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The influence of the structure of tetracoordinate phosphorus acid 
esters on the catalytic effect of the sodium dodecyl 

sulfate--hexanol--water ternary reverse micellar system 
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The catalytic effect of the sodium dodecyl sulfate--hexanol--water ternary, reverse micellar 
system in the alkaline hydrolysis of O-alkyl O'-aryl chloromethylphosphonates as a function of 
the substrate structure was studied. The micellar effect is mainly determined by a change in the 
electronic properties of the substituents, while the hydrophobicity plays a secondary role. The 
kinetic data were examined in the framework of the pseudo-phase model of micellar catalysis. 
The rate constants of the reaction in the surface layer and the partition constants of the 
reactants were calculated. 
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Reverse micel les  are widely known as b i o m i m e t i c  
s t ruc tures  tha t  work acco rd ing  to the  "gues t - -hos t "  p r in -  
ciple. ! The  ma in  qual i ta t ive  regulari t ies o f  catalysis o f  
chemica l  r eac t ions  in these  systems are poorly s tudied 
and  only  a few quan t i t a t ive  s tudies  were performed.  We 
have previously  z,3 shown  tha t  in the  reverse mice l la r  
system sod ium b is (2-e thy lhexyl )  su l fosucc ina te  ( A O T ) - -  
d e c a n e - - w a t e r  the  a lkal ine  hydrolysis  o f  p h o s p h o n a t e s  
proceeds  more  slowly than  in water ,  and  in the  system 
sod ium dodecyl  sulfate ( S D S ) - - h e x a n o l - - w a t e r  the re- 
ac t ion  is acce le ra ted .  To  reveal the main  reasons  for 
catalysis o f  r eac t ions  and  to solve the p rob lem of  sub-  
strate specif ic i ty  in these  o rgan ized  media ,  the range o f  
subs t ra tes  u n d e r  s tudy shou ld  be enlarged.  Wi th  this  
purpose ,  we s tudied  the  k ine t ics  o f  the  hydrolysis  o f  
O-alkyl  O ' - a r y l  c h l o r o m e t h y l p h o s p h o n a t e s  ( ! - - 1 0 )  
(Scheme  I) at d i f ferent  rat ios Z = [ h e x a n o l l / [ S D S ]  and  
W = [ H 2 0 ] / I S D S  ] and  e x a m i n e d  the kinet ic  data  in the  
f ramework  o f  the p s e u d o - p h a s e  model  o f  mice l la r  ca-  
talysis. 

E x p e r i m e n t a l  

Compounds 1--10 were prepared by a known procedure. 4 
The synthesized esters were triply distilled. The purity of com- 
pounds 5--10 was confirmed by elemental analysis (Table 1). 
Phosphonates 1--4 have been synthesized by us previously, s 

SDS (high-purity grade) was doubly recrystallized From 
ethanol. Reverse micellar systems were prepared by the mixing 
of three components according to the phase diagram 6,7 followed 
by shaking to the formation of a transparent solution. The molar 
ratios W =  [H2OI/ISDS ] and Z =  [hexanoll/[SDS] were varied 
in the intervals of 9.8--37 and 5--49, respectively. The reaction 
kinetics was studied spectrophotometrically on a Specord M-400 

S c h e m e  1 

0 
ClCH2-...II 

R O / P - - ~  x 
l - - lO 

+ 2 O H -  

0 
CICH2"I-I - -  0 ~ ~  

" - -  + - X 
R O / P  u 

+ H20 

X = NO 2, R = Et (1), Bu n (2), n-CsH13 (3), n-Cell17 (4); 
R = Et, X = Br (5), H (6), Et (7), Bu n (8), n-CsH~7 (9), 
iso-C12H25 ( |0)  

instrument by the change in the optical density of the anion of 
the leaving group. The initial concentration of the substrate was 
5-10  -5 mol L - l ,  and the concentration of the nucleophile 
much exceeded that of the substrate. The observed rate con- 
stants (kobs) were calculated using the weighted least-squares 
method from the dependence ln (D,~-D)  = -kobs t + const, 
where D and D= were the optical densities of the solution at the 
moment t and at the end of the reaction. 

The kinetic data were examined according to the pseudo- 
phase approach. For the reaction that occurs in the surface 
layer, where a reactant is distributed between the oil phase and 
the surfactant monolayer and the second reactant is distributed 
between the surface layer and water, the equation for the 
observed rate constant has the form 8 

kiKsKoH[OH]tot 
kob s = ( I ) 

(K s + Z)(KoH + W)[Surf] 

where Surf is a surfactant; ki/s - I  is the rate constant in the 
surface layer corresponding to the nueleophile concentration 
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Table  1. Physicochemical parameters of compounds 5--10 

Substrate B.p. riD2~ 
/~ 

(p/Torr) 

Found (%) Molecular 
Calculated formula 

C H Hal P 

5 165 (0.02) 1.5425 34.38 
34.45 

6 120 (0.05) 1.5115 45.09 
46.06 

7 125 (0.04) 1.5095 50.20 
50.28 

8 125 (0.03) 1.5020 53.62 
53.70 

9 145 (0.03) 1.4970 58.78 
58.87 

10 165 (0.03) 1.4990 62.58 
62.61 

3.47 36.70 9 . 8 0  CoHIIO3PBrCI 
3.51 36.84 9.89 
5.15 15.20 t 3.27 C 9 H I203 PCI 
5.12 15.14 13.21 
6.13 13.59 1 1 . 9 0  CilHI603PC1 
6.09 13.52 11.81 
6.93 12.31 1 0 . 7 4  CI3H2003PC1 
6.88 12.25 10.67 
8.12 10.29 8 . 9 8  CITH2803PCI 
8.08 10.25 8.95 
8.98 8.89 7 . 7 2  C2]H3603FCI 
8.94 8.82 7.70 

expressed as the molar ratio IOHI/ISDSI; ki is related to the 
pseudo-first order rate constant ki'/s -I and the second-order 
rate constant k2,i/L tool -I s -) by the correlations 

kj' = k i [OWl , k2. t = kiV. (2) 
[Surf/ 

where V is the molar volume of the surfactant (Lmol-)): 
[OH]tot iS the total concentration of the OH- ion (mol L-I); K s 
is the partition constant of the substrate between the oil phase 
and surfactant: 

KS = [S]i[hexanol]  . 

ISlolSurfl 

and KOH is the partition constant of the OH- ion between the 
aqueous phase and surfactant: 

KOH---- [OH-]iIH2OI . 
IOH-l~,lSurfl 

The molar concentrations of the substrate (S), hexanol, and the 
surfactant are given in brackets; and indices i, o, and w refer to 
the surface layer and the oil and aqueous pseudo-phases, re- 
spectively. The main assumptions and approximations used in 
the pseudo-phase model have been discussed previouslyfl 

R e s u l t s  a n d  D i s c u s s i o n  

According to the pseudo-phase approach, three mi- 
croscopic regions are distinguished in the reverse mi- 
celles: the aqueous core, the surface layer formed by 
hydrocarbon chains of the surfactant, and the oil pseudo- 
phase, t~ It is most likely that the reaction involving the 
hydrophobic substrate and hydrophilic nucleophile pro- 
ceeds in the surface layer of the surfactant, whose 
amphiphilic properties provide affinity to both reactants. 

We compared the reactivities of the substrates in two 
series: 1--4, where the hydrophobicity of the atkoxyl 
group changes, and 1, 5--10,  where both the electronic 
properties and hydrophobicity of the leaving group 
considerably change. 

In the absence of surfactants, the reactivity of com- 
pounds 1--4 in water slightly decreases with an increase 
in R, which is related to an increase in the steric 
hindrances for the attack of the reaction center, s The 
kinetic data for substrates 1--4 in SDS reverse miceHes 
are presented in Fig, I. It can be seen that an increase in 
the hydrophobicity of the alkyl group affects kob s only on 
going from 1 to 2, whereas kob s Ibr substrates 2--,I is 
virtually the same. This behavior of substrates 1--4 in 
the reverse micellar system SDS--hexanol--water sharply 
differs from that observed in the direct CPB and CTAB 
micelles, where the catalytic effect substantially increases 
with an increase in the hydrophobicity of the sub- 
strates.S, tt 

When the SDS concentration and water content in 
the system increase, kob s decreases. This tendency has 
previously been observed by us and other researchers. 2,s 
It is most likely that this regularity is characteristic of 
reactions that occur in the surface layer of the reverse 
micelles. The decrease in the rate constant with increase 
in the SDS and water concentrations can be due to the 
dilution of the reactants in the micelles when the volume 
fraction of the dispersed phase increases. 

in series I, 5--10 (variation of the substituent in the 
leaving group) in water in the absence of a surthctant, 
the reactivity changes nonuniformly. The constant k2. w 
decreases substantially in series 1, 5, and 6 (k2, w = 4.0, 
0.55, and 0.24 L mol -~ s -~, respectively) due to the 
weakening of the electron-withdrawing properties of the 
substituent X in the series NO 2, Br, and H, which 
destabilizes the leaving group, tz The reactivities of 6 and 
7 in water are almost equal (Table 2), and an increase in 
the length of the alkyl substituent in compounds 7--10 
gradually decreases the reactivity due to the enhance- 
ment of the positive inductive effect of the substituent. 

The kinetic data tbr substrates 5--10 are presented in 
Figs. 2 and 3. In SDS reverse micelles and in water, a 
noticeable decrease in the hydrolysis rate of phospho- 
hates 1, 5, and 6 is observed (see Figs: I and 2), which is 
likely related to a decrease in k2, i in this series (see 
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Fig. i.  Observed rote constants of alkaline hydrolysis (kobs) of substrates ! - -4  (curves 1--4, respectively) as functions of the SDS 
concentration (a) at iV= 15.1, [NaOHJ = 0.002 tool L - t ,  and 25 ~ and of the water content (b). 

Table 2). in  addi t ion ,  the  cata lyt ic  effect decreases  in 
this series. The  m a x i m u m  acce le ra t ion  o f  the reac t ion  of  
substrates  1, 5, and  6 in a mice l la r  so lu t ion  as c o m p a r e d  
to water  (kotrJkw)ma x is equal  to 30, t4,  and  3.6, respec-  
tively. The  reactivity o f  subs t ra tes  6 - - 1 0  in SDS reverse 
micelles not iceably  differs f rom the i r  behav io r  in water. 
In micel lar  so lut ions  we observed  a substant ia l  difference 
in kob s for 6 and  7 and  vir tual ly the same  rate cons t an t s  
for p h o s p h o n a t e s  7 - - 1 0  (see Fig. 2), whereas  k2. w 
smooth ly  decreased wi th  an  increase  in the  length  o f  the 
alkyl group in the para-posi t ion .of the  leaving group.  

Thus,  in the SDS reverse mice l la r  sys tem,  a decrease  
in the e l e c t r o n - w i t h d r a w i n g  proper t ies  o f  X tha t  des tabi -  
lizes the  leaving g r o u p  cons i de r ab l y  decreases  kobs, 
whereas  an  increase in the  hydrophob ic i ty  o f  the sub-  

Table 2. Results of kinetic data processing by Eq. (I) 

Sub- K s KoH k+ k,.# k ,w + k /k  .(1+ /k+L.. :  _. 2 2 ~ . . . . . . .  

strate /s - I  L mol -~ s -~ 

5 100 7 5.40 2.00 0.55 3.6 14 
6 80 2.2 1.90 0.70 0.24 2.9 3.6 
7 80 40 0.15 0.05 0.20 0.26 2.2 
8 70 9.4 0.3 0.11 0.16 0.69 2.6 
9 90 90 0.14 0.05 0.12 0.42 3.1 
10 60 40 0.14 0.05 0.08 0.62 4.9 

" V= 0.37 L mol -I  (see Ref. 8). 
b The second-order reaction rate constant in water is designated 
by k2. w. 
CThe maximum acceleration equal to the ratio of the rate 

�9 constants of the pseudo-first order in a micelle to water is 
designated by (kom,/kw)ma • 

s t i tuent  X has a lmos t  no  effect  on  the  hydrolysis  rate 
(see Fig. 2). As a result ,  the  cata lyt ic  effect  o f  SDS 
reverse micelles changes  in the  series o f  subs t i tuen t s  X as 
tbllows: 

NO 2 > Br > H > Et = Bu n -~ p+CsFll7 ~ iso-Ct2H2s. 

This  o rder  o f  chang ing  the  react ivi ty  con f i rms  ou r  previ-  
ous I1 assumpt ion  that  in reverse micel les ,  unl ike  d i rec t  

kot ~ /s-I v I kobs/S- t 
o 2 0.05 . 
o~ .~. 000 \ : :  

0.04 - 

0.008 \ 0 0 _  ..... 
' [SDSl/mol L -I 0.006 

0 0 0 ,  

0.002 

I I I I 

0.2 0.4 [SDSI/mol L -1 

Fig. 2. Observed rate constants of alkaline hydrolysis of sub- 
strates 6--10 as functions of the SDS concentration (curves 
I--5, respectively); W = 15.1, 0.01 M NaOH, 25 ~ Similar 
dependence for substrate 5 is shown in insert. 
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Fig. 3. Observed rate constants of alkaline hydrolysis of sub- 
strates 6--10 as functions of the water content (curves 1--5, 
respectively); 0.01 M NaOH, 25 ~ Similar dependence tbr 
substrate 5 is shown in insert. 

micelles, the effect of  concent ra t ing  directly related to 
the hydrophobici ty of the reactants plays a secondary, 
role. As in series 1--4, kob s decreases with an increase in 
the SDS concent ra t ion  (see Fig. 2). The dependence  of 
koe s on Wfor  substrates 6 - -9  somewhat differs from that 
in series 1--4.  A noticeable decrease in kob s with an 
increase in FV is observed only lbr compounds  5 and 6, 
whereas for substrates 7 - -10  kob s is almost independent  
of W (see Fig. 3). 

The plots of  kob s as a function of [NaOH] for 
substrates 5 and 6 are presented in Fig. 4. As in the 
earlier work, 3 in SDS reverse micelles, unlike AOT, the 
straight line does not pass through zero, whereas in the 
case o f  substrate 5 (X = Br), two pronounced regions 
with different slopes are observed. It has been shown 3 
that this change in the slope can be related to the 
transposition of  the reaction zone, which changes the 
mic roenv i ronment  of the reactants and their reactivity. 
It is most likely that an increase in the alkali concent ra-  
tion creates favorable condi t ions  for the redistribution of 
the O H -  ions between the aqueous phase and surface 
layer due to an increase in the electrochemical  potential  
of  the O H -  ion in the micelle core. 

We are the first to observe an interesting specific 
feature of  the behavior of substrates 6- -  10: depending on 
the concent ra t ions  of the surfactant and alkali and the W 
value, the SDS- -hexa n o l - -wa t e r  reverse system exhibits 
either an acceleration or retardation of alkali hydrolysis 
as compared to the reaction rate in water (see Fig. 4). 

We have previously shown that for the S D S -  
hexanol- -water  system at low alkali concentrat ions ,  the 
pseudo-phase model becomes inadequate for the kinetic 
data. Probably, under  these condit ions,  processes that 
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Fig. 4. a. Observed rate constant of the alkaline hydrolysis of 5 
as a function of the concentration of NaOH for water (/) and at 
[SDSI/mol L - I  = 0.75 (3 ,  0.52 (3), 0.38 (4), 0.26 (5), and 
0.15 (6); IV= 15.1, 25 ~ b. Observed rate constant of alkaline 
hydrolysis of 6 as a function of the concentration of NaOH at 
[SDS]/mol L -~ = 0.75 (I), 0.38(2/, 0 (3), 0.26 (43, and 0.15 (5); 
W= 15.1, 25 ~ 

occur in other pseudo-phases,  rather than only those at 
the interface, contribute to the kob s value. Similar  behav- 
ior was observed for substrates 1--4.  whose hydrolysis 
kinetics was measured, because of  their high reactivity at 
low alkali concentra t ions  (0.002 tool L - t  NaOH).  Under  
these condit ions,  Eq. (I)  is not  fulfilled. It is most likely 
that at a low alkali concent ra t ion  the O H -  ions are 
concentrated in the aqueous core and do not  penetrate 
into the surface layer due to the electrostatic repulsion 
from the head groups. The reaction of the substrates with 
the O H -  ions in water, probably, contr ibutes mainly  to 
kob s. An increase in the NaOH concen t ra t ion  can result 
in the redistribution of the O H -  ions between the aqueous 
phase and interphase via the concent ra t ion  gradient,  
which is facilitated by a partial counterbalance  of  the 
charge of the head groups by the Na* cations. 

For substrates 5- -10 ,  Eq. CI) is fulfilled (concent ra -  
tion of NaOH 0.01 tool L -z) (Fig. 5), which can serve as 
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Fig. 5. Linearization of the kinetic data for substrates 5--10 
by Eq. (1) (straight lines I--6. respectively); W = 15.1, 
0.01 M NaOH. 

kinetic evidence for the occurrence of the reaction in the 
surface layer. It is seen from the data in Table 2 that the 
partition constant of the substrates K s weakly depends 
on their hydrophobicity. At the same time, /(}3H for the 
more hydrophobic substrates is higher than that for 
compound 6, whose benzene ring contains no substitu- 
ent. By contrast, k i for this substrate is much higher than 
those for its substituted homologs, which results in a 
higher value of kob s. The alignment of the reactivity of 
substrates 2--4 and 7--10 in reverse micelles as com- 
pared to water should be mentioned. The rate of the 
alkaline hydrolysis of these phosphonates in micelles is 
almost the same (see Figs. t --3) ,  and substrate specific- 
ity is absent. As has been shown previously, s,ll the 
principle of recognition of substrates by their hydropho- 
bicity acts in direct micelles, i.e., the differential influ- 
ence of micelles on the reactivity is observed. This 
indicates different mechanisms of the catalytic effect of 
direct and reverse micelles. 

It is seen from the data in Table 2 that for substrates 
5 and 6 k2.i/k2, w > I, i.e., the micellar microenviron- 6 
merit has a favorable effect on the reactivity. As the 
hydrophobicity of the substrates in the series 7--10 
increases, k2,i/k2.w becomes lower than unity, which 
indicates the destabilizing effect of the transfer of the 
reaction from the aqueous phase to the micellar phase. It 
can be assumed that the reaction series under study is 
sensitive to the rnicroenvironment of the reactants. An 
insignificant variation of the experimental conditions 
resulting in a change in the localization or orientation of 
compounds can lead to transition from catalysis of the 
reaction to inhibition (see Fig. 4). 

Thus, study of the kinetics of the alkaline hydrolysis 
of phosphonates in the SDS--hexanol--water  reverse 
micellar system showed that the change in the electron- 
withdrawing properties of the substituent has the stron- 

3 gest influence on the micellar effect, and the hydropho- 
bicity is insignificant. 
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