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MICELLAR RATE EFFECTS ON REACTIONS OF HYDROXIDE 
ION WITH PHOSPHINATE AND THIOPHOSPHINATE ESTERS 
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JOHN R. MOFFATT AND SALLYANNE WRIGHT 
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Cationic micelles of cetyltrimethylammonium chloride, bromide and mesylate (CTACI, CTABr, CTAOMs) speed 
reactions of OH- with phosphinate and thiophosphinate esters: PhzPO.OPh (la), PhzPO.OC6H4N0z-p (lh), 
Ph(i-Pr)PO.OCsH4NOz-p (lc), PhzPO.SEt (2a), Ph2PO.SPh (2b), (Et0)zPO.SPh (2c) and (EtO)zPS.OCaH4NOz-p 
(Parathion, 3). First-order rate constants go through maxima with increasing [ surfactant 1. The rate-surfactant 
profiles are fitted quantitatively in terms of a kinetic model that treats the distribution of OH- between aqueous and 
micellar pseudo-phases in terms of coulombic and non-coulombic ion-micelle interactions. Second-order rate 
constants at the micellar surface are lower than in water by factors that range from 0-035 for l a  to 0.7 for lc. The 
thiophenyl derivative (2b) is more reactive than the corresponding phenoxy derivative (la) and it is more reactive than 
the corresponding thioethyl derivative (2a). Parathion (3) is the least reactive substrate in both water and miceltes. 

INTRODUCTION 

Reactions of OH- with phosphinate and 
thiophosphinate esters have been extensively examined 
in aqueous organic solvents. Reactions of the 
thiophosphinates are faster than those of the corre- 
sponding phosphinates, reflecting the higher leaving 
abilities of thiolate as compared to the corresponding 
oxide residues. Thiols and thiophenols are considerably 
stronger acids than the corresponding oxy acids. 
Nucleophilic attack on phosphorus (v) esters is often 
written as an addition-elimination reaction involving a 
trigonal bipyramidal intermediate with groups entering 
and leaving apically. 394 However, Williams and 
coworkers have suggested that these reactions are prob- 
ably concerted, based on analysis of substituent effects 
in terms of Brunsted linear free energy relations. 

Reactions of phosphate and phosphinate esters with 
anionic nucleophiles are speeded by a variety of col- 
loidal assemblies, e.g. m i ~ e l l e s ~ - ~  and microemulsion 
droplets. lo- *’ These rate enhancements can be treated 
quantitatively in terms of pseudo-phase models that 
provide estimates of second-order rate constants at sur- 
faces of colloidal assemblies by calculating concen- 
trations of both reagents at the surfaces. 13-22 These 
models show that both cationic and zwitterionic 
micelles speed reactions in aqueous solution, not by 

*Author for correspondence. 

increasing rate constants but by concentrating reagents 
into the small volume of the colloidal pseudo-phase. 
Second-order rate constants for reactions of various 
anionic nucleophiles with phosphate and phosphinate 
esters at micellar surfaces are slightly lower than those 
in water. 8b3,9,16317 This result is typical of birnolecular 
non-solvolytic reactions in micelles, microemulsion 
droplets and vesicles. We planned to test these quanti- 
tative treatments for substrates with different leaving 
groups because to date most of the work has involved 
the nitrophenoxide leaving group. Relative second- 
order rate constants of reactions of carboxylic esters 
and hydroxide ion in aqueous and micellar pseudo- 
phases are dependent upon electronic effects of substi- 
tuents and electron withdrawal favors the micellar 
reaction. 

We examined reactions of OH- with a series of 
phosphinates and thiophosphinates. The substrates 
were: 

R’R”PO.OR ( la)  R’ = R” = R = Ph 
( l b )  R‘ = R” = Ph, R = ChH4N02-j) 
(Ic) R’ = Ph, R”  = (CH,)zCH, 

R = CsH4NOz-j) 

R’2PO.SR (2a) R’ = Ph, R = Et 
(2b) R‘ = R = P h  
( 2 ~ )  R’ = OEt, R = Ph 
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We also examined a thione derivative, Parathion (3): 

(Et0)z PS.OC6H4N02-p 

Reactions were followed both in water and at 
micellar surfaces. Rate constants of reaction at micellar 
surfaces can be estimated by calculating concentrations 
of OH- at those surfaces by solution of the 
Poisson-Boltzmann equation (PBE). This treatment 
considers both coulombic and specific ion-micelle 
interactions. 17322 To date it has been applied to reaction 
of OH- with p-nitrophenyl diphenyl phosphate 
(pNPDPP), ” but not to reactions of other phosphorus 
(v) esters in cationic micelles. 

RESULTS AND DISCUSSION 

Reactions in the absence of surfactant 
When necessary second-order rate constants, k,, in 
water, were estimated by extrapolating rate constants of 
reaction in aqueous acetonitrile. All the reactions were 
overall second order and examples of the solvent effects 
upon reactions of the thiol and thione derivatives are 
given in the Experimental Section. Rate constants 
decrease with decreasing water content of the solvent. 
Many reactions of nucleophilic or basic anions are 
speeded by a decrease in water content because dehy- 
dration of the anions increases their reactivities. 23 

However, organic solvents decrease activity coefficients 
of phosphorus esters. This stabilization of the substrate 
more than offsets the rate increase due to destabiliza- 
tion of OH-, probably because there is extensive 
hydration of anionic residues in the transition state. 

The rate of reaction of OH- with pNPDPP decreases 
with decreasing water content of a mixed solvent,24 and 
phosphinate esters behave similarly (Ref. 3 and Exper- 
imental Section). 

The effects of structure upon reactivity are as 
expected. Reaction rates increase in changing from 
a phenoxide to a p-nitrophenoxide leaving group (la/b) 
or from a thioethyl to a thiophenyl leaving group (2a/b) 
(Table 1 and 2). Reactivity increases slightly in going 
from a phenoxide to a thiophenoxide leaving group 
(la/2b). Alkoxy groups at phosphorus inhibit reaction 
(2b/c), the thione derivative (3) is relatively unreactive 
and a phosphinate is more reactive than the corre- 
sponding phosphate ( l b  and pNPDPP These 
differences are probably due to p-d or d-d interactions 
that reduce the positive character at phosphorus (v). 
An isopropyl group at the reaction center inhibits 
reaction (lblc), probably due to a combination of steric 
and electronic effects. 

Micellar reaction 

We used cetyltrimethylammonium surfactants 
( C I ~ H ~ ~ N M ~ ~ X ,  X = C1, Br, OMS; CTACI, CTABr, 
CTAOMs) and a range of dilute OH-. First-order rate 
constants increase sharply with increasing [surfactant] 
and go through maxima, and are lower when the surfac- 
tant counterion is Br- rather than C1- or OMS-. The 
overall reaction is less than first order in stoichiometric 
[OH-] (Figures 1-8). (Concentrations of OH- are 
shown in each figure with the plots). These kinetic fea- 
tures are general for micellar-assisted bimolecular 
reactions of counterions with hydrophobic substrates 

0 1  I , 1 1  1 ’ 1  1 I 
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I 
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Figure 1. Reaction of OH- with Ph2PO.OPh (la) in solutions of CTABr. Here and elsewhere concentrations of OH- are shown 
with each plot, unless specified in the caption 
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Figure 2. Reaction of OH- with Ph2PO.Oc6H4N02-p ( lb)  in solutions of CTABr (solid points) and CTACl (open points) 
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Figure 3. Reaction of OH- with Ph(i-Pr)PO.OCsH4NOz-p (lc) in solutions of CTABr (solid points) and CTACl (open points) 
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Figure 4. Reaction of OH- with Ph2PO.SPEt (2a) in solutions of CTABr 

1 ' 1  
0 8 16 24 32 40 48 

10 [CTAOMs] M 

0.0 I 1 ' 1  I '  1 1 1 

0 8 16 24 32 40 48 
10 [CTAOMs] M 

Figure 5 .  Reaction of OH- with PhzPO.SPh (2b) in solutions of CTAOMs 
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Figure 6. Reaction of 0.01 M OH- with Ph2PO.SPh (Zb). Comparative effects of CTAOMs (open points) with CTABr (solid 
points) 
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Figure 7.  Reaction of OH- with (Et0)zPO.SPh (2c) in solutions of CTAOMs (open points) and CTABr (solid points) 
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and are explained by pseudo-phase models that con- 
sider the distribution of both reactants between water 
and micelles. ''-18 The concentration of OH- at the 
micellar surface depends upon competition with the 
inert counterion and this competition can be treated 
quantitatively by various ion exchange equations. We 
treated the data by using a treatment that includes both 
non-specific, coulombic and ion-specific interactions 
between the anions and micelles. This treatment has 
been applied to reaction of pNPDPP + OH- in sol- 
utions of cationic micelles. '' 

Quantitative treatments of micellar rate effects 

Most quantitative models treat micelles and water as 
separate reaction media, so it is necessary to calculate 
concentrations of both OH- and substrate (S) in the 
aqueous and micellar pseudo-phases, although for the 
hydrophobic phosphorus (v) esters reaction is largely 
in the micellar pseudo-phase. 

The distribution of dilute S between water and 
micelles is generally considered to be given by Scheme 
1 and equations (1) and (2),'3-'8.25 

SW + D, SM 

Products 
Scheme I 

I r( 

[sM]/ [STI = Ks [Dnl/ (1 + Ks [Dnl) (1) 

[sWl/[sTI = 1 / ( 1  +Ks[DnI) (2) 
where subscripts T, M and W denote, respectively, the 
total concentration and those in the micellar and 

aqueous pseudo-phases, KS is a binding constant and 
D, is micellized surfactant (detergent). The concen- 
tration of monomeric surfactant is assumed to be the 
critical micelle concentration (cmc) under the kinetic 
conditions. 

We assume that reaction occurs in a shell of width, 
A ,  at the micellar surface, so that the first-order rate 
constant, with respect to substrate, is given by: 

Second-order rate constants kw and kp(1 mol-' s- ' )  in 
the aqueous and micellar pseudo-phases, respectively, 
have the same dimensions and can be compared directly 
and [OH-IA is the local molarity integrated over the 
reaction region, width A .  

We used the cell model of solution and calculated dis- 
tributions of co- and counter-ions between the micellar 
surface, radius a, and the cell wall by solving the PBE 
in spherical symmetry,26 but with an added term that 
considers specific, non-coulombic, ion-micelle 
interactions. l 7  Each cell contains one micelle, so the cell 
radius is governed by the concentration of micellized 
surfactant and the micellar aggregation number, N. 
Ions can interact with micelles specifically as well as 
coulombically and the specific attractions will be largest 
for the most polarizable, low-charge density, anions, 
e.g. Br-. The interaction is written in terms of a Volmer 
isotherm with the assumption that OH- interacts only 
coulombically with micelles. I 7  

The fraction of head groups (f) that are neutralized 
by a specifically bound counterion, X-(Cl-, Br- or 
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OMS-) is given by: 

The interactions can also be written in terms of 
Langmuir isotherms, although the Volmer isotherm is 
probably better when ion coverage is high, as is the 
case here. 

We assume that specifically bound counterions neu- 
tralize the charge of an equal number of cationic head 
groups and in fitting the rate data we assign a specificity 
parameter, 6x (equation 4), to  each anion with 6 = 0 for 
very hydrophilic anions, e.g. OH-. 

Values of N for CTA' micelles are known, or can be 
estimated by analogy with known values. The radius, a,  
to the charged interface is lower than the hydrodynamic 
radius (Rh) because Rh includes organic residues in the 
head group and associated counterions and water mol- 
ecules. The specificity parameters, AX, are independent 
of concentrations of surfactants and electrolytes and 
for C1- and Br- fit data for reactions in which these 
ions are inert inhibitors and also for reastions in which 
they are reactants. 17' We took A = 2 . 4  A in fitting rate 
data for anion reactions in solutions of CTA+ 
surfactants, " but satisfactory fits can be obtained with 
other values of A .  

The binding constants, K, ,  can be estimated by 
analogy with known values, but for very hydrophobic 

substrates fits are insensitive to variations in K,.  
Second-order rate constants, k p ,  are disposable par- 
ameters, but our fitting procedure requires that they d o  
not depend significantly upon changes in concentrations 
of surfactants or electrolytes. 

Micelles tend to  grow with added electrolytez7 and it 
appears that fits improve if the aggregation number, N,  
increases on addition of electrolyte, although we 
assume that N is independent of [surfactant]. For 
reactions of the most hydrophobic substrate, Parathion 
(3), we get better fits if N for CTABr micelles is slightly 
larger than when the other substrates are present. 'The 
quality of the fits is only slightly impaired by taking the 
values of Nused  in fitting data for the other substrates. 

The theoretical fits to  the data are shown in 
Figures 1-8. They are based on the rate constants given 
in Tables 1 and 2. The other fitting parameters are given 
in the Experimental Section. For reactions of the thiol 
and thione derivatives we obtained acceptable fits with 
values of k p  that were independent of [OH-], because 
micellar rate enhancements are small (Figures 4-8). As 
a result fits are insensitive to  small variations in k?. 

Most simulations based on pseudo-phase models 
neglect changes in micellar properties due to incorpor- 
ation of substrate, which may be a problem in very 
dilute surfactant close to  the cmc. 1 3 - "  The treatments 
also neglect contributions of reactions in submicellar 
aggregates, even though hydrophobic substrates may 

Table 1. Reactions of phosphinate esters' 

[OH-] (M) X k p ,  (I mol-' s-') k?/kw Substrate 

(la) Ph2PO.OPh 
(la) Ph2PO.OPh 
(la) Ph2PO.OPh 
( lb)  PhzPO .OCsH4NOz-p 
(lb) PhzPO.OCsH4NOz-p 
( lb)  PhzPO.OCsH4NOz-p 
( lb)  PhzPO.OCsH4NO2-p 
(lc) Ph(i-Pr)PO.OCsH4NOz-p 
(Ic) Ph(i-Pr)PO.OCsH4NOz-p 
(lc) Ph(i-Pr)PO.OGH4NOz-p 

0.005 
0 - 0 1  
0-02 
0.01 
0.02 
0.01 
0.02 
0.005 
0.01 
0-01 

Br 
Br 
Br 
Br 
Br 
C1 
c1 
Br 
Br 
c1 

0.042 
0.040 
0.043 
3.0 
3.3 
3.5 
3.8 
0.21 
0.23 
0.22 

0.035 
0.033 
0.036 
0.17 
0.18 
0.19 
0.21 
0.70 
0.77 
0.73 

'Vaiues of kw are: 1.2, 18-0 and 0.301mol-' s- '  for reactions of la, l b  and lc, respectively, at 25.0'C; 
values of K ,  are: 5 x lo', lo4 and 600 I mol-' for la ,  l b  and lc, respectively, in CTAX. 

Table 2. Reactions of thiol and thione esters of phosphorus(v)a 
~~ 

Substrate 

(2a) Ph2PO.SEt 0.27 
(2b) Ph2PO.SPh 2.5 
( 2 ~ )  (Et02)2PO.SPhC 0-037 
(3) (EtO)zPS.OCs€LNOz-p 0.001 

0.034 0-13 
0-33b 0.13 
O.OOSb 0.14 
1.3 x 10-4 0.08 

a In CTABr at 25.0 'C with K,  = 3 x lo3, 5 x 10' and 5 x lo4 I mol-' for Za, 2b and 3, respectively. 
bAlso followed in CTAOMs. 
' K ,  = 300 and 500 I rno1-l in CTAOMs and CTABr, respectively. 
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interact with monomeric surfactant or hydrophobic ion 
or small clusters of them and form substrate-ion com- 
plexes that generate overall reaction. 28,29 Pseudo-phase 
models predict that k+ should go through a maximum 
with increasing [surfactant] , 9 - 1 8  but we observed 
double maxima in plots of k+ against [surfactant] in 
reactions of 2a-c and 3. It is very easy to miss double 
rate maxima unless a large number of data points are 
taken near the rate maximum, and they are not always 
evident on large-scale plots. 

We have not seen double maxima for reactions of 
la-c and pNPDPP with OH- and so far as we 
know they have not been seen in reactions of pNPDPP 
with other nucleophiles. However, they are very evident 
in some reactions of dinitronaphthalene derivatives 
with nucleophiles mediated by cationic micelles. 30 They 
have also been seen in the spontaneous decarboxylation 
of 6-nitrobenzisoxazole-3-carboxylate ion in solutions 
of didodecyldimethylammonium ion. 31 

Double rate maxima probably arise from reaction in 
submicellar aggregates of substrate and surfactant and 
evidence for their existence will be given elsewhere. 
However, the possible existence of submicellar species 
complicates simulation of rate data in very dilute 
surfactant so fitting is relatively unsatisfactory in this 
region. The simulations are, as noted, poorest at the 
rate maxima because of the assumption in the pseudo- 
phase model that reaction is either in the aqueous or 
micellar pseudo-phase. 

Overall rate constants depend upon the nature of the 
surfactant counterion, because its competition with 
OH- is ion-specific, but second-order rate constants, 
k?, at the micellar surface are almost unaffected, as 
predicted by other pseudo-phase models. 14-18 The 
lower overall rate constants in CTABr as compared 
with CTACl or CTAOMs (Figures 2-7) are due to the 
high affinity of Br- for cationic micelles. Values of k? 
are only slightly affected by changes in [OH-],  but for 
the overall reaction the order is less than first in 
[OH-] ,  as predicted by pseudo-phase treatments. 14-" 

Reactivities in aqueous and micellar pseudo-phases 

Second-order rate constants, kw, in water are consist- 
ently higher than those in the micellar pseudo-phase, as 
for reaction of OH- with P N P D P P . ' ~ ' ~ ~  This lower 
reactivity in micelles seems to be typical of reactions of 
hydrophilic anions with esters of phosphorus (V) acids 
and of carboxylic acids I 4 , l 6  and is consistent with the 
decrease of rates of the non-micellar reactions as the 
polarity and water content of the solvent are decreased. 
Water activity at a micellar surface is lower than in bulk 
water, 32 as is polarity, based on spectrometric probes. j3 

For reactions of carboxylic esters values of k?/kW 
increase with increasing electron withdrawal by 
substituents'l and we see this effect in comparing values 
of k p / k w  for reactions of phenyl and p-nitrophenyl 

diphenylphosphinate ( la/b)  (Table 1). Micellar rate 
enhancements of reactions of OH- with carboxylic and 
phosphorus (v) esters are typically small, e.g. within a 
factor of ten, for two reasons. (i) Values of k?/kW are 
low and (ii) OH- does not compete effectively with 
bromide, chloride or mesylate ions at micellar 
surfaces. 1 4 - ' 8 7 2 1 b  Overall micellar rate enhancements 
are larger for reactions of less hydrophilic nucleophilic 
anions that bind strongly to micelles and have larger 
values of k?/kW. 8a,9a,14,16 

Most values of k?/kW are in the approximate range 
0.1-0.2, except, as noted, for reaction of la, and for 
reaction of l c  where replacement of phenyl by iso- 
propyl at phosphorus increases k y / k w  from 0.19 to 
0.7. The value of Ks  = 600 lmol-' used in fitting data 
for the micellar reaction of l c  is much lower than values 
of K,  t: lo4 Imol-' for most of the other esters. This 
difference suggests that l c  stays in a very water-rich 
region of the micellar surface, whereas the other more 
hydrophobic esters move more into the micellar surface 
and away from the very hydrophilic OH-. 

Substrate orientation may also influence values of 
k?/kW even for reactions of chemically similar 
substrates, although there is conflicting evidence on this 
question. j4*j5 A11 our reactions are overall second order 
in water and in micelles, which is consistent with a tri- 
gonal bipyramidal intermediate in steady state, or a 
concerted substitution. 

Regardless of mechanistic details bond breaking does 
not seem to be very extensive in the transition state, 
because although a p-nitro group increases the acidity 
of a phenol by a factor of ca 5 x lo2, reactivities of 
la/b differ by a factor of only 15 in water, although the 
rate difference is larger in cationic micelles (Table 1). 
Similarly, although thiophenols and thiols are much 
more acidic than their oxygen analogs, 2b is only 
slightly more reactive than l a  and reactivities of 2a/b 
differ only by a factor of ca 10 despite very different 
acid strengths of EtSH and PhSH. These, and similar 
comparisons for micellar and non-micellar 
reactions, ' - 4 * 8 * 9 9 1 7  suggest that bond making is more 
important than bond breaking in both water and 
micelles. This conclusion is consistent with the lower 
reactivity of a phosphate (pNPDPP) and a 
thionephosphate (Parathion, 3) as compared with 
phosphinates (1) due to pd orbital overlap in 
phosphates and dd overlap in P-S compounds. 

Relative second-order rate constants in aqueous and 
micellar pseudo-phases depend on electronic effects of 
substituents (Refs. 1-5, Tables 1 and 2), but the differ- 
ences are surprisingly small. Values of kw range from 

Imol-' s-' for reaction of 3 to 18 1 mol-' s-l for 
reaction of l b ,  a difference of almost 2 x  lo4, but 
values of kzMfkw range from 0.035 for reaction of la to 
0 .7  for reaction of l c  and if we limit our comparison 
to phenyl and ethoxy phosphinates and 
thiophosphinates the maximum value of kp /kw is 0 .2  
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