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Micellar Effects upon the Hydrolysis of Activated Amides. Mechanistic Aspects 

Antonio Cipiciani, Paoio Linda,' Gianfranco Saveiil, * 

Dipartimento di Chimica, Universlti di Perugia, 06 100, Perugia, Italy 

and Clifford A. Bunton" 

Department of Chemistry, University of California, Santa Barbara, California 93 106 (Received: February 18, 1983; 
In Final Form: May 3, 1983) 

Reactions of OH- in water with N-acylpyrrole, -indole, and -carbazole (acyl = acetyl or benzoyl) are second 
order in OH- in M NaOH and first order in more concentrated OH-, but reaction in micelles of cetyl- 
trimethylammonium bromide (CTABr) is first order in micellar-bound OH- for both and 0.05 M NaOH. 
Reactions are inhibited by anionic micelles of sodium lauryl sulfate (NaLS). The rate-surfactant profiles for 
rate enhancements in CTABr, and inhibition in NaLS, are analyzed in terms of the distribution of OH- and 
amide between aqueous and micellar pseudophases: second-order rate constants for attack of OH- upon amide 
are lower in the micellar pseudophase than in water. Micellar effects upon reaction of OH- with anilides have 
been analyzed, giving second-order rate constants in the micellar pseudophase which are very similar to those 
in water. 

The base hydrolysis of acetylpyrrole (I) ,  and related 
amides, involves initial attack of OH- followed by base- 
catalyzed decomposition of the tetrahedral intermediate 
(2)233 (Scheme I). 

The first-order rate constant, kB, is given by 

kq = k,k2[OH-]2/(k-l + k2[OH-]) (1) 

and the order with respect to [OH-] changes from second 
to first with increasing 

Acylpyrroles, -indoles, and related compounds are much 
more reactive toward OH- than simple amides, because the 
lower C-N bond order increases the electrophilicity of the 
acyl g r o ~ p . ~ ~ ~ ~ ~  

The aim of the present work was to examine micellar 
effects upon the reaction of OH- with a variety of acyl- 
pyrroles, -indoles, and -carbazoles. Cationic micelles ef- 
fectively speed attack by OH- and other nucleophiles or 
bases.6 The distribution of counteranions between water 
and ionic micelles has been treated quantitatively,6b-d-10 
and i t  appears that  the micellar Stern layer is similar to  
a concentrated ionic solution.1° If this conclusion is correct, 
the concentration of OH- in the Stern layer of a cationic 
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micelle could be such that a tetrahedral intermediate such 
as 2 will always go forward to products, even though the 
overall concentration of OH- in the solution may be low. 

The substrates were N-acetyl- or N-benzoylpyrrole, 
N-acetyl- or N-benzoylindole, and N-acetylcarbazole (1, 
3-6). In water reaction is close to second order with 

lI@lJ@JJ@j N N LI I I 
Ri;O RkO M e 6 0  

l , R = M e  4 , R = M e  6 
3, R = Ph 5, R = Ph 

respect to [OH-] in M OH-, and close to first order 
in 0.05 M so we used these concentrations of OH- 
for reactions in aqueous cetyltrimethylammonium bromide 
(CTABr, C16H33NMe3Br). Some experiments were also 
made in solutions of anionic micelles of sodium lauryl 
sulfate (NaLS, C12HwS04Na) which should inhibit reaction 
with OH-.6-10 

Micellar enhancements of bimolecular reactions are due 
largely to increased reactant concentration in the micellar 
pseudophase, and the variation of rate constant with 
[surfactant] can be treated quantitatively in terms of a 
pseudophase ion-exchange model. Overall rate enhance- 
ments are larger for third-order than for second-order 
reactions, as shown, for example, by third- and second- 
order benzidine rearrangements, in accord with this 
mode1.l' We were interested in the possibility that we 
would see corresponding differences in micellar effects 
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Flgure 1. Reaction of N-acetylpyrrole (0) and N-benzoylpyrrole (+) 
in anionic micelles of NaLS and 0.05 M NaOH. The curves are pre- 
dicted. 

upon second- and third-order amide hydrolyses. 
We also applied the pseudophase ion-exchange model 

to the second-order reaction of anilides (7-9) with OH- in 
0 Me 

7, R = C,H,N0,(4) 
8, R = SPh 
9,  R = OPh RCH,CO,- + Me” 

aqueous CTABr and we estimated rate constants for re- 
action in the micellar pseudophase. The overall effects of 
CTABr upon these reactions were examined by Broxton 
and Duddy12 (cf ref 13). 

Experimental Section 
Materials. N-A~e ty1- l~  and N-ben~oylpyrrole,~ N- 

a~e ty1- l~  and N-benzoylindole,16 and N-acetyl~arbazole’~ 
were prepared by methods already described. The puri- 
fication of CTABr and NaLS has been de~cribed.~Jl There 
were no minima in plots of surface tension against [sur- 
factant]. Solutions were made up by using C02-free, re- 
distilled, deionized water. 

Kinetics. Reactions were followed spectrophotomet- 
rically, in water or aqueous surfactant, at 25.0 “C by using 
the following wavelengths: 2,3 N-acetylpyrrole, 238 nm; 
N-benzoylpyrrole, 255 nm; N-acetylindole, 236 nm; N- 
benzoylindole, 248 nm; N-acetylcarbazole, 270 nm. Sub- 
strate concentrations were in the range 10-5-10-4 M. The 
first-order rate constants, k,, are in reciprocal seconds. 

Substrate Binding to Micelles. Binding constants for 
inert solutes were estimated from solubilities following 
general methods.6a 

Results 
Reactions in Anionic Micelles. The inhibition by mi- 

celles of NaLS is illustrated in Figures l and 2. The 
variation of rate constant with [surfactant] is generally 
treated on the assumption that substrate, S, is distributed 
between the aqueous and micellar pseudophases, desig- 
nated by subscripts W and M, respectively (Scheme 11), 
and can react in each pseudophase, with the first-order rate 

(12) Broxton, T. J.; Duddy, N. W. Aust. J .  Chem. 1980, 33, 1771. 
(13) O’Connor, C. J.; Tan, A,-L. Aust. J. Chem. 1980, 33, 747. 
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(16) Weissberger, R. Chem. Ber. 1910, 43, 3520. 
Perkzn Trans. 2 1977, 1284. 
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Flgure 2. Reaction of N-acetylindole (0), N-benzoylindole (0), and 
N-acetylcarbazole (0). Conditions as in Figure 1. The curves are 
predicted. 
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constants being k i, and klM. The micellized surfactant 
(detergent) is designated Dn, and its concentration is that 
of the total surfactant concentration, less that of monom- 
eric surfactant, and K s  is the equilibrium constant for 
substrate binding (eq 2 and 3). 

(2) 
(3) 

Provided that equilibrium is maintained between reac- 
tants in the pseudophases, the first-order rate constant is 
given by17 

K S  = I S M I  / ( [ S W l  [Dn]) 
[D,] = [DT] - cmc 

(4) 

Equation 4 can be solved readily for spontaneous, uni- 
molecular reactions, and for micellar-inhibited reactions. 
The approach is to rearrange it to eq 5.l’ 

(5) 

However, the use of eq 5 requires estimation of the 
concentration of monomeric surfactant, which is often 
assumed to be given by the critical micelle concentration, 
cmc. This assumption is strictly correct only a t  the cmc, 
and in addition, solutes, especially hydrophobic substrates, 
may affect the cmc. Therefore, the “kinetic” cmc is often 
taken as an adjustable parameter,6 with the proviso that 
it must be lower than that in water. Unfortunately the 
form of eq 5 makes it very sensitive to the value of the cmc, 
especially for reactions of hydrophobic substrates. A way 
around this problem is to use the generalization that for 
many micellar-inhibited reactions k >> k h,6J7J8 so that 
eq 5 gives6d 

k, = k b / ( l  + Ks[DnI) (6) 
and eq 6 can be readily fitted to the data. We did the 
fitting using computer simulation, and directly measured 

l +  1 -- - 1 
k, - k ’ M  k i ,  - kb (k’w - k’,)Ks[Dn] 

(17) Menger, F. M.; Portnoy, C. E. J. Am. Chem. Soc. 1967,89,4968. 
(18) There may be a minor contribution from reactions of anions in 

anionic micelles, especially in solutions containing added electrolytes. 
This contribution is understandable in terms of the ion-exchange model 
of counterion binding.I9 
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TABLE I :  
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Inhibition b y  Micelles of NaLSa 

Cipiciani et al. 

103 x 
(cmc) ,  

substrate  M k ' w ,  s-' K,, M-' 
N-acetylpyrrole 6 0.19 22 
N-benzoylpyrrole  3 0.014 250 
N-acetylindole 3 0.043 210 
N-benzoylindole 1.5 0 .054  1 7 0 0  
N-acetylcarb'azole 1 . 7  0 .032  2500  

a In  5 X M NaOH a t  25.0 "C. 

TABLE 11: 
Ra te  Effectsa 

Effect of OH- on  Overall Micellar 

4E 

- 
1 3c 

i 

E! 
1 

N 

15 

10.) M 0.05 M 
substrate  NaOH NaOH 

N-acetylpyrrole 6 1.5 
N-benzoyl pyrrole 37 31 
N-acetylindole 9.5 3 
N-benzoylindole 1 3 . 5  5.4 
N-acet ylcarbazole 21.6 7.2 

a Values of rate enhancements  a t  op t imum [CTABr]  a t  
25.0 "C. 
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Flgure 3. Reaction of N-acetylpyrrole (O), N-benzoylpyrrole (6 ) .  
N-acetylindole (0), N-benzoylindole (0), and N-acetylcarbazole (0) 
in CTABr and M NaOH. The curves are predicted. 

values of k'w. The fits are illustrated in Figures 1 and 2 
and values of Ks and cmc are in Table I. 

The values of Ks increase with increasing hydrophobicity 
of the substrate. 

Reactions in  Cationic Micelles. Cationic micelles of 
CTABr speed reactions of all the substrates in and 
5 X M NaOH (Figures 3-5). The rate enhancements 
are larger in M NaOH, 
where reaction in water is second order (Table 11). 
However, the differences do not depend in any obvious way 
upon the hydrophobicities of the substrates or upon the 
overall micellar rate enhancements. In order to understand 
the source of these differences we have to estimate the rate 
constants in the micellar pseudophase. 

Equation 4 has to be modified to take into account that 
the first-order rate constants, k'w and k'M, depend upon 
the concentration of OH- in the micellar and aqueous 
pseudophases. In relatively concentrated NaOH (e.g., 0.05 
M) the rate equation in water is close to first order in 
OH-,293 and 

M NaOH than in 5 X 

k'w = kw[OHw-] (7) 

It  is reasonable to assume that in 0.05 M OH- reaction 
in the micellar pseudophase will also be first order with 

I I I I 
I 2 3 4 
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Flgure 4. Reaction of N-acetylpyrrole (O), N-benzoylpyrrole (+), and 
N-acetylindole (0) in CTABr and 0.05 M NaOH. The curves are pre- 
dicted. 
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Flgure 5. Reaction of N-benzoylindole (0) and Nacetyicarbazole (0). 
Conditions as in Figure 4. The curves are predicted. 

respect to [OH-]. However, in M NaOH reaction in 
water is approximately second order with respect to 
[OHw-]2~3 and therefore may also be second order in the 
micellar pseudophase. This possibility was considered, and 
the variation of ku with [CTABr] in M OH- could be 
fitted on the assumption that reaction is second order in 
OH- in both the aqueous and micellar pseudophases. But, 
although the rate-surfactant profiles could be fitted to the 
model, the derived kinetic parameters were inconsistent 
with the reaction mechanism. The actual fits are not 
shown here, but the inconsistency of the derived param- 
eters with mechanism is discussed later in this paper. 
Therefore, we assume that reaction is first order in mi- 
cellar-bound OH- in 

In fitting the variation of k ,  with [CTABr] we use the 
following kinetic equations: 

(i) In 0.05 M NaOH, reaction is first order in [OH-] in 
both pseudophases. In water k'w is given by eq 7, and in 
the micellar pseudophase k &  by eq 8 

k'M = k M m O H s  (8) 

(9) 

(square brackets here and elsewhere denote molarities in 

and 0.05 M NaOH. 

where mOHs is a mole r a t i ~ , ~ ~ , ~  i.e. 
mOHg = [OH,-]/([CTABr] - cmc) 
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TABLE 111: Kinetic Parameters  for  React ion in CTABra 
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M NaOH 5 x 10.’ M NaOH 

substrate  104( ,cmc) K,, M-’ kM, s-’ 1 0 4 ( c m c )  K,, M-’ k,, S-’ 

N-acetylpyrrole  8.0 4 5  0 .38  ( 3 7 7 )  6 .0  6 5  1 . 5 5  (3 .74 )  
N-benzoylpyrrole  7 .0  350  0 .98  (470)  5.5 4 50 1.45 (2 .76 )  
N-acetylindole 7 .5  300  0 .24  ( 3 8 8 )  5.0 4 5 0  0.47 ( 0 . 8 6 )  
N-benzoyl indole  6 .5  1 4 0 0  0.30 ( 6 0 8 )  2 .5  2400 0 .60  (1.08) 
N-acetylcarbazole 6 .5  2900 0.31 ( 4 1 6 )  1.0 4 4 0 0  0 .44  ( 0 . 6 5 )  

a A t  25  “C. Values in parentheses are  t h e  third- a n d  second-order  ra te  constants  in a n d  5 X M NaOH, respec- 
tively, in t h e  absence of  surfactant .  Values of K ,  and k M  calculated with p = 0.78 a n d  KBroH = 1 5 .  

terms of total solution volume). 
(ii) In 

by eq 10 
M NaOH k is given by eq 8 and 9, and k ’, 

k = k ”, [ OHw-] (10) 

where k”, is a third-order rate constant. Equations 4 ,8 ,  
and 9 give 

(11) 

with k’, given by eq 7 or 10 depending upon [NaOH]. 
The problem then becomes that of estimating the con- 

centration of OH- in the micellar pseudophase. The dis- 
tribution of counterions, e.g., OH- and Br-, between 
aqueous and micellar pseudophases is often assumed to 
follow eq 12.6c,d,7-10 

K B ? ~  = ~ ~ ~ W - ~ ~ ~ ~ M - I / ( ~ O ~ M - ~ [ B ~ W - I )  (12) 

Equation 12 and mass-balance relations for OH- and Br- 
can be used to estimate [OHM-] based on the assumption 
that the fractional ionization, a, of the micelle is inde- 
pendent of the nature and concentrations of the coun- 
terions,6c,d,8-10 so that 

[OHw-] + [Brw-] = a([CTABr] - cmc) + cmc (13) 

(14) 

k hr + kMKS~OHa[Dnl  
1 + Ks[DnI 

12, = 

[OHM-] + [BrM-] = P([CTABr] - cmc) 

where 

p = 1 - a  (15) 

Evidence for the (approximate) constancy of a is dis- 
cussed in ref 10. Most of the values of KBroH are derived 
from rate or equilibrium studies and range from approx- 
imately 10 to 40.798J“22 However, the higher values were 
calculated on different assumptions from the others, and 
most values are in the range 10-20, and we will use these 
limits. It is more difficult to decide whether ion-exchange 
constants, e.g., KBroH, are independent of concentrations 
of the counterions, because in most kinetic experiments 
[surfactant] has been varied and the concentration of the 
reactive ion has been constant, or not varied widely. 

In fitting the variation of k ,  with [CTABr] to eq 11-14 
we initially assume constancy of both KBroH and a. The 
equations can then be combined to predict the variation 
of k ,  with [CTABr] for a given concentration of OH-. In 
practice we use computer simulation to predict this var- 
iation for the various parameters in eq 11-14 as described 
e l s e ~ h e r e . ~ - ~ ~  We initially assumed that KBroH is in the 
range 10-15, and independent of [CTABr] and the nature 

(19) Quina, F. H.; Politi, M. J.; Cuccovia, I. M.; Martins-Franchetti, 
S. M.; Chaimovich, H. In “Solution Behavior of Surfactants”; Mittal, K. 
L., Fendler, E. J., Eds.; Plenum Press: New York, 1982; Vol. 11, p 1125. 

(20) Bartet, D.; Gamboa, C.; Sepulveda, L. J.  Phys. Chem. 1980, 84, 
272. Gamboa, C.; Sepulveda, L.; Soto, R. Ibid.  1981, 85, 1429. 

(21) Bunton, C. A.; Hong, Y.-S.; Romsted, L. S. In ref 19, p 1137. 
(22) Almgren, M.; Rydholm, R. J. Phys. Chem. 1979,83, 360. 

TABLE I V :  
Micellar Hydrolysis of  Anilidesn 

Calculated R a t e  a n d  Binding Constants  for 

k W b  
M-1 s - !  acyl  group K,, M-’ k,, S-’  

CH2C6H4N0, (4 )  4 2 0  0.044 (0 .006)  0 .0041 
CH,SPh 1800 0 .062  (0 .009)  0 .015  
CH,OPh 7 0 0  0 .16  (0 .023)  0.049 

c m c  = 8 X Values of 
k j m  are in  parentheses. 

TABLE V :  
Hydrolysis in  CTABra 

a A t  30.0 “ C  and  5.8 X M OH- calculated with 
M, p = 0 .78 ,  and  K B r d H  = 15 .  

Reference 1 2 .  

Predicted Rate Constants  for Anilide 

_I_ 

104kq [OH-],  1 0 4 k q  103 x 
[ O H - ] ,  

hl expt lb  calcd M expt lb  calcd 

1 .16  38 .0  38.0 8 .14  1 7 2  1 7 8  
3.49 94 .6  96 .0  11 .6  2 0 8  204  
5 .82  1 4 0  1 4 1  

a F o r  reaction of 9 in 3 X 
Reference 1 2 .  

M CTABr a t  30.0 “C. 

of the substrate, and a = 0.78.23,24 The value of the cmc 
under kinetic conditions is taken as ca. 8 X MZ5 for 
reactions of the less hydrophobic substrates in M 
NaOH, but lower values are taken for reactions of the 
hydrophobic substrates and in 0.05 M NaOH. 

The predicted plots of k ,  against [CTABr] (Figures 3-5) 
were calculated by taking the parameters in Table 111. 

A value of KBroH = 15 was used in simulating all the 
data, although small variations in this parameter did not 
markedly affect the fit. This value is in reasonable 
agreement with values estimated by a variety of meth- 
0ds.718,20,21 Values of Ks follow the hydrophobicities of the 
substrates and are similar to those in NaLS (Tables I and 
111). The fitting of the rate data is insensitive to the value 
of K s  for the more hydrophobic substrates. The value of 
KS for the more hydrophobic solutes is not very different 
from that of 7 X lo3 M-l for N-methylcarbazole in NaLS 
estimated by solubility. The apparent increase of Ks with 
[ NaOH] is consistent with other e v i d e n ~ e . ~ ~ , ~ ~  

Discussion 
The variation of k, with [CTABr] follows the generally 

accepted treatment of rate enhancements of bimolecular 
reactions by micelles. However, in water the order with 
respect to OH- changes from 2 toward 1 with increasing 

(23) Dorshow, R.; Briggs, J.; Bunton, C. A.; Nicoli, D. F. J .  Phys. 
Chem. 1982,86, 2388. 

(24) This value was estimated from quasi-light scattering data and 
agrees reasonably well with values estimated electrochemically. 

(25) This value is close to that of the crnc in water, which is reduced 
by added electrolytes.26 

(26) Mukerjee, P.; Mysels, K. J. ‘Critical Micelle Concentrations in 
Aqueous Surfactant Systems”; National Bureau of Standards: Wash- 
ington, DC, 1971. 

(27) The predicted variation of k I  with [CTABr] is not very sensitive 
to the value of Ks for the more hydrophobic, and more strongly bound, 
substrates. 
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TABLE VI: Second-Order Rate Constants for Reactions 
of Acylazoles in Water and Micellesa 

substrate k,m, M-'  s-' k,mlkw 

I \ 
\ 

L 

\+ 

e a 

e '- 
e 

I Ll---. I 1 I I A I  
I 2 3 4 5 IO 

I03[CTABr], M 

Figure 6. Reactian of anilides in CTABr and 0.005 M OH-: '* 7 (O), 
8 (E), 9 (+). The curves are predicted. 

[OH-] ,2,3 so that it is useful to apply the model to micellar 
effects upon anilide hydrolyses which are first order with 
respect to OH- over a range of [OH-] in water.12 

Anilide Hydrolyses in Micelles. Broxton and co-workers 
have examined hydrolyses of anilides (7-9) in aqueous 
CTABr, with 0.0058 M NaOH a t  30 OC.12 In water these 
hydrolyses are first order with respect to OH-, so that 
formation of anionic tetrahedral intermediate should be 
rate limiting in both aqueous and micellar pseudophase. 
We fitted the variation of k, with [CTABr] in NaOH using 
eq 7, 11, 12, and 14 (Figure 6), and the parameters are in 
Table IV. We then used these parameters to predict the 
variation of k, with [NaOH] a t  a given [CTABr], and the 
agreement between observed and predicted values of k, 
is satisfactory (Table V). In making these calculations 
we assumed that a temperature change from 25 to 30 "C 
will have little effect on p and the ion-exchange parameter 
KBroH. The agreement between the observed and pre- 
dicted values of k ,  (Tables IV and V and Figure 6) sup- 
ports the values of KBroH and p used in the calculation, 
and K s  values parallel the hydrophobicities of the sub- 
strates. 

Kinetic Parameters for Reaction in Micelles. For re- 
actions of the acylazoles the variations of k, with [CTABr] 
can be fitt,ed to the pseudophase ion-exchange model, eq 
7-11, assuming that p and KBroH do not change with an 
increase of [NaOH] from to 0.05 M, but with a small 
increase in Ks which could be caused by NaOH "salting- 
0utW21,27 the substrate and driving it into the m i ~ e l l e . ~ ~ ~ ~ ~  
However, the calculated values of kM are higher in 0.05 
than in IOw3 M NaOH by factors of 1.5-4 (Table 111). 

There have been a number of estimations of second- 
order rate constants for reactions of OH- in the micellar 
pseudophase, but generally the concentration of OH- has 
not been varied as widely as in the present investiga- 
tion739*22~2s-30 (cf. Tables 11-IV). 

N-acetyl pyrrole 0.22  0.06 
N-benzoylpyrrole 0.21 0.08 
N-acetylindole 0.07 0.08 
N-benzoylindole 0.09 0.08 
N-ace tylcarbazole 0.06 0.10 

a For reactions in 0.05 M NaOH. 

The most probable explanation for the difference in the 
values of kM with changing [OH-] is that reaction in the 
molecular pseudophase at M NaOH is not strictly first 
order with respect to micellar-bound OH-, as assumed in 
our treatment; in other words, in the micelle the tetrahe- 
dral intermediate (2) does not go forward wholly to 
products, but sometimes returns to staring material 
(Scheme I). We see no simple way of treating a mixed- 
order reaction in a micellar pseudophase, especially if the 
order changes with increasing [surfactant]. 

An experimental point is that  the largest dependence 
of kM upon total [OH-] is for reaction of N-acetylpyrrole 
(1) (Table 111). This may be an experimental artifact 
because overall micellar effects upon this reaction are 
relatively small (Figure 3), and our fitting procedure is 
therefore insensitive to variations in kM, whose value is 
least certain for this substrate. 

We cannot a t  present exclude the possibility that rate 
and ion-exchange constants in the micellar pseudophase 
are affected by large changes in [NaOH] (cf. ref 29). In 
addition, the fractional ionization, a, of a CTABr micelle 
could be sensitive to added NaOH because Br- appears to 
bind much more strongly than OH- to the micelle. Nev- 
ertheless, these parameters apparently do not change with 
a 10-fold variation of [OH-], as shown by the agreement 
between experimental and predicted values of k, for hy- 
drolysis of anilide 9 (Table V). 

Rate Constants in Aqueous and Micellar Pseudophases. 
The second-order rate constants, kM, of reactions in the 
micellar pseudophase have the dimensions of reciprocal 
time, because concentration of OH- is written as a mole 
ratio. This choice of units allows an unambiguous defi- 
nition of concentration in the micellar pseudophase, but 
kM cannot be compared directly with the second-order rate 
constants in water, kw, whose units are generally M-l s-l. 
But comparison can be made provided that we specify the 
volume element of reaction in the micellar pseudophase, 
which could be that of the micelle or of its Stern layer. 
Elsewhere the molar volume of the Stern layer of CTABr 
has been assumed to be 0.14 L,6d,9 so that 

kz" = 0.14kM (16) 

where kZm, M-I S-I, can be compared directly with kw. 
For anilide hydrolysis kzm and kw are within factors of 

2 (Table IV), but for hydrolysis of acyl azoles kw is con- 
sistently larger than kZm, based on experiments in 0.05 M 
OH- (Tables I11 and VI). 

There are many examples of reactions for which sec- 
ond-order rate constants in micelles are similar to those 

(28) Quina, F. H.; Politi, M. J.; Cuccovia, I. M.; Baumgarten, E.; 
Martins-Franchetti, S. M.; Chaimovich, H. J .  Phys. Chem. 1980,84, 361. 
Fendler, J. H.; Hinze, W. L. J.  Am. Chem. SOC. 1981, 103, 5439. 

(29) Nome, F.; Rubiera, A. F.; Franco, C.; Ionescu, L. J .  Phys. Chem. 
1982, 86, 1881. 

(30) In one study a wide range of [OH-] was used and the results could 
not be fitted to the ion-exchange model. I t  was suggested that reaction 
across the micelle-water interface was occurring at high [OH-] (>1 M).29 
For reported breakdowns of the model and discussions of this question, 
see ref 31 and 32. 



Hydrolysis of Activated Amides 

TABLE VII: Hypothetical Third-Order Rate Constants 
of Reaction in the Micellar Pseudophasea 
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N-ace tylpyrrole 5.0 8 0  2000 (1300) 
N-benzoylpyrrole 4.0 350 7 2 0 0  ( 5 0 0 0 )  
N-acetyl indole 5.0 500  1 6 0 0  ( 3 4 0 0 )  
N-benzoylindole 4.0 3 5 0 0  2000 (3300) 
Ai-acetylcarbazole 3.0 5 0 0 0  2000 ( 4 5 0 0 )  

a At 25.0 “C  and M NaOH. Values in parentheses 
are third-order rate constants, k ” M ,  divided by k M ,  which 
gives k2*m/k . , ,m;  see text. 

in ~ a t e r , ~ ~ i ~ J ~ , ~ ~ , ~ ~  and this generalization can be used to 
predict overall rate enhancements. The rate constants for 
anilide hydrolysis follow the expected pattern, but they 
apparently do not for hydrolysis of the acylazoles (Table 
VI). However, the differences in rate constants in aqueous 
and micellar pseudophases are probably smaller than in- 
dicated by the values of k Z m / k w  in Table VI, because k w  
is estimated on the assumption that reaction is strictly 
second order in aqueous 0.05 M NaOH, i.e., that in eq 1 
k,[OH-] >> kl. As noted earlier this requirement is 
probably not fully met, so that our values of kw, as given 
by k,/[OH-], are probably too high. Nonetheless, there 
does seem to be a marked difference in the behavior of 
anilides and acylazoles, which is not related in any obvious 
way to substrate hydrophobicity (Tables IV and VI). I t  
is reasonable to associate this difference with the lower 
carbon-nitrogen bond order in the transition state for 
attack of OH- upon acyl azole^.^^^ This difference would 
lead to more localization of charge on oxygen in reactions 
of acylazoles as compared with anilides. The micellar 
surface has a lower polarity than water,33 so a transition 
state with localized charges would be disfavored in the 
micellar pseudophase. 

Kinetic Order of Reaction in the  Micellar Pseudophase. 
In the Results section we noted the possibility that, with 

M NaOH, reaction in the micellar pseudophase was 
second order with respect to micellar-bound OH-. Indeed 
the rate-surfactant profiles can be fitted reasonably well 
on this assumption, applying eq 17. The parameters K s  

k k  = k”M(mOH8)’ (17) 
and k”, used in this fitting are in Table VII, and the 
binding constants, K s ,  are not very different from those 
given in Table 111. The values of KBrOH = 15 and 0 = 0.78 
were used. However, this treatment is almost certainly 
incorrect. For reaction to be second order in OH- the 
intermediate 2 has to be in equilibrium with the reactants; 
in other words, it has to return to starting material much 
faster than it goes forward to products. Therefore, in 
Scheme 111 k-l,m >> k2,mmOHfi. In Scheme 111 s is substrate 
and kl,m and hz,m are second-order rate constants written 
in terms of the concentration of OH- in the micelle written 
as a mole ratio, mOHB (eq 9). Therefore, if reaction in 

(31) Bunton, C. A.; Romsted, L. S.; Savelli, G. J .  Am. Chem. SOC. 1979, 
101, 1253. Bunton, C. A.; Gan, L.-H.; Moffatt, J. R.; Romsted, L. S.; 
Savelli, G. J .  Phys. Chem. 1981, 85, 4118. 

(32) Gensmantel, N. G.; Page, M. I. J .  Chem. SOC., Perkin Trans. 2 
1981, 147, 155. 

(33) Cordes, E. H.; Gitler, C. h o g .  Bioorg. Chem. 1973,2,1. Mukerjee, 
P. In “Solution Chemistry of Surfactants”; Mittal, K. L., Ed.; Plenum 
Press: New York, 1979; Vol. 1, p 153. Fernandez, M. S.; Fromberz, P. 
J .  Phys. Chem. 1977,81, 1755. 
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Figure 7. Variation of rno; with [CTABr]: solid line, 0.05 M NaOH, 
n = 2; broken line, IO3 M NaOH, n = 3. The left-hand y-axis ordinate 
gives the concentration of OH- as a mole ratio, and the right-hand as 
a molarity in the micellar Stern layer. 

Scheme I11 

M NaOH is second order with respect to micellar-bound 
OH-, the rate constant k’lM (eq 17) is given by 

k’lM = kl,rnkZ,rn /’k-l,rn (18) 

M NaOH (Scheme 111) should 
not be very different from the value of khl for reaction in 
CTABr and 0.05 M NaOH (Table 111) and, if reaction in 

M NaOH in the micellar pseudophase is second order 
in OH-, kz,,/k-l,m should be given by k”,/kM, and these 
values are in parentheses in Table VII. Equilibrium be- 
tween S and SOH- (Scheme 111) requires that mOHSkZ,m/  
k-l,rn be much less than unity, but inspection of the values 
in parentheses in Table VI1 and the estimated values of 
mOHs in CTAI3r and lov3 M OH- (Figure 7) shows that this 
requirement is far from fulfilled under any conditions. For 
example, even in 0.05 M CTABr where mOHS i= 4 X 
and is a t  its lowest value, SOH- will go forward to products 
much faster than it returns to reactants (Scheme 111), and 
the partitioning to products will be even more favorable 
in the more dilute CTABr. 

These observations show that the successful fitting of 
rate-surfactant profiles can lead to incorrect mechanistic 
conclusions and that the mechanism followed in a micellar 
pseudophase may be very different from that in the 
aqueous pseudophase, because of high reagent concen- 
trations at  the micellar surface. 

I t  is also important to note that the concentration of 
OH- in the micellar pseudophase, mOHS, can be almost as 
large in M NaOH and dilute CTABr (n = 3) as in 0.05 
M NaOH and more concentrated CTABr (n  = 2) (Figure 
7). This figure also gives the concentration of OH- ex- 
pressed as a molarity in the Stern layer, Le., as 7mOHfi  (eq 
16 and ref 6d and 9). 
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