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MICELLAR EFFECTS UPON ACID CATALYZED 
HYDROLYSIS OF TRIPHENYLPHOSPHITE 

HAMAD A. AL-LOHEDAN 
Department of Chemistry, King Saud University, P. 0. Box 2455, 

Riyadh-11451, Saudi Arabia 

(Received April 26, 1991; in final form July 25, 1991) 

Acid hydrolysis of triphenylphosphite (1) are effectively catalyzed by anionic micelles of sodium lauryl 
sulfate (NaLS), alkylhydrogensulfate (2), tetradecanesulfonic acid (3a) and p.decyloxybenzenesulfonic 
acid (3b). Cationic micelles of cetyltrimethylammonium chloride (CTACI) inhibit the reaction. Rate 
effects were analyzed quantitatively in terms of distribution of reactants between water and the micelles; 
and the effect of added HCI or salt can be explained quantitatively in these terms. 

Key wordr: Hydrolysis of triphenylphosphite; acid catalysis; micellar effects. 

INTRODUCTION 

Micellar catalysis of bimolecular reactions is generally rationalized in terms of 
reactions occurring either in the micellar or aqueous pseudophase.1-8 The first 
qualitative application of this model was to the inhibition of ester saponification 
by anionic micelles9 and catalysis of spontaneous hydrolysis of dinitrophenyl 
phosphatelo and sulfatell by cationic micelles. Many of the reactions which are 
catalyzed by micelles are pH dependent.12-14 For some reactions the rate changes 
with pH until all the substrate is converted into the reactive species and is then 
independent of pH, as in unimolecular hydrolysis of phosphate esters1” or decar- 
boxylation,15 but often the hydrogen or hydroxide ions act as general catalysts. 

Some of the kinetic work on micellar catalyzed reactions involving hydrogen or 
hydroxide ions has been done in buffer solutions, and often with added salt.16 Ionic 
micelles perturb buffer equilibria,18 and added salts may introduce further com- 
plications. For example, by lowering the cmc, reducing the surface potential, in- 
creasing micelle size and generally reducing reaction rate.3J6-18 

The pseudophase model assumes that changes in micellar shape or size are not 
important, so that only those factors which control the distribution of reactants 
will significantly affect the observed reaction rate. We selected reactions which 
would not require use of buffer because buffer effects are particularly difficult to 
interpret. However, even with all these problems, both the rate maxima in the 
rate-surfactant profiles and inhibition by added nonreactive counterions can be 
qualitatively interpreted by considering competition between reactive and non- 
reactive counterions for “sites” on the micelle ~ u r f a c e . ~  

For micellar catalyzed bimolecular reactions it is necessary to consider the dis- 
tribution of both reactants between the aqueous and micellar pseudophases. (Scheme 
1) * 
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262 H. A.  AL-LOHEDAN 

products 
SCHEME I 

In Scheme I, S denotes organic substrate, D,, micellized surfacant, and K, the 
binding of S to D,. The subscrips W and M denote water and micellar pseudophases, 
respectively, mh is the mole ratio of bound H+ to micellized surfactant, and kt, 
and kd are the first-order rate constants in aqueous and micellar pseudophases, 
respectively.22*21 

The hydrolysis of triphenylphosphite was chosen because it is easy to follow the 
reaction photometrically and the reaction would not require use of buffers. 

First, we studied the effect of micellized sulfonic acids on the hydrolysis of 
triphenylphosphite for comparison with the effect of sodium lauryl sulfate (NaLS) 
micelles on this reaction. 

Second, we measured the effect of added sodium chloride, sodium bromide and 
tetramethylammonium bromide, and tetramethylammonium chloride upon the hy- 
drolysis of triphenylphosphite in the presence of NaLS. 

Third we studied the effect of cationic micelles of cetyltrimethylammonium chlo- 
ride (CTACl) upon the reaction. 

(Q0);' HC1 H20 
( 0 3 ; P -  O H  t O O H  

1 

B 
1 ZH2 5°S03H R- SO$ 

2 3 
3a R = n- C,4H29- 
3b R = P-CIOH210CgHq- 

SCHEME I1 
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HYDROLYSIS OF TRIPHENYLPHOSPHITE 263 

RESULTS 

Reactions in the Absence of Surfactant 

Triphenylphosphite is not soluble in water so in order to obtain the first-order rate 
constant for the reaction of (Ph0)3P with H 2 0  in the presence of 0.05 M HCl. We 
followed the reaction in 50, 60, 70, 80 percent of H,O in ethanol (v:v) and we 
calculate the first-order rate constant by extrapolation, and k& was 1.8 x lo-, s - l .  
The acidity of the medium increases with the course of the reaction and this indicates 
that the product is an acid. It is well established that trialkylphosphite and tri- 
phenylphosphite give on hydrolysis in the presence of dilute acid the diester of 
phosporous acid (A) .39.40 In general, a hydroxy group bonded to trivalent phosphorus 

( P-OH) is unstable, the stable structure being (H-P=O). For this reason, 

diesters of phosphorus acid such as (A) are unstable, and exist as diesters of 
phosphonic acid (B)38 (Scheme I). 

The reaction is first-order in [H+] in aqueous-organic solvent such as water and 
ethanol (Table V). 

\ I 
I / 

Reaction in the Presence of Surfactants 

Since the surfactant is a solubilizing agent we have no problem of precipitation 
and we study the effects of both anionic micelles of NaLS and cationic micelles of 
CTACl . 

The Effect of Anionic Micelle of NaLS 

Anionic micelles of sodium lauryl sulfate (NaLS) modestly speed the reaction of 
triphenylphosphite with water in the presence of HC1. The observed first-order 
rate constant, kobs, goes through maxima with increasing [NaLS] (Figure 1). 

Added electrolytes such as NaCl, NaBr, Me,NCl, Me,NBr slow reaction, as is 
general for reactions between oppositely charged ions. Sodium chloride and bro- 
mide have a similar effect and the tetramethylammonium chloride and bromide 
also have a similar effect (Table I) .  This similarity might be because the cation 
competing with H+  is similar in each case. The rate of reaction continues to increase 
if we use constant [NaLS] and increase [HCI] (Table 11). 

The Effect of Micellized RSU3H 

The observed first-order rate constants kobs continue to increase with increasing 
concentration of alkylhydrogensulfate (2) or alkyloxybenzenesulfonic acid 3b, and 
it tends to reach a limiting value at high [RS03H] (Figure 2). 

The Effect of Cationic Micelles of CTACl 

Cationic micelles of cetyltrimethylammonium chloride inhibit the reaction of tri- 
phenylphosphite in H 2 0  in the presence of 0.05 M HCl (Figure 1). 
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264 H. A. AL-LOHEDAN 

[NaLS] , [CTACI]  , M. 

FIGURE 1 Hydrolysis of triphenylphosphite in anionic micelles of NaLS and cationic rnicelles of 
CTAC1.h NaLS (m) 0.01 M HCI, (0) 0.05 M HC1.h CTACI (0) 0.05 M HCI. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
5
:
2
0
 
2
9
 
J
a
n
u
a
r
y
 
2
0
1
1
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TABLE I 
Salt effects upon micellar catalysis" 

[Salt], M. NaCl Me,NCI NaBr Me,NBr 

0.005 6.0(5.9) 6.2(6.2) 5.9(5.7) 6.1(6.2) 

0.03 4.5(4.8) 5.1(5.2) 4.4(4.6) 5.0(5.2) 
0.06 4.2(3.9) 4.8(4.7) 4.1 (3.8) 4.8(4.7) 
0.1 3.8(3.3) 4.6(4.3) 3.7(3.3) 4.6(4.3) 

0.01 4.8( 5.6) 5.2(5.8) 4.9(5.5) 5.5(5.9) 

0.2 2.6( 2.8) 4.4( 4.0) 2.7(2.9) 4.3(3.9) 

a Values of lo3 kohr s - '  at 25°C with 0.05 M HCI, M substrate, and 
in the presence of 0.03 M NaLS. Values in parentheses are calculated. 

TABLE I1 
The effect of [HCI] upon the first-order rate constant 

at constant [NaLS]" 

103[HCl], M. lo4 kobr s - 

0.1 8.1 (9.0) 
0.5 11.2 (12.3) 
1 14.0 (15.0) 
5 43.7 (42) 

10 52.1 (52) 
50 86.2 (89) 

100 104 (100) 

a In the presence of 0.01 M NaLS. Values in parentheses 
are calculated. 

DISCUSSION 

Overall rate enhancements or inhibitions of bimolecular reactions by micelles, or 
similar colloids are due largely to the bringing together of the two reactants in the 
small volume of micelle or keeping them apart, respectively. We analyze our data 
using the ion exchange, pseudophase model although we recognize its imperfections 
and its failure at high concentrations of some ionic  reagent^.^,*^-^^ 

Reactions in Anionic Micelles 

Scheme I leads to Equation (1). The first-order rate constants 

are given by Equations (2) and (3). In Equation (3) 

concentration of bound H' is written as a mole We assume that H +  
and inert cation X+ (X = Na, Me,N) compete for the micelle according to  Equation 
(4) .3.24,29 

K,H = [H&l[X&l/[H&l[X&l (4) 
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27C 
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FIGURE 2 Hydrolysis of triphenylphosphite in alkylsulfonic acid micelles (0) in C,,H2,0S,H, (0)  in 
C,,H,,SO,H, (0) in p.C,,,H,,OC,H,-S0,H. 
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The fraction of head groups neutralized by counterions, p, is given by 1-a, where 
a is the fractional ionization of the micelle. Equation (4), with the mass balance 
condition, gives mk in terms of various parameters characteristic of the micelle, 
Equation (5).3,6.24 

Equations (1)-(5) can be used to calculate the rate-surfactant profiles6-l9 for the 
reactions in the presence of NaLS and added salt or acid. Assumptions and ap- 
proximations in this treatment have been discussed.31 In our calculations we use 
values of p from conductance data.14 

In spite of some problems the pseudophase ion-exchange model gives reasonable 
fits of rate-surfactant-profiles and leads to consistent values of kM, provided that 
high electrolyte concentrations are avoided and we apply it under these conditions 
(Figure 1 and Tables I and 111). 

For the reaction in absence of sodium cation, i.e., in reactive counterion micelles, 
we write the distribution of H +  by using the mass-action-like Equation (6). 

The variation of kobs with 2, 3a, and 3b concentrations can be predicted by com- 
bining Equations (l) ,  (2) and (6) by a computer program. This treatment has been 

TABLE 111 
Fitting parameters for reaction of triphenylphosphite in NaLS micelles in the presence 

of 0.05 M HCl 

Reaction medium lo3 CMC, M P K,H K,, M-' loz k,, s - '  kyatkwh 

NaLS 1.1 0.75 3 200 1.1 0.42 
NaLS + NaCl 1.0 0.75 3 225 0.6 0.23 
NaLS + NaBr 0.9 0.8 3 230 0.55 0.21 
NaLS + Me,NCI 0.7 0.75 8 230 0.66 0.26 
NaLS + Me,NBr 0.6 0.8 8 230 0.64 0.25 

ky (M-l s-I) = 0.14 k, (s-I); 0.14 M-'  is a conversion factor relating the rate constant expressed 
in terms of the mole ratio of H +  per micellized surfactant head groups to that of H' per liter of Stern 
layer. 

k, = 3.6 x 10-3M- 'S - ' .  

TABLE IV 
Fitting parameters for reaction of triphenylphosphite in alkylsulfonic acid 

micelles 

Surfactant 
103 CMC, 102 kM3 

M Kk K,, M-' S - '  kY"/kwh 

ky (M-' SKI) = 0.14 k, (s-I); 0.14 M- '  is a conversion factor relating the 
rate constant expressed in terms of the mole ratio of H' per micellized surfactant 
head groups to that of H +  per liter of Stern layer. 

k, = 3.6 X M-IS- ' .  
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H. A.  AL-LOHEDAN 268 

applied successfully to reactions in micelles having OH-,  F- , and HCO; as coun- 
t e r i ~ n s . ~ , ’ , ~ ~ - ~ ~  The fitting parameters used to simulate our data are in Table IV. 

The effect of HCI on kobs, at constant surfactant concentration, was also calcu- 
lated by using the same approach from values of k, and k, in Table 111, assuming 
that the cmc remained constant.34 Table 11. 

Reactions in Cationic Micelles 

Cationic micelles of CTACl inhibit our reaction and that can be accounted for by 
solving Equation (1) and the approach is to rearrange it to Equation 7.9 

(7) 
1 

- - l +  1 
kobs - kh k& - kh (kk - kh)K,[D,] 

However, the use of Equation 7 requires estimation of the concentrations of mon- 
omeric surfactant, which is often assumed to be that of the critical micelle con- 
centration, cmc. Unfortunately the form of Equation 7 makes it very sensitive to 
the value of the cmc which is very sensitive to solutes especially hydrophobic 
substrate, and electrolyte (Table VI). Therefore the “kinetic” cmc is often taken 
as an adjustable parameter.” To avoid this problem we can use the generalization 
that for many micellar-inhibited reactions k$ 2 kh9.17334 so that Equation 7 gives 
Equation 824a and we used Equation 8 to fit our data in the presence of CTACI. 
The value of kk was 

kobs = kk/Q + K,P”I) (8) 

TABLE V 
The effect of [HCI] upon the first-order rate constants in 

1:1 (v:v) water and ethanol” 

103[HCI], M 104 k,,,, s-’ 
10 1.4 
30 4.0 
60 9.0 

100 16.0 
150 24.0 
200 31.0 

At 25.0” C with 5 x W5 M substrate. 

TABLE VI 
Acid and salt effect upon values of CMC of CTACI 

103[HCI], M Salt 103 CMC, M 

1.00 2.7 
4.00 2.5 
6.00 2.3 

10.00 2.0 
20.00 1.6 
10.00 0.03 M Me,NCI 1 .o 
10.00 0.10 M Me,NCI 0.5 
10.00 0.03 M NaCl 1.2 
10.00 0.10 M NaCl 0.9 
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HYDROLYSIS OF TRIPHENYLPHOSPHITE 269 

directly measured. The fits are illustrated in Figure 1 with values of K, = 200 M-’ 
and cmc = 1.2 M. 

Variations of Rate Constants with Surfactants 

The simple distribution models fit the kinetic data reasonably well for the reactions 
in NaLS, RS03H and CTACl with parameters given in Tables I11 and IV as shown 
by the agreement between the experimental data and the theoretical calculations 
in Figures 1 and 2 and Tables I and 11. Values of K, increase slightly with increasing 
[HCl] or [Salt]. CalCUlatiOnS of k, involve assumptions about such parameters as 
p,  KE, but k, is insensitive to other than large changes in these parameters. The 
second order rate constants, k,, have different dimensions from those of k, [Equa- 
tions (2) and (3)] but rate constants in the micelles can be compared with those in 
water provided that the micellar molar volume of reaction, VM, is defined. Else- 
where we have taken VM = 0.14 L so that we write a second-order rate constant, 
ky, which can be compared with k,.6,30 Hicks and Reinsborough have suggested 
that V, varies with electrolyte c~ncentration.~’ 

k,” = VMkM (9) 
Values of the second-order rate constant in NaLS kp, M - W 1  based on Equation 
(9) and (Tables I11 and IV) are slightly smaller than that in water and ky and k, 
are similar in alkylsulfonic acid micelles (Table IV). 

Values of k,”/k, are smaller in NaLS micelles and added salt than in alkylsulfonic 
acid micelles, which might be because NaLS micellizes better than those of alkyl- 
sulfonic acid. This behavior is general and suggests that the more hydrophobic 
substrates bind more deeply in the micellar surface farther away from bound H + . 
These differences suggest that the conversion factors of different micelles are not 
the same. 

We do not know the dimensions of micelles of the sulfonic acids 2 and 3, so that 
there is considerable uncertainty in the factor for the conversion of k, to k,”, 
especially because it was estimated from dimensions of micelles of sodium lauryl 
sulfate. Our estimated volume of the stern layer is approximately half that of the 
micelle. 

EXPERIMENTAL 

Material. 
and NaLS were synthesized or recrystallized by standard methods.6.12.1y 

Dodecylhydrogensulfuric acid ( 2 ) .  The dried sodium lauryl sulfate (NaLS) was treated in dry Et,O 
with HCI gas for 2 hours at low temperature (below 5°C) with vigorous stirring, formation of alkyl- 
hydrogensulfate (2) was slow and the process had to be repeated several times. The precipitate of NaCl 
was removed by filtration after the reaction was completed. The white (2) was recrystallized twice from 
hexane and dried under vacuum. The cmc by surface tension was 1.5 x lo-’ M. 

n-Tetradecansulfonic acid (3a). This compound was prepared using the procedure in Ref. 14. Surface 
tension measurements gave cmc values of 1.78 X M). 

p .  Decyloxybenzenesulfonic acid (3b). The recrystallized lead salt of p.hydroxybenzenesulfonic acid 
was refluxed with distilled n-dodecyl bromide (Aldrich) in H,O-i-PrOH for 72 hrs. The lead salt of 3b 
was isolated, recrystallized once from hot water, and extracted with dry Et20,  removing a small amount 

Triphenylphosphite (1) (Aldrich) was recrystallized before use. Surfactants such as CTACl 

M (lit.1J.Z3 1.36 x lo--’ and 1.97 x 
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270 H. A. AL-LOHEDAN 

of oily material. The dried salt was treated in dry Et,O with gaseous HCI for 40 min. with vigorous 
stirring. Formation of sulfonic acid was slow and the process had to be repeated several times. After 
complete reaction, the precipitate of PbCI, was removed by filtration. 

The white 3b was recrystallized twice from Et,O-petroleum ether solution and dried under vacuum. 
The surfactant contained no Pb2+ as shown by addition of Na,S. The surface tension had a small 
minimum. The calculated cmc estimated from surface tension was 4.5 x 

Kinetics. All reactions were followed spectrophotometrically by using a Perkin-Elmer spectrophoto- 
meter thermostated at 25.0 5 0.1”C. The hydrolysis of triphenylphosphite was followed at  A,,, = 270 
nm. Reactions were started by injecting 2-3 pl of 0.06 M triphenylphosphite in MeCN into 3 ml of 
surfactant solution giving final substrate concentration of Ca. M. The first-order rate constants 
k,,,, are expressed in reciprocal seconds. We generally made 5-8 independent kinetic runs for each 
set of reaction conditions. 

M. 
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