of the initial reaction rate of 
le with piperidine on the concentration of the monomeric 
form of amine. 

Based on the experimental results obtained and litera- 
ture data, 6- I t  one can suggest several routes of product 
formation for the reaction of conjugated enones la--d  
with secondary amines, the most probable of which are 
presented below. Using compound la as an example, let 
us consider the reaction scheme, which envisages that 
the amine exists in hexane in monomeric and dimeric 
forms, whose ratio is determined by the equilibrium 
constant (see Scheme 4). 

Route R-I .  The reaction begins from the formation 
of H-complex 2a involving the carbonyl group of radical 
la and the amine. Such complexes are known. 6-s,H 
The second stage is the intramolecular nucleophilic 
attack by the N atom of amine on the methylene group. 
It is assumed that this reaction results in bipolar ion C, 
which then transforms into final product P via the enol 
form of ketone D. The possibility of generation of 
bipolar ions upon nucleophilic attack on the double 
bonds is postulated. 9 This route provides a reaction 
order with respect to amine of not higher than 1. 

Route R-2. The reaction of H-complex 2a with the 
second amine molecule, whose N atom attacks the C 
atom of the methylene group in 2a, is possible along 
with its intramolecular transformation. This route results 
in the formation of the bipolar ion C', which transforms 
stepwise into the final reaction product. The most favor- 
able orientation of reactive groups for the intraionic 

proton transfer from the - - N - - H  fragment to the carbo- 
nyl group is provided in the bipolar ion C" due to 
intramolecular H-bonds. This "relayed" proton transfer 
results in the formation of the enol form of ketone and 
release of the amine molecule. 

Route R-3. It should be taken into account that 
H-complex 3a can be formed that involves the carbonyl 
group and the dimeric form of amine, whose concentra- 
tion in the solution is rather high. Then the bipolar ion 
C" is formed via this route by the intramolecular nu- 
cleophilic attack. 

The analysis of the kinetics of the reaction in 
Scheme l is based on separate consideration of routes 
R-l,  R-2, and R-3. Assuming that the equilibrium for 
complex 2a is rapidly established and its consumption 
with the formation of the reaction products does not 
disturb the equilibrium, the concentration of the com- 
plexes can be represented as follows: [2a] = Ke[AI[BM] 
(2); 3a: [3a] = K'e[A][BD] (3), where [A] is the concen- 
tration of unbound form la. Taking into account the 
mass balance, we have [A0] = [A] + [2a] (4) for routes 
R-1 and R-2 and [Ao] = [A] + [3a] (5) for route R-3 
under the general condition that [B0] >> [A0] (6), where 
[B0] and [A0] are the total concentrations of the amine 
and compounds la, respectively, and [2a] and [3a] are 
the concentrations of H-complexes la  with monomeric 
and dimeric forms, respectively. The correlation be- 
tween the experimentally determined reaction rate con- 
stant kex p and kinetic and thermodynamic parameters of 
the reaction in Scheme 4 takes the form that is conve- 
nient for their determination. For example, for route 
R-l ,  l / kex  p = 1/k I + l/kiKe[B M] (7); for route R-2, 
[BMl/ke× ~ = l /k  2 + I/k2Ke[BMI (8); and for route R-3, 
l/kex p = I lk  3 + 1/k3Ke'[BD] (9). The stages with the 
rate constants kt, k 2, and k 3 are rate-limiting, t,9 and K e 
and K e' are the equilibrium constants of the stages of 
formation of H-complexes 2a and 3a, respectively. 

Of course, one of these directions is dominating. Let 
us consider possible variants using as an example the 
Ic--piperidine system (see Table 1). Processing of the 
data by Eq. (8) for the region with n = 2 (route R-2) 
gives the second-order  rate constant k 2 = 
4.4 L mo1-1 s -l and K e = 2.1 L mol -I (Fig. 2, a), and 
processing by Eq. (7) for the region with n < 2 (route 
R-I) minus the contribution of route R-2 of the same 
system gives the first-order rate constant k I = 0.1 s -I and 
K e = 2.39 L mol -I  (Fig. 2, b). The coincidence of the 
values of the formation constant K e of H-complex 2c for 
the regions with n < 2 and n = 2 for the same system and 
its correspondence to the values of formation constants of 
similar H-complexes obtained in other studies 12 testify to 
the validity of the chosen reaction mechanism via routes 
R-I and R-2. The experimental data for other systems 
(Table 2) were processed by Eqs. (7) and (8). In these 
cases, the satisfactory coincidence of the K e values of 
routes R-1 and R-2 is also observed. 

The analysis of the data in Table 2 shows that the 
formation constants K e of complexes 2a--e for la - -e  are 
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close, and the absolute values of the rate constants k 2 for 
the reaction with piperidine for compounds l a - -c  are 
also close. The same is valid for reactions with mor- 
pholine, and the reactivity of morpholine, as should be 
expected, is lower than that of piperidine. Of note is the 
high difference in k 2 values for lb and ld (~30-fold), 
i.e., when the N--O" group in the cycle is substituted 
for N--Me. The reasons for this difference will be 
considered in detail elsewhere. 

The experimental data were also processed oll the 
assumption that the reactions of la - -e  with amines can 
involve the dimeric form of amine (Scheme 5). In the 
concentration range from 0.1 to 0.4 mol L -I ,  the reac- 
tion order with respect to the dimeric form of amine is 
equal to 1. The kinetic and thermodynamic parameters 
of the reactions of la - -e  with amines in the assumption 
of routes R-I and R-3 are listed in Table 2, and Fig. 3 
illustrates the dependence of I/kex p oll 1/[BD] for the 
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Fig. 2. a. Dependence of [BM]/kex p on I/IBM] for the lc--piperidine system with the reaction order with respect to piperidine 
n = 2. b. Dependence of l/kl,calc on I/[BM] for the same system in the region with the reaction order with respect to piperidine 
n = l .  

l c - -p iper id ine  system. As can be seen from Table 2, the 
rate constants k 3 for the reaction involving the dimeric 
form of amine  considerably exceed the rate constants k l 
for the reaction involving the monomer ic  form in each 
system, despite more favorable steric condit ions for the 
latter. Probably, the pro ton-donat ing  ability and nu- 
cleophilicity of the dimeric form of amine and dimers of 
alcohols and phenols  are analogous. 

H - - 0  . . . . . . . . .  H-- O~ 
I I ~ 
R R 

The quantum-chemica l  calculations show a decrease 
in the electron density on the H a atom and an increase 
in the electron density on the O1~ atom compared to the 
corresponding monomer ic  forms of alcohols and phe- 
nols. 13,14 Thus, one can expect on going to dimeric 

Table 2. Kinetic and thermodynamic parameters of reactions of compounds la--d with 
piperidine and morpholine in hexane at 22 °C 

Route Amine Constant Values of constants for 

la Ib le  Id 

R-I+R-2 

R-I+R-3 

Piperidine 

Morpholine 

Piperidine 

Morpholine 

kgL mol - t  s - t  1.23 5.88 
Ke/L mol -I 2.5 2.96 
kl/s -t  0.021 0.078 
KJL mol -I 3.88 5.7 

kgL mol - l  s - l  0.23 1.3 
Ke./L mol - l  2.65 2.91 

k3/s -I 0.42 3.16 
Ke'/L mol - l  20.3 13.9 
klls -I 0.034 0.21 
Ke/L mol -I 2.7 2.34 

k3/s -I 0.03 0.171 
Ke'/L tool -I 7.9 8.21 

4.4 0.18 
2.08 1.75 
0.1 
2.39 

0.96 -- 
2.9 

1.59 0.091 
16A 9.74 
0.12 
2.3 
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Fig. 3. Dependence of 1/kex p on  1/[BD] for the reaction of lc 
with piperidine. 

forms of amines an easier addition of the H atom of the 
dimer to the O atom of the keto group and enhancement 
of the efficiency of the nucleophilic attack compared to 
the monomeric form of amine. High values of the 
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Fig, 4. Dependence of rate cons tan t s  kex p of mono- (1) and 
his-addition (2) of PEI to lh in methanol on the concentration 
of PE1. 

formation constants K e ' of H bonds involving the dimeric 
form of the amine are also observed for derivatives of 
salicylic acid and amines. 15 

Compounds la- -e  are of practical interest for the 
introduction of a spin probe into polymers containing 
NH groups. The kinetics of the reactions of l a - - e  with 
macromolecules containing NH groups can possess sev- 
eral specific features. Linear polyethyleneimine (PEI) 
was used in this work to elucidate this question. This 
polymer is also of interest, because its nitroxyl modifica- 
tion can be used for the study of its structural peculiari- 
ties and, in addition, it can be considered as one of the 
ways for preparation of a more efficient stabilizing agent 
based on PEI. 16 The kinetic studies were performed 
using as an example the lb- -PEI  system in methanol 
(because of the poor solubility of the polymer in hex- 
ane). 

One of the peculiarities of the reaction in methanol 
is the specific interaction of MeOH to form the H bond 
of alcohol with the O atom of the keto group of lb 
instead of amine and the formation of the H bond of the 
alcohol with the NH groups of PEI. It turned out that 
the reaction order with respect to PEI is equal to 1. This 
can be explained in terms of Scheme 4 by the participa- 
tion of associates of the initial components with metha- 
nol and probably, as a consequence, by the participation 
of the alcohol in the proton transfer to form the system 
of hydrogen bonds in the bipolar ion of the C" type (see 
Scheme 4). The rate constants for the reaction of lb 
with PEI were calculated on the assumption that this is 
the two-stage process, as in the case of the lb--piperi- 
dine system, with consecutive involvement of the meth- 
ylene groups of lb. Constants kex p of the both stages are 
presented in Fig. 4, and the second stage is considerably 
slower than the first one. 

The two-stage character of the process could be as- 
sociated, for example, with the difference in the reactivi- 
ties of particular NH groups of PEI. However, under the 



Reaction of  C = C  bonds in nitroxyl radicals Russ.Chem.Bull., VoL 45, No. 4, April, 1996 803 

log G×n 

0.2 

0 

-0.2 

-0.4 

-0.6 

-0.8 

0 

log kex p 

-0.5 

a 

/ 
o l  / 

i i i I i e - - i  

0.1 0.2 0.3 0.4 0.5 2e+l  

b 9 

8 o ~ ' °  
-1.0 / 

7*  

-2.0 i 1 
~ - - 1  

I I I I I 
2e+l  

0 0.1 0.2 0.3 0.4 0.5 

F i g .  5 .  a .  Dependence of constants kex p of the reaction of lb 
(a) and ld (b) with piperidine on the dielectric constant of the 
medium. 1, hexane; 2, toluene; 3, chlorobenzene; 4, hexane-- 
acetone (40 : 6); 5, hexane--acetone (1 : 1), 6, o-dichlo- 
robenzene; 7, hexane--methanol (99.5:0.5) ;  8, hexane-- 
methanol (99 : 1); 9, methanol. 

cond i t ions  used for lb,  c o m p o u n d s  l c  and 

, with one reactive methylene group, are 

O" 
consumed in the reaction with PEI (C O = 0.225 mol L - i )  
in one stage with the reduced constants ( /q '  = ke×p/[B01) 
k l ' =  3.8" 10 -4 L mol -I  s -I  and k" i = 1.74" 10 .3 
L mol - I  s - i ,  respectively, calculated per PEI unit. 
Therefore, the two-stage character of  the reaction of  lb 
with PEI can be explained in the following way. After 
addition of  PEI to one of  two methylene groups of  lh 
(first stage of  the reaction), two routes are possible for the 
reaction of  the second methylene group of  lb: with the 
NH group of  another PEI molecule or with the NH group 

of  the same molecule. In the first case, two polymeric 
chains of PEI are cross-linked, and in the second case, an 
intramolecular cyclization takes place. Since kex p of  both 
stages depend on the concentration of  PEI (see Fig. 4), 
the cross-linkage of  two polymeric chains is realized. For 
both stages of  the reaction, the reduced rate constants 
calculated per NH group are the following: k i ' =  
5.8 .10  -3 and k 2' = 1.8.10 -4 L mol - t  s - i .  The reaction 
of  lb with diethylamine in methanol  gives ki ' = 
3 .2 .10 -3 and k 2" = 4 .3 .10  -4 L mol - I  s - i ,  respectively. 

The closeness of  kinetic parameters for different 
reactions in methanol confirms that the assumptions 
concerning peculiarities o f  the reaction o f  lb with PEI 
in methanol are valid. 

The effect of  the medium on the addition reaction 
was considered in more detail using as an example 
reactions of  lb and lfl with piperidine in n-hexane, 
toluene, chlorobenzene, o-dichlorobenzene,  acetone--  
hexane mixtures, methanol, and its mixtures with hex- 
ane. These reactions can be considered as the interac- 
tion of  two polar molecules. The corresponding rate 
constants should depend on the change in dielectric 
permeability of  the medium and obey the Kirkwood 
equation. 17 In both cases, a linear dependence of  Iogk 
on (E-1) / (2e+l )  holds for methanol-free systems. For 
the lb--piperidine system (C o = 0.125 mol L- i ) ,  this 
dependence is well fulfilled: logkex p = -1 .35  + 3 .43(e-  
1)/(2~+1) (10) (Fig. 5, a), and for the ld--piperidine 
system (C O = 0.25 mol L - I )  in apro t ic  solvents,  
logkex p = -2 .13  + 1 .3 (e - l ) / (2e+ l )  (11) (Fig. 5, b). 

When methanol or its mixtures with hexane are used 
as solvents, an overestimated value of  kex p is observed. 
For example, for the ld--piperidine system (see Fig. 5, 
b) with account of  Eq. (11), the /¢ex ~ value for this 
reaction in methanol should be 0.03 s - (  In fact, kex p = 
0.3 s - I .  In this case, the specific participation of  metha-  
nol in the formation of  H bonds and, probably, in the 
proton transfer during the formation of  H bonds in the 
bipolar ion of  the C' type (one of  the variants of  
Scheme 5) should be taken into account  along with the 
Coulomb interaction between the reacting particles. This 
can explain why the reaction is first order with respect to 
the amine. 

The authors are grateful to A. B. Shapiro for provid- 
ing the nitroxyl radicals. 
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