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The alkaline hydrolysis of p-nitrophenyl hexanoate is subject to catalysis by polysoaps synthesized through 
alkylation of polyvinylpyridine with ethyl and dodecyl bromides. The polysoaps are increasingly effective as 
catalysts for this reaction with increasing ratio of dodecyl to ethyl groups, suggesting that the hydrophobic 
properties of these polymers, as well as their net charge, are important in determining catalytic efficacy. The 
polysoap-catalyzed hydrolysis of this ester is inhibited by several anions: fluoride is the weakest inhibitor stud- 
ied and nitrate is the most potent. High concentrations of nitrate convert the polysoap-catalyzed process into a 
polysoap-inhibited one. In contrast to other anions, azide elicits an increased rate of ester disappearance, 
strongly suggesting that polysoaps catalyze the attack of this nucleophile on p-nitrophenyl hexanoate. 

I t  is well established that both polyelectrolytes2 and mi- 
celles3 may be effective catalysts for organic reactions, in- 
cluding ester hydrolysis, These reactions are of particular 
interest since they exhibit many features, including limit- 
ed substrate specificity, concentration-rate profiles, inhi- 
bition by structurally related substances, and inhibition 
by salts, which are reminiscent of enzymatic  reaction^.^,^ 
Catalysis in such systems generally derives from associa- 
tion of substrate and catalyst through electrostatic and/or 
hydrophobic interactions with formation of a complex 
having enhanced reactivity compared to the substrate free 
in solution. This enhanced reactivity may either reflect 
stabilization of the transition state relative to the ground 
state for reaction with some group from the bulk phase or 
incursion of an entirely novel pathway through reaction 
with some functionality of the micelle or polyelectrolyte. 
The n-alkyltrimethylammonium bromide catalyzed hy- 
drolysis of p-nitrophenyl esters provides one example in 
the former category4 and catalysis of carboxylic and sul- 
fate ester hydrolysis by polyethylenimines substituted 
with imidazole functions provides examples in the latter 

In general, micelles formed from ionic surfactants are 
organized and compact structures having the capacity to 
interact favorably with both organic molecules and ions. 
In contrast, most polyelectrolytes do not form well-orga- 
nized structures in aqueous solution and usually rely on 
electrostatic forces more than hydrophobic ones for com- 
plexation with small molecules and promotion of their 
reactions. A class of compounds has been known for sever- 
al decades which incorporates both those features of poly- 
electrolytes and those of micelles into a single structure; 
they are usually termed polysoaps.6-8 A typical polysoap 
can be formed through treatment of polyvinylpyridine 
with dodecyl bromide or other hydrophobic alkylating 
agent. The result is a polyelectrolyte having marked hydro- 
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phobic properties and such structures are known to form 
“intramolecular micelles” having a structural organization 
related to micelles formed from simple surfactantse6 

Very few studies of the catalytic capacities of polysoaps 
have been undertaken. I t  has been established that poly- 
vinylpyridine partially alkylated with benzyl chloride pro- 
motes the hydrolysis of p-nitrophenyl esters through a 
route involving transient acylation of unsubstituted pyri- 
dine nitrogens of the p ~ l y m e r . ~  More recently, alkylated 
polyvinylpyridines have been shown to be catalysts for 
fading of triphenylmethyl cations such as crystal violet.1° 
The work of Klotz and his collaborators has employed po- 
lyethylenimines possessing substantial hydrophobic char- 
acters and Ise, e t  d., have shown that related polymers 
catalyze hydrolysis of phenyl phosphate dianions.ll How- 
ever, in these latter cases, there is no evidence to suggest 
that  the polyelectrolytes actually form micelle-like struc- 
tures in solution. 

Since the catalytic properties of polysoaps remain large- 
ly unexplored, we have initiated a series of investigations 
in this area. The first of these, dealing with hydrolysis of 
p-nitrophenyl hexanoate, is described in this manuscript. 

Experimental Section 
Materials. p-Nitrophenyl hexanoate was prepared and purified 

as previously de~cr ibed .~  Poly-4-vinylpyr~dine was obtained from 
Polysciences, Inc.; the supplier provided an approximate molecu- 
lar weight of 300,000 

Copolymers of 4-vinyl-N-ethylpyridinium bromide and 4-vinyl- 
N-dodecylpyridinium bromide were prepared by a minor modifi- 
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Figure 1. First-order rate constants for hydrolysis of p-nitrophen- 
yl hexanoate in the presence of 6.5 X 1 0 - 7  M polysoap (28% al- 
kylated with dodecyl groups, PS-28) plotted as a function of the 
concentration of hydroxide ion at 30'. Values of pH were main- 
tained with dilute triethylamine buffers. 

cation of the method of Strauss and Gershfeld.6 One gram of 
poly-4-vinylpyridine was dissolved in 28 ml of a 1:l nitromethane- 
nitroethane mixture and traces of irlsoluble material were re- 
moved by filtration; 50 ml of redistilled dodecyl bromide was then 
added and the reaction was permitted to proceed for various time 
periods, depending on the extent of alkylation desired, at a tem- 
perature of 50". The reaction mixture was then poured into three 
volumes of cold ethyl acetate and the precipitated polymer was 
collected by filtration and dried in uucuo This preparation was 
dissolved in hot butanone to which was added sufficient ethanol 
to effect total solution and the polymer was reprecipitated by di- 
luting this solution into four volumes of ethyl acetate at 0". This 
procedure was repeated. This partially alkylated polymer was 
treated with excess ethyl bromide in nitromethane at 50" for 72 
hr. At the completion of the reaction, the mixture was poured 
into three volumes of ethyl acetate at 0" and the precipitated PO- 
lysoap was collected by centrifugation and purified through re- 
peated precipitation as described above. 

The extent of total alkylation of the polysoaps was estimated 
through potentiometric titration of bromide ion. Extent of alkyla- 
tion with dodecyl groups was measured as deficribed by Strauss, 
et al Three polysoaps were prepared and analyzed as described; 
these contained 15, 28, and 38% alkylation with dodecyl groups 
and at least 95% total alkylation. For convenience, these have 
been termed PS-15, PS-28, and PS-38. 

Kinetic measurements were made spectrophotometrically 
employing a Zeiss PMQ II spectrophotometer equipped with a 
cell compartment through which water from a bath maintained 
at 30" was continuously ~irculated.~ All measurements were made 
on solutions containing approximately 5 x 10-5 M p-nitrophenyl 
hexanoate at a wavelength of 400 nm. Good first-order rate be- 
havior was observed throughout. First-order rate constants were 
calculated from plots of the logarithm of the difference between 
optical density at infinite time and optical density at various 
times against time, in the usual manner. Values of pH were 
maintained with dilute triethylamine-ammonium buffers and 
were measured with the aid of a Radiometer pH meter. 

Results 
First-order rate constants for hydrolysis of p-nitrophenyl 

hexanoate at 30" in the presence of 6.5 x M PS-28 
were measured as a function of the concentration of hy- 
droxide ion; results are presented graphically in Figure 1. 
A satisfactory straight-line relationship is obtained, indi- 
cating tha t  the rate law for ester hydrolysis under these 
conditions is simply kobsd = kZ(OH-). That is, the  rate of 
ester hydrolysis is quantitatively accounted for by reaction 
with hydroxide ion, ruling out significant reaction with 
the small percentage of unalkylated sites On the polysoap 
or the incursion of a polysoap-directed alternative reaction 
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Figure 2. First-order rate constants for hydrolysis of p-nitrophen- 
yl hexanoate plotted as a function of the concentration of poly- 
soaps alkylated to the extent of 15, 28, and 38% with dodecyl 
groups (PS-15, PS-28, and PS-38). Values of pH were maintained 
between 9.95 and 10.1 with dilute triethylamine buffers. 

pathway. The  da ta  in Figure 1 yield a calculated second- 
order rate constant of 5.3 X lo3 M-1 min-I ;  this is sub- 
stantially greater than the corresponding value of 3.4 x 
102 M - l  min-l for the same reaction in the absence of 
p o l y ~ o a p , ~  indicating that  the polysoap is a catalyst for 
p-nitrophenyl hexanoate hydrolysis. 

In order to quantitate the apparent catalysis of ester 
hydrolysis by polysoaps, first-order rate constants were 
measured a t  30" and values of p H  near 10 as a function of 
the concentration of PS-15, PS-28, and PS-38. Results are 
provided in Figure 2. Note tha t  each of the polysoaps is a 
catalyst for the hydrolytic reaction. At  low polysoap con- 
centrations, rate constants increase linearly with this vari- 
able. However, for the cases of PS-15 and PS-28 at least, 
the rate constants eventually level off and become inde- 
pendent, or nearly so, of polysoap concentration. The  rela- 
tive insolubility of PS-38 prevented examination of this 
point for that polysoap. Note that the more hydrophobic 
the polysoap, the more effective the catalysis, whether ef- 
ficacy is judged in terms of the initial slope of rate con- 
stant against polysoap concentration or in terms of the 
maximal rate constants observed. 

In Figure 3, first-order rate constants for p-nitrophenyl 
hexanoate hydrolysis a t  30" are plotted as a function of 
the concentration of PS-28 in the absence and presence of 
two concentrations of added potassium chloride. Note 
that the extent of the catalysis, as judged by the slope of 
rate constant against catalyst concentration, is markedly 
reduced by the addition of 0.05 M KC1 and is nearly abol- 
ished in the presence of 0.5 M KC1. This finding suggests 
that salts, almost certainly the anionic component, are in- 
hibitors of polysoap-catalyzed ester hydrolysis. 

Salt  inhibition of the polysoap-catalyzed reaction was 
further pursued by examination of the effects of several 
sodium and potassium salts. First-order rate constants for 
p-nitrophenyl hexanoate hydrolysis a t  30" in the presence 
of 6.5 X M PS-28 a t  p H  10.1-10.2 as a function of 
the concentration of these salts are collected in Figure 4. 
Fluoride, chloride, sulfate, and nitrate are all observed to 
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Figure 3. First-order rate constants for the hydrolysis of p-nitro- 
phenyl hexanoate at 30" plotted as a function of the concentration 
of polysoap aikylated to the extent of 28% with dodecyl groups 
(PS-28) in the absence and the presence of two concentrations of 
potassium chloride. Values of pH were maintained at 10.1-10.2 
through use of dilute buffers of triethylamine. 
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Figure 4. First-order rate constants for hydrolysis of p-nitrophen- 
yl hexanoate at 30" in the presence of 6.5 x 10-7 M polysoap al- 
kylated to the extent of 28% with dodecyl groups (PS-28) plotted 
as a function of the concentration of several salts. Values of pH 
were maintained between 9.95 and 10.05 through use of dilute tri- 
ethylamine buffers. 

be effective inhibitors, in tha t  order of efficiency. Kote 
that a concentration of nitrate ion of 0.02 M is sufficient 
to reduce the observed rate constant to a value near that 
which is observed in the absence of polysoap, ca. 0.1 
min-I. At higher concentrations of this anion, rate con- 
stants are actually less than this value so that the poly- 
soap-catalyzed reaction is converted into a polysoap-in- 
hibited one. 

Among the anions studied, azide has the effect of in- 
creasing the rate of ester disappearance in the presence of 
polysoap (Figure 4) .  This nucleophile is quite reactive 
against p-nitrophenyl esters12 so that this observation al- 
most certainly reflects direct nucleophilic attack of azide 

on p-nitrophenyl hexanoate, very probably catalyzed by 
the polysoap (see below) I 

Discussion 
Data presented in Figures 1 and 2 establish that copoly- 

mers of 4-vinyl-N-ethylpyridinium bromide and 4-vinyl- 
N-dodecylpyridinium bromide are effective catalysts for 
the attack of hydroxide ion on p-nitrophenyl hexanoate. In 
the case of two of the polysoaps studied, saturation-type 
kinetics were observed (Figure 2), strongly suggesting the 
formation of a complex between polysoap and ester pre- 
ceding bond-changing reactions. Similar kinetic behavior 
has been observed for catalysis of the hydrolysis of the 
same ester by cationic  surfactant^.^ If this interpretation 
is correct, i t  follows tha t  the shape of the rate-concentra- 
tion profiles can be accounted for on the basis of the equi- 
librium constants for association of ester with polysoap 

Keq 
ester + polysoap ==== ester * polysoap (2) 

and rate constants for decomposition of the complexes 

ester. polysoap + OH- + polysoap + products (3) 

Values for K,, and k.2 for reactions involving PS-15 and 
PS-28 can be crudely estimated from the data in Figure 2. 
For PS-15, values of K,, = 1.2 x lo6 M - l  and k.2 = 7.5 x 
103 M - l  min-1 are obtained; for PS-28, the corresponding 
values are Kes =, 2.5 X 106 M-1 and k.2 = 1.2 X l o 4  M - l  
min-l. Since limits of solubility precluded observing sat-  
uration kinetics with PS-38, one can only state qualita- 
tively tha t  values for both constants must be larger than 
those observed for the less hydrophobic polysoaps. 

Polysoap catalysis for alkaline ester hydrolysis must be 
ascribed in part a t  least to electrostatic stabilization of 
the anionic transition state compared to the ground state, 
uncharged ester associated with the polysoap plus hydrox- 
ide ion free in solution, by the cationic polysoap. A simi- 
lar explanation has been provided for catalysis of the 
same reaction by cationic  micelle^.^ However, hydropho- 
bic interactions appear important to  catalytic efficacy as 
well. The increasing slope of rate-concentration profiles 
with increasing polysoap hydrophobicity can be accounted 
for in terms of stronger binding of ester to polysoap, as 
one might expect. However, the observation tha t  the max- 
imal rate constants achieved are also increased by increas- 
ing polysoap hydrophobicity indicates tha t  hydrophobic 
interactions contribute either directly or indirectly (per- 
haps through accentuation of the electrostatic interac- 
tions) to activation e n e r g i e ~ . l ~ > ~ ~  Similar observations 
have been made for surfactant-catalyzed hydrolysis of p -  
nitrophenyl hexanoate: the more hydrophobic the n-alkyl- 
trimethylammonium salt, the greater the extent of cataly- 
sis observed.4 Moreover, increasingly hydrophobic poly- 
soaps have been observed to be increasingly effective cata- 
lysts for the fading of cationic triphenylmethyl dyes.1° In 
related work, polyelectrolyte catalysis for hydrolysis of 
carboxylic and sulfate esters5 and phenyl phosphate di- 
anionsll is accentuated by the hydrophobic character of 
the catalysts. 

From the foregoing account, it is clear tha t  catalysis of 
the attack of hydroxide ion of p-nitrophenyl hexanoate by 
cationic micelles and by polysoaps have much in common. 
We may ask which system is the more effective catalyst. 
The maximum catalysis observed for the polysoaps is 14- 
fold, achieved in the presence of 4.5 x M PS-38 
(Figure 2). Under very similar conditions, dodecyltri- 
methylammonium bromide, at  an  optimal concentration 
of 0.02 M, increases the hydrolytic rate by less than three- 
fold.4 The best surfactant catalyst known, octyltrimethyl- 

k2 



2284 J.  Org. Chem., VoE. 39, No. 15, 1974 Rodulfo, Hamilton, and Cordes 

ammonium bromide, increases the rate five- to sixfold a t  
a concentration of 6 x M.4 By way of comparison, a 
simple calculation reveals that the concentration of dode- 
cy1 groups in a 4.5 x lo-? M solution of PS-38 is about 5 
X M .  By whatever criterion the comparison is made, 
polysoaps are better catalysts for ester hydrolysis than are 
simple cationic surfactants. However, it should be noted 
that catalysis for phenyl ester hydrolysis more marked 
than that of polysoaps has been observed for both normal 
and inverted micelles of hexadecyltrimethylammonium 
bromide in alcohol-water mixtures.lS 

Like micelle-catalyzed phenyl ester h y d r ~ l y s i s , ~  the po- 
lysoap-catalyzed reaction is subject to marked inhibition 
by anions (Figures 3 and 4 ) .  The order of effectiveness of 
the various ions studied increases with increasing anion 
hydrophobicity and parallels the order previously estab- 
lished for micellar  system^.^ Anion inhibition for poly- 
soap-catalyzed hydrolysis of p-nitrophenyl hexanoate hy- 
drolysis may result from (i) neutralization of surface 
charge on the polysoap micelle, reducing the electrostatic 
facilitation of the reaction; (ii) changes in shape of the po- 
lysoap in solution; and (iii) exclusion of the ester sub- 
strate from association with the polysoap; or any combi- 
nation of these (mutually dependent to some extent) 
possibilities. 

There is evidence to suggest that  the bulk of the anion 
inhibition effect does not derive from disruption of the po- 
lysoap-ester complex. The clearest case is provided by ni- 
trate: it is difficult to account for a net inhibition of the 
reaction on the basis of dissolution of the complex. Were 
this the case, the maximum effect that  could be observed 
would be the return of the rate constant to  tha t  value 
characteristic of a polysoap-free medium. The fact that ,  
in the presence of 0.1 M or more of nitrate, the polysoap 
actually decreases the rate suggests some form of poly- 
soap-ester interaction. 

I t  has been well established tha t  those polysoaps con- 
taining 13.6% or more alkylation with dodecyl groups un- 
dergo shape changes with increasing electrolyte concentra- 
tion.6 Specifically, a t  modest concentrations of bromide, 
polysoaps form structures more compact than those which 
can be achieved by ordinary polymers or polyelectrolytes. 
I t  is likely that formation of more compact structures may 
account in part at  least for the anion inhibition of the po- 
lysoap-catalyzed reactions. I t  is, of course, not possible to 
dissect the effect of the shape change per se on reaction 
rate from the effect of charge neutralization, which must 
underlie the shape change, on reaction rate. In analogy to 
results in micellar systems, it seems quite likely that 
charge neutralization would diminish the catalytic effect 
through reduction of electrostatic stabilization of the 
transition state even if no shape change were to occur. 
However, the change in shape may modify the affinity of 
polysoap for ester, may modify the access of hydroxide to 
complexed ester, and may modify the site of localization 
of ester with respect to charged groups of the polysoap, 

changes which all should be reflected in alterations in 
reaction rate. 

The increased rate of p-nitrophenol release from p-ni- 
trophenyl hexanoate in the presence of azide is most easi- 
ly interpreted as polysoap-catalyzed attack of azide on 
ester. The alternative involving azide-promoted displace- 
ment of ester from the complex with polysoap combined 
with azide attack on the free ester appears unlikely. First, 
were the latter alternative to obtain, one would expect the 
reaction rate to increase a t  least with the first power of 
azide concentration. In fact, the rate increases more slow- 
ly than tha t  and appears to approach a plateau value 
(Figure 4). Second, the rate constants observed are some- 
what larger than would be predicted on the basis of the 
reactivity of azide ion toward p-nitrophenyl acetate.l* Fi- 
nally, since it has been established tha t  polysoaps cata- 
lyze the attack of hydroxide ion on the ester, there is no 
reason to suppose that such catalysis would not be ob- 
served for attack of azide ion as well. 
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