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Micellar effect of ionic surfactants in the reaction 
of o-dimethylaminomethylphenol with p-nitrophenyl diphenyl phosphate 
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The effect of cetylpyridinium bromide (CPB) and sodium dodecyl sulphate (SDS) on the 
direction and the rate of the reaction of o-dimethylaminomethylphenol (MP) with p-nitro- 
phenyl diphenyl phosphate (1) has been studied by 31p NMR and spectrophotometry. It was 
shown that the reaction of MP with 1 proceeds in two steps both with and without the 
surfactant. The product of transesterification is formed in the first step. The second step is 
hydrolysis catalyzed by the aminomethyl group yielding equal amounts of diphenyl phos- 
phate and o-dimethylaminomethyl phenyl phosphate. The reaction of MP with 1 is catalyzed 
by CPB and inhibited by SDS. The ratio between the rates of the first and the second stages 
changes in the presence of surfactant. The parameters of the reaction of MP with 1 inhibited 
by micellar SDS were calculated. 

Key words: micellar effect, transesterification, hydrolysis, rate constant, p-nitrophenyl 
phosphate, 3~p NMR, spectrophotometry. 

In a continuation of our earlier studies of the reactiv- 
ity of bifunctional lmcleophiles in reactions with p-nitro- 
phenyl phosphates and the effect of various factors on 
this reaction 1-3 we investigated the kinetics of the reac- 
tion ofp-nitrophenyl diphenyl phosphate (1) with o-di- 
methylaminomethylphenol (MP) in aqueous micellar 
solutions of cationic (cetylpyridinium bromide (CPB)) 
and anionic (sodium dodecyl sulfate (SDS)) surfactants. 
In aqueous alcohol, the interaction of 1 and MP pro- 
ceeds in two stages. The first stage is the formation of 
p-nitrophenolate as a result of transesterification and the 
formation of phosphorylated MP; the second stage is the 
hydrolysis of the latter promoted probably by intramole- 
cular catalysis by the aminomethyl group. It was of 
interest to investigate the effect of surfactants on the rate 
and direction of these processes. We used 31p NMR 
spectroscopy in our studies as it is known 4,5 that p-nitro- 
phenol or phenol may split off in aqueous micellar 
solutions and microemulsions of 1 thus hampering 
spectrophotometric kinetic measurements in these sys- 
tems. 

Experimental 

MP and compound 1 were synthesized by the known 
procedures (see Refs. 6 and 7, respectively). CPB (reagent 
grade) and SDS were purified by the published procedurefl 
31p NMR spectra were recorded on a Bruker MSL 400 
spectrometer with working frequency 161.97 MHz at 308 K. 
Chemical shifts were taken relative to 85 % H3PO 4. Kinetics 
of transesterification in the presence of SDS was studied using 

a Specord UV-VIS spectrophotometer by monitoring the opti- 
cal density of the reaction mixture at 400 nm under 
pseudomonomolecular conditions. Apparent rate constants, 
activation parameters, substrate binding constants (Kbn), rate 
constants in the micellar phase (kin), and critical micellar 
concentrations (Ccmc) (CMC) were calculated on an Elektronika 
D3-28 microcomputer using standard and original programs. 

Results and Discussion 

The reaction of 1 with MP proceeds in alkaline 
solution. Therefore, we studied alkaline hydrolysis of 1 
with and without added CPB and SDS by 31p NMR 
spectroscopy and determined the yield of p-nitro- 
phenolate (NP) by spectrophotometry. 

In the absence of surfactants, the 31p NMR spectra 
of an alkaline (pH 11.6) water-alcohol solution of 1 
(831P -19.3) exhibited signals at 831P -11.2 and -12.4 
assigned to diphenyl phosphatO and, possibly, p-nitro- 
phenyl phosphate, respectively. The spectrophotometric 
yield of NP was ~85 %. The kinetics of alkaline hyd- 
rolysis of 1 (pH 11.6) in the presence of SDS (Cso s = 
0.07 M) was monitored by following the intensity of the 
signals in the 31p NMR spectra and is shown in Fig. 1. 
A decrease in the intensity of the signal of substrate 1 is 
accompanied by an increase in the intensity of the 
diphenyl phosphate and p-nitrophenyl phosphate sig- 
nals. According to the signal intensities, in the final 
reaction mixture the amount of diphenyl phosphate is 
4.5 times greater than that of p-nitrophenyl phosphate. 
The yield of NP (spectrophotometry) in the presence of 
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Fig. 1. Variation in intensities of the signals in the 31p NMR 
spectra during alkaline hydrolysis of 1 (C 1 = 5- 10 -3 M) in the 
presence of SDS (CsD s = 7" 10 -2 M at pH 11.6 and 35 ~ 
Chemical shifts 831 P: -19.3 (1); -11.2 (2); -12.4 (3). 

CPB and SDS is about 87--90 %. The first-order rate 
constant  of  the decomposi t ion of  substrate 1 (k = 
2.5 �9 10 -4 s -1) is practically the same as that of  diphenyl 
phosphate formation (k = 2 .3 .10  -4 s- l) ,  i.e. NP for- 
mation. This attests to the applicability of  spectro- 
photometry  to the investigated systems for determina- 
tion of  the decomposi t ion rate of  1. 

Analysis of  the 31p N M R  spectra obtained in the 
course of  the reaction of  1 with MP under pseudo- 
monomolecular  conditions in 40 % aqueous ethanol in 
the absence o f  surfactants (see Fig. 2) showed that in 
the first step the intensity of  the signal for intermediate 
2 increases (G 31P -18 .7 )  as the intensity of  the signal for 
substrate 1 decreases. In the second reaction step, hy- 
drolysis o f  intermediate 2 results in the appearance of  
two signals (831P - 1 1 . 2  and -11 .1 )  due to the formation 
of  diphenyl phosphate (3) and possibly o-dimethylami-  
nomethyl  phenyl phosphate (4). The signals in the 
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Fig. 2. Variation in intensities of the signals in the 31p NMR 
spectra during the reaction of MP (CMp = 0.51 M) with 
substrate 1 (C 1 = 1.5 �9 10 -2 M) in aqueous ethanol at pH 10.0 
and 35 ~ Chemical shifts 831p: -19.3 (1); -18.7 (2); -11.2 
(3);-11.1 (4). 
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31p N M R  spectra were assigned by comparing them 
with the chemical shifts of  the products of  model hy- 
drolysis, alcoholysis, and transesterification reactions. 1 

Spectrophotometric determination of  the yield of  
N P  in the reaction of  1 with MP showed that both in 
the presence and in the absence of  surfactants the 
concentration of  NP  formed is equal to the initial 
substrate concentration. 31p N M R  analysis showed that 
under the reaction conditions (pH 9--10.5, 25--60 ~ 
CSD s = 0+0.8 M, Ccp B = 0+2"  10 -3 M) hydrolysis of  1 
proceeds very slow and can be neglected. Consequently,  
the formation of  acids 3 and 4 is the result of  two- 
directional decomposit ion of  2 which may be caused by 
imramolecular  catalysis by the aminomethyl  group 
(Scheme 1). 

Below are listed the apparent and bimolecular (over- 
all) transesterification rate constants of  the reaction of  1 
with MP in 40 % aqueous alcohol (kl), hydrolysis of  
intermediate 2 (k2), and formation of  acids 3 (k 3) and 4 
(k 4) calculated from 3zp NMR-mon i to r ed  kinetics (see 
Fig. 2) (CMp = 0.51 M, C 1 = 1.5" 10 -2 M, pH 10.0, 
35 ~ 

k 1. 103/s -I  (M -1. s -l)  3.0(5.9); 
k 2. 104/s -I (M -1. s -I) 4.2(8.2); 
k 3. 104/s -1 (M - I .  s -l)  1.5(2.9); 
k 4. 104/s -1 (M -1 -s -l)  2.6(5.1). 

It can be clearly seen that in the absence of  surfac- 
tants, the transesterification rate constant of  1 is nearly 
10 times greater than the hydrolysis rate constant of  
intermediate 2. The sum of  the rate constants of  the 
formation of  acids 3 and 4 is equal to k 2, thus confirm- 
ing the above-proposed reaction mechmaism. 

The intramolecular catalysis of  nucleophilic substitu- 
tion in various derivatives of  carboxylic and phosphorus 
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acids is well known. 9 The in t ramolecular  catalysis in the  
hydrolysis of  in te rmedia te  2 possibly proceeds  through 
the par t ic ipa t ion  of  the aminomethy l  group - - C H 2 N M e  2 
by general  basic or nucleophi l ic  mechanisms via the  
following t ransi t ion states: 

O/oPh 
O'+'P-~op h 

....H 

CH2Ns 
Me 

O / o p  h 

O'+-iX.Op h 

CH2NMe 2 
I 

The format ion  of  near ly  equal amounts  of  acids 3 
and 4 with similar  chemica l  shifts can be explained by 
the similarity of  the acidic properties of  phenol (pK a 10.0) 
and o -d ime thy laminome thy lpheno l  (pK a 10.8) as the 
leaving groups. 

In order  to obtain evidence for in t ramolecular  ca-  
talysis by the  ortho-aminomethyl group in the hydrolysis 
of  2 we studied the kinetics of  the react ion of  1 with 
phenol  under  the  same condit ions.  In this case, the 
apparent  rate constants  of  the decomposi t ion  of  1 and 
the format ion  of  t r iphenyl  phosphate  (k = 3 �9 10 .4  s -1) 
were 10 t imes  smal ler  than  in the react ion of  I with MP 
due to the  bifunct ional  nature of  the latter, l~ Triphenyl  
phosphate  formed (831p - 1 8 . 7 )  undergoes virtually no 
hydrolysis.  Al though the 31p N M R  spectra  include a 
signal with chemica l  shift - 1 1 . 2  ppm,  which corre-  
sponds to that  for d iphenyl  phosphate,  its intensity is 
very low and pract ica l ly  does not  change with the t ime.  

The rate constants  of  the react ion studied in the 
presence of  CPB and SDS micel les  are listed in Table 1. 
As expected from electrostat ic  micel lar  theory,  ]l CPB 
favors both nucleophi l ic  substitutions: the b imolecular  
t ransesterif icat ion rate constant  is twice as high and the 
rate constant  of  hydrolysis  of  in termedia te  2 increases by 
an order  of  magni tude  compared  to the reactions in a 

Table 1. Apparent and bimolecular rate constants of the 
reaction of MP with 1 in the presence of surfactants (C 1 = 
4 .10 -3 M, 35 ~ 

k 1 �9 102 k 2. 103 k 3. 103 k 4. 104 
/ s - l (M-I  . s - l ) / s - t ( M - I  �9 s- l )  /s- l (M--I .  s - l )  /s-I(M-1 �9 s-I) 

Ccp B = 2 .10  -3 , CMp = 5.7" 10 -2 , pH 10.0 

0.07(1.2) 0.35(6.2) 0.16(2.8) 2.0(36) 

CSD s = 0.1, CMp= 5.0- 10 -2, pH 10.5 

0.23(4.6) 3.0(60) 1.5 (30) 12.0(240) 
CSD s = 0.6, CMp= 5.4" 10 -2, pH 10.5 

0.072(1.3) 1.6(30) 0.58(I 1) 8.0(150) 

CSD s = 0.83, CMp= 6.0" 10 -2, pH 10.5, 45 ~ 

0.18(3.0) 0.68(11) 0.36(6.0) 3.8(63) 

Table 2. Apparent rate constants of the transesterification of 
MP and 1 in the presence of SDS at various temperatures 
(CMp = 5.0" 10 -3 M, C l =1 - 10 -4 ~/, pH 9.25) 

CSDs/M k" 10-4/s -1 CSDS/M k" 10-3/s -1 

45 ~ 60 ~ 

- 4 . 5  - 1 . 9 2  

0.025 3.9 0.025 1.71 
0.075 3.4 0.075 1.09 
0.I0 3.2 0.15 0.89 
0.15 2.75 0.25 0.67 
0.30 2.15 0.35 0.63 
0.60 1.5 0.60 0.48 
1.00 1.1 0.88 0.46 
- -  - -  1 . 0 0  0.31 

water -e thanol  medium.  Thus, CPB increases the  rate of  
the second react ion step significantly, which becomes  
only two t imes smal ler  than  that  of  the first one. 

The influence of  SDS on the react ion of  1 with M P  
was studied in more detail  at various SDS concent ra -  
tions (0.1 M, 0.6 M, 0.83 M). As SDS concent ra t ion  
increases from 0.1 M t o  0.6 M t h e  t ransester i f icat ion rate 
decreases fourfold and the rate of  decompos i t ion  of  the 
in termedia te  decreases twofold. Thus, in the  presence of  
surfactants the  rates of  format ion  and decompos i t ion  o f  
the in termediate  of  the react ion of  1 with MP became 
comparable ,  and product  2 is not  accumula ted ,  unl ike 
the react ion in aqueous a lcohol  (of Figs. 3 and 4). 

The dependences  of  the  apparent  f i rs t -order  t rans-  
esterification rate constants  of  1 and M P  on SDS con-  

]/rel. unit 

8 

6 

4 

2 

20 60 80 100 ~/min 

Fig. 3. Variation in intensities of the signals in the 31p NMR 
spectra during the reaction of MP (CMp = 5.68 �9 10 -2 M) with 
substrate 1 (C 1 = 4.0" 10 -3 M) in the presence of CPB 
(Ccp B = 2.0.10 -3 M) at pH 10.0 and 35 ~ Chemical shifts 
831p: --19.3 (1); --18.7 (2); --11.2 (3); --11.1 (4). 
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Fig. 4. Variation in intensities of the signals in the 31p NMR 
spectra during the reaction of MP (CMp = 6.0" 10 .2 M) with 
substrate 1 (C 1 = 4.0-10 .3 114) in the presence of SDS 
(CsD s = 0.83 M) at pH 10.5, 45 ~ Chemical shifts 631p: 
-19.3 (1); -18.7 (2); -11.2 (3); -11.1 (4). 

Table 3. Parameters of SDS micelle-inhibited transesterification 
of MP and 1 at various temperatures 

Y/~ Ccm c �9 102/M k m �9 103/c -1 Kbn/~ kw/km 

45 0.21 0.052 5 9 
60 0.84 0.32 14 6 
25* 0.30 0.17 3000 81 

* Data on alkaline hydrolysis of 1 in the presence of SDS 
([NaOHI = 0.08 M). 

cent ra t ion  at various tempera tures  were obtained by 
spec t ropho tomet ry  (Table 2). Increasing the SDS con-  
centra t ions  results in a decrease in the rate constants,  
which then  become  constant .  The  obta ined curves can 
be explained in terms of  a pseudophase model  of  micel lar  
catalysis, consider ing the dis tr ibut ion of  the  substrate 
between the mice l la r  and aqueous phases and that  the  
parameters  o f  the  mice l le - inh ib i ted  react ion,  viz., (Kbn), 
C M C ,  and k m, can be ca lcula ted  according to the 
Fend le r  equa t ion  11 (Table 3). 

The act ivat ion parameters  of  the  transesterif icat ion 
reac t ion  in the  mice l l a r  and aqueous  phases (Ea = 
84.6 kJ" mol - l ,  logA = 10.5 and E a = 106.7 kJ" tool -1, 
logA---  13.2, respectively)  were calcula ted from the 

tempera ture  dependence  of  the  apparent  rate constant  of  
the react ion of  1 with MP in water  (/qv), and k m. 
According to the  publ ished data, 11 the values o f  Ea for 
the alkaline hydrolysis of  1 in water  and in miee l la r  SDS 
solutions are 42.2 and 91.2 kJ -mol  - l ,  respectively.  In 
the transesterif icat ion reaction,  weak binding of  the 
substrate with SDS micelles is observed, al though,  as 
can be seen from Table 4, the  binding constant  for this 
substrate in alkaline hydrolysis in mice l la r  SDS solu- 
tions is about ~3000. This weak binding of  substrate 1 
with the SDS micel le  is possibly the reason for its 
insignificant inhibi tory effect in this react ion (kw/k m = 
6+9) as compared  with alkaline hydrolysis (kw/k m = 81). 
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