
Micellar Catalysis J .  Org. Chem., Vol. 43, No. 22, 1978 4299 

Quantitative Treatment of Micellar Catalysis of Reactions 
Involving Hydrogen Ions' 

Clifford A. Bunton,* Laurence S. Romsted, and H. Jesse Smith2 

Depar tmen t  of ChernistrSl, Universi ty  o f  California, Santa Barbara, California, 93105 

Received M a )  16, 1978 

At concentrations of sodium lauryl sulfate (NaLS) greater than M the acid benzidine rearrangement of 1,2- 
diphenylhydrazine (1) is second order in micellar bound hydrogen ions and first order in bound substrate, whereas 
the acid hydrolysis of p-nitrobenzaldehyde diethyl acetal (4 )  is first order with respect to each micellar bound reac- 
tant. The kinetic binding constant of 1 to the micelle agrees with that  determined spectrophotometrically. Al- 
though the pseudophase distribution model is successful a t  moderately high concentrations of NaLS, it fails a t  very 
low concentrations probably because of the formation of submicellar aggregates. 

Micellar catalysis of' reactions in aqueous solution is gen- 
erally explained in terms of a distribution of reactants between 
water and the micelles, with reactions occurring in both en- 
v i ronmen t~ .~  I t  should be possible therefore to treat the 
rate-surfactant profiles in terms of the concentrations of 
reactants in the aqueous and micellar pseudophases and the 
rate constants in each pseudophase. This approach has been 
applied to micellar catalyzed reactions of nonionic substrates 
with nonionic  nucleophile^^^^ and to reactions of hydrophobic 
anionic nucleophiles by estimating nucleophile concentrations 
in the micellar pseudophase.8 

Except for reactions involving the hydrogen ion, this ex- 
perimental approach has not been used for reactions of hy- 
drophilic ions, although Romsted has shown how rate-sur- 
factant profiles can be rationalized in terms of such a modello 
and a similar model has been used to treat micellar catalysis 
of nucleophilic addition to carbocations.l 

The distribution of hydrogen ions between water and an- 
ionic micelles of sodium lauryl sulfate (NaLS) has been de- 
termined by several independent methods,12 and under con- 
ditions in which the substrate was extensively micellar bound 
the rate-surfactant profiles for acetal hydrolysis depend on 
the concentrations of micellar bound hydrogen ions rather 
than on total concentration or activity.13 The rate-surfactant 
profiles for the acid hydration of dihydropyridines in aqueous 
NaLS have also been interpreted in terms of the concentra- 
tions of micellar bound substrate and hydrogen ion, but in 
these systems there is a complication due to the formation of 
an unreactive conjugate acid by unproductive protona- 
t i0n.1~ 

The acid benzidine rearrangement is a very convenient 
reaction for testing quantitative treatments of micellar ca- 
talysis because the reaction of 1,2-diphenylhydrazine (1) is 
second order in hydrogen ions in dilute acid.l5<l6 

PhNH-NHPh ~i PhN+H2NHPh 
1 2 

The mechanism of this intramolecular rearrangement has 
been extensively studied, and N-N scission has been shown 
to be part of the rate limiting step.17 

The catalysis of anionic micelles of sodium lauryl sulfate 
(NaLS) is large for two-proton rearrangements, with a maxi- 
mum rate enhancement of ca. 2000 for the rearrangement of 
1 and of ca. 4300 for the two-proton rearrangement of 1,2- 
ditolylhydrazine (3), whereas for one-proton rearrangements 
it is ca. 50.18 These results are understandable if micellar ca- 
talysis depends strongly upon concentrations of reactants in 
the Stern layer a t  the water-micelle interface. There are sharp 
maxima in the rate-surfactant profiles, and at high surfactant 
concentrations there is dilution of hydrogen ions in the mi- 

0022-3263/78/1943-4299$01.00/0 

cellar pseudophase and the rate constants for reactions of 3 
become smaller than in water. The aim of the present work 
was to interpret these profiles in terms of the concentrations 
of substrate and hydrogen ion in the micellar pseudophase. 
The distribution of 1 between water and the anionic micelles 
was estimated spectrophotometrically, and that of hydrogen 
ions had already been determined. l 2 L 3  

In addition, we examined the rate-surfactant profiles of the 
hydrolysis of p-nitrobenzaldehyde diethyl acetal ( 4 )  in a 
similar way.13 

4 
Because the rearrangement of 1,2-diphenylhydrazine (1) 

is second order with respect to hydrogen ions, its micellar 
catalysis provides a more sensitive test of the pseudophase 
distribution model than does the acetal hydrolysis. 

Experimental Section 
Surfactants .  There are reports of the difficulties in obtaining 

samples of NaLS of purity such that they do not show surface tension 
minima.19 In our present experience the only commercial material 
which did not exhibit such minima after purification was supplied by 
Atomergic. We also prepared material by treating lauryl alcohol (0.5 
mol) with freshly distilled ClS03H (1 mol) in Et20 under reflux for 
several days under N2. The mixture was then neutralized (NaOH), 
and volatiles and Na2S04 were removed. Both samples were purified 
by several recrystallizations (EtOH), and we found no surface tension 
minima. The cmc of the Atomergic sample was 0.007 M, and that of 
our sample was 0.0076 M a t  23 "C, in reasonable agreement with lit- 
erature values of ca. 0.008 M.20 

Although both of our samples of NaLS had no minima in plots of 
surface tension against log [NaLS], we found small (1-2 dyn) minima 
with mixtures of HC1 and NaLS. The surface tensions of NaLS so- 
lutions are sensitive to small amounts of surface active impurities, e.g., 
dodecanol.'S Micellization speeds the acid-catalyzed hydrolysis,21 but 
there should have been very little hydrolysis in the time required for 
measurement of the surface tension. It is difficult to explain these 
minima, unless a monolayer of undissociated lauryl sulfuric acid forms 
at  the air-water interface. 

These minima make it difficult to estimate the cmc by the surface 
tension method, but the approximate values of the cmc in the presence 
of HC1 are 0.0055,0.0045, and 0.0035 M in 0.001,0.003, and 0.01 M 
HCL, respectively. These values are similar to those in solutions of 
NaC1, and therefore in treating the kinetics we estimated the cmc by 
interpolation of literature values for mixtures of NaCl and NaLS20s22 
and used the following values for the benzidine rearrangement: 0.006, 
0.006, 0.005, 0.0045, and 0.004 M for O.ooO99, 0.00165,0.00198,0.0052, 
and 0.0098 M HC1, respectively. For the acetal hydrolyses we used cmc 
values of 0.006, 0.0045,0.004, and 0.0028 M f<Jr 0.001, 0.00316, 0.01, 
and 0.03 M HC1, respectively. 

Incorporat ion of 1,2-Diphenylhydrazine (1). The binding of 1 
to NaLS was determined ~ p e c t r o m e t r i c a l l y . ' ~ ~ ~ ~  Freshly prepared 
deoxygenated solutions were used, and 0.1 mI, of a stock solution of 
1.3 X M 1 in 40:60 EtOH-H20 was added to 2 mL of the surfac- 
tant solution through a septum cap under Na. The absorbance at 250 
nm was immediately measured. 
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Figure 1. Determination of the kinetic order for the rearrangement 
of 1,2-diphenylhydrazine in solutions of NaLS at 25.0 "C: (0) 
0.000992, (0 )  0.00165, (m)  0.00198, (0) 0.0052, and ( 6 )  0.0098 M 
HC1. 

The fraction, f .  of micellar bound substrate at various surfactant 
concentrations was estimated from the absorbances, A:14 f = (A - 
A,/(A, - A J .  The subscripts o and m denote absorbances in water 
and with fully bound 1. 

A plot of f / ( l  - f )  against [NaLS] is linear up to 0.02 M NaLS with 
a slope K ,  = 220 M-I for hoth samples of NaLS. The intercept gives 
a cmc of 0.0075 M, in reasonable agreement with that in the absence 
of solute. 

Results 
Quantitative Treatment of Micellar Catalysis. The 

first-order rate constant, k,,  for reaction in the presence of 
micelles is given by eq 1,24 where kw' and k ~ '  are first-order 

rate constants in the aqueous and micellar pseudophases, 
respectively, [D] is the concentration of surfactant (detergent), 
and K, is the binding constant of the substrate to the micelles 
written in terms of micellized surfactant. The concentration 
of micellized surfactant [Dn] is that of the surfactant less that 
of the monomeric surfactant, which is assumed to be constant 
and given by the cmc. 

Equation 1 is derived on the assumption that the relation 
between the concentration of the micellar bound substrate, 
[SM], and the total concentration, [ST], is given by eq 2.  

( 2 )  

Equation 2 is valid only if there is negligible perturbation of 
the micelles by reactants, which requires that their concen- 
trations must be much smaller than that of the surfactants. 

The concentration of hydrogen ions in micelles of NaLS 
containing HC1 and in the absence of added salt is written in 
terms of the mole ratio of hydrogen ions to  micellized sur- 
factant, mH+S, which is given by eq 3.12 

[SM]/[ST] = Ks[DnI/(1 + Ks[Dn]) 

In this empirical relation, total concentrations of H+T and 
Na'T are used, and in applying it to our kinetics we assumed 

that it is unaffected by micellar incorporation of the substrate. 
The dimensionless concentration m H+5 can be converted into 
molarity in the micellar pseudophase using an appropriate 
volume element.llJ4 

Benzidine Rearrangement. The micellar catalysis of the 
two-proton benzidine rearrangement is so large that we can 
neglect reaction in the aqueous pseudophase, except in very 
dilute surfactant solutions.18 Provided that there is no build 
up of monoprotonated substrate, the first-order rate constant, 
k ~ ' ,  is given by eq 4, where k M  is a third-order rate constant, 
S-1. 

h M '  = hbf(mH+b))2 (4) 
Equation 1 reduces to eq 5 .  If eq 5 is obeyed, a plot of log 

k J 1  + K,[Dn])/Ks[Dn] against log mHfS should be linear with 
a slope of 2 .  

Several assumptions are made in this treatment. (i) The 
binding constant, K,, to NaLS is assumed to be unaffected by 
dilute HC1. (ii) The value of monomeric surfactants is assumed 
to be given by the cmc in the presence of dilute HC1. (iii) The 
bindings of hydrogen ions and substrate to the micelle are 
assumed to be independent parameters. (iv) It is assumed that 
there is no buildup of monoprotonated substrate under the 
experimental conditions, which is reasonable because 1 is 
weakly basic.la 

Assumptions i-iii are reasonable provided that the surfac- 
tant concentration is considerably above the cmc and [HCl], 
because then the counterions in the Stern layer are primarily 
sodium rather than hydrogen, and uncertainties in the value 
of the cmc become unimportant. However, there are serious 
problems in assigning values of the cmc under reaction con- 
ditions because there is extensive Catalysis below the cmc of 
NaLS in water.18 

In treating the data, we took K ,  = 220 M-I, measured in 
NaLS in the absence of acid (Experimental Section), but 
nonetheless the results fit eq 5 reasonably well (Figure 1) over 
a tenfold range of [HC~T] considering the approximations in 
the treatment and in the estimation of mH+,  and h+.Z5 The 
values of k +  are from ref 18, and from the intercept in Figure 
1 we estimated k~ as 10 s-1. 

Equation 5 can be rearranged to give eq 6. The major 

(mHfS)*/h, = l / (h~Ks[Dn] )  + I / ~ x I  (6) 
problem in using an equation of this form is the sensitivity to 
the value of the cmc, especially a t  low surfactant concentra- 
tions. However, for the runs a t  the higher concentrations of 
acid, where the cmc is low, the data fit reasonably well, even 
for surfactant concentrations as low as 0.007 M (Figure 2 ) .  The 
scatter is not unreasonable, especially considering the 
uncertainties in the cmc under the reaction conditions and the 
dependence of rate on (mH++)2. 

From the slope and intercept, we estimate k~ = 10 s-l and 
K s  = 160 M-l, which are in reasonable agreement with K ,  = 
220 M-l in the absence of acid (Experimental Section). The 
agreement between the values of k~ determined using equa- 
tions 5 and 6 is fortuitous because of the scatter in the data; 
but the differences in K ,  may be significant because of the 
different conditions of the measurements, and there may be 
systematic deviations due to differences in [HCl] in the various 
reaction solutions. 

Hydrolysis of p-Nitrobenzaldehyde Diethyl Acetal. In 
aqeous dilute acid this reaction is first order with respect to 
hydrogen ion concentration,*G and provided that this is also 
true for reaction in the micellar pseudophase, eq 1 gives eq 7, 

( 7 )  
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Figure 0.1 2. V \ O  Determination of k M  I/([D] and - K ,  cmc) for the rearrangement of 

1,2-diphenylhydrazine in solutions of NaLS. The symbols are the 
same as in Figuie 1. 

where k w ,  the second-order rate constant in water,l3 is 0.29 
M-ls-I and k ~ ,  s-l, is the second-order rate constant in the 
micellar pseudophase. 

The concentration of hydrogen ions in the aqueous pseu- 
dophase, [H+w], can be written in terms of the total hydrogen 
ion concentration, [H+T], by eq 8 so that eq 7 gives eq 9. 

[H'h,] = [H+TI - m ~ + ~ [ D n l  (8) 
( k +  - k w [ H + ~ l ) / r n ~ + ~ [ D ~ ]  = K,kM - k w  - k,K,/m H+, (9) 

Equation 9 can be treated graphically (Figure 3). (The values 
of k ,  are from ref 13.) We did not use the results for experi- 
ments in which mH+s is much greater than 0.5 because eq 3 
fails under these conditions.12 

The results fit eq 7 reasonably well, and from the slope and 
intercept we obtain K ,  = 100 M-l and k~ = 0.11 s-1. (This 
value of k~ is, as expected, close to that estimated earlier from 
rate constants obtained under conditions in which the sub- 
strate is fully bound to the mi~e1le.l~) The value of K ,  is in the 
expected range, for example, for the binding of methyl or- 
thobenzoate to micelles of NaLS it is 73 M-1,27 and we have 
estimated kinetically a value of K ,  = 73 M-I for the binding 
of the acetal 4 to micelles of tetradecanesulfonic acid. 

Discussion 
Reactivity in the Micellar Pseudophase. The rear- 

rangement of 1,2-diphenylhydrazine is first order in substrate 
and second order in hydrogen ion concentration in the micellar 
pseudophase, and as in other systems13J4 the rates do not 
depend directly on the overall hydrogen ion concentration or 
activity. 

The value of k ~ ,  s-l, calculated using equations 5 and 6 
cannot be compared directly with the usual form of the 
third-order rate constants, M-2 s-l, in dilute strong acid, but 
comparison can be made by choosing a volume element for 
reaction in the micelles and so calculating the acid molarity 
in the micellar pseudophase. Following Stigter's model of 
micelles of NaLS,28 we estimate the volume of the Stern layer 
in 1 mol of micellized surfactant as 140 mL.29 

I 1 , 
004 0 06 0 08 0 10 

k + / $  

Figure 3. Determination of k~ and K ,  for the acid hydrolysis of p -  
nitrobenzaldehyde diethyl acetal in solutions of NaLS at 25.0 "C: (0) 
0.001, (0) 0.00316, ( 0 )  0.01, and ( + )  0.03 M HCI. 

On this basis the molarity of hydrogen ions in the Stern 
layer of micelles of NaLS is given by m~+s/0.14, so that the 
third-order rate constant k3m, M-'s-l, is 0 . 1 4 2 k ~ .  The value 
of k3m for rearrangement of 1 is 0.2 M-2 s-l, which is consid- 
erably smaller than the third-order rate constant of 16 M-2 
s-] for rearrangement in dilute HC1.I8 

The value of k ~ ,  s-l, for the hydrolysis of p-nitrobenzal- 
dehyde diethyl acetal can be converted into the usual form of 
the second-order rate constant k2m = 0.015 M-l s-l. This rate 
constant is smaller than that of 0.29 M-l s-1 for reaction in 
dilute aqueous HCl.13 

I t  appears therefore that both of these hydrogen ion cata- 
lyzed reactions are slower in the Stern layer of the micelle than 
in water if we estimate rate constants in terms of concentra- 
tions measured in moles per liter. This behavior is not unusual; 
for example, second-order rate constants for molecule-mol- 
ecule reactions are generally smaller in the micellar pseudo- 
phase than in ~ a t e r , ~ ? ~  as are those for the reaction of Mala- 
chite Green with l-benzyldihydronicotinamidell and for the 
acid hydration of dih~dr0pyridines.l~ The only reported ex- 
ceptions appear to be deacylations by some imidazole anions 
in cationic micelles where the conclusions depend upon in- 
direct estimates of the extent of micellar binding of the anionic 
nucleophiles.8 

The effects of micelles on these second- and third-order rate 
constants are qualitatively akin to solvent effects because the 
reactions are slowed by the addition of organic solvents to 
~ a t e r ~ ~ J ~ , ~ ~ , ~ ~  and the Stern layers of micelles appear to be 
less polar than water.4 The organic substrates have lower free 
energies in both micelles and organic solvents than in water, 
and this rate-retarding effect is apparently not offset by effects 
on the free energies of the hydrogen ion and the cationic 
transition state. In addition, micellized laurylsulfuric acid may 
not be strong (cf. ref 2l) ,  which would in effect reduce the 
acidity of micellar bound hydrogen ions. Therefore, as in so 
many other micellar catalyzed reactions, the rate enhance- 
ment is derived largely from concentration of reactants into 
a small volume. 

The dependency of reaction rates upon the concentration 
of micellar bound hydrogen ion rather than on the total con- 
centration or activity suggests that reaction rates and equi- 
libria in other macromolecular systems, such as polyelectro- 
lytes (cf. ref 30) and enzymes, should also be considered in 
terms of bound rather than total hydrogen ions. 

Validity of the Pseudophase Model. For surfactant 
concentrations well above the cmc, the pseudophase distri- 
bution model (equations 1, 2 ,  and 5) is reasonably satisfactory 
and the observed and predicted values of log k+ for the ben- 
zidine rearrangement of 1 (Figure 4) are in reasonable agree- 
ment, especially considering the sensitivity of log k +  to changes 
in mH+s. But for the rearrangement of 1, values of K ,  calcu- 
lated from kM and K, using eq 5 do not agree with experiment 
values a t  low surfactant concentration. For example, in 1.65 
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Scheme I 
K. 

S\\ + D,, e SI, 

SD' 

Many workers have noted failures of equations akin to eq 
1 at  low surfactant concentration and have ascribed them to 
induced micellization or the formation of submicellar aggre- 
gates rather than to an inherent failure of the assumptions 
made in deriving eq 1.4-7s34335 

Induced micellization does not appear to be of great im- 
portance here; for example, 1 only slightly reduces the cmc of 
NaLS (Experimental Section). However, submicellar aggre- 
gates must be considered (cf. ref 34-36). Such aggregates may 
well bind organic solutes, e.g., 1, although not as well as a fully 
formed micelle. They would probably be ineffective at  binding 
counterions, e.g., hydrogen ions, and t,hus would be poorer 
catalysts than a fully formed micelle. However, little appears 
to be known about the detailed structures of such aggregates, 
so that approaches invoking premicellar aggregates to explain 
these results are highly speculative. 

Equation 2 describes the relation between free and bound 
substrate (SW and SM, respectively) in terms of a binding 
constant, K ,  (Scheme I). In Scheme I, SD' represents a sub- 
micellar-substrate complex, and if such complexes exist at low 
surfactant concentrations, the concentrations of SM will be 
less than predicted by the usual treatment (eq 2). The relative 
importance of SD' will decrease as the surfactant concentra- 
tions are increased. 

It might be possible to describe the rate-surfactant profiles 
for reactions in very dilute NaLS in terms of equilibrium and 
rate constants involving SD', but we see no way of doing this 
except by introducing adjustable parameters whose values 
could not be estimated by independent methods. The pseu- 
dophase distribution model, based on the concentration of 
micellar bound hydrogen ions, appears to be generally satis- 
factory, although we see no simple way of applying it quanti- 
tatively at  low surfactant concentrations or under conditions 
in which reactants materially perturb micellar structures. 

Registry No.-1,122-66-7; 4,2403-62-5; NaLS,  151-21-3. 
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The rate and equilibrium constants for the formation of Meisenheinier adducts from %-nitrofuran and 4-cyano- 
%-nitrofuran have been measured in methanol at  25 "C. Kinetic measurements have also been made for the forma- 
tion of a related adduct from 2,4-dinitrofuran. The comparison of these data with those previously observed for the 
formation (of adducts from the corresponding thiophene derivatives shows an accelerating and stabilizing effect of 
the furan ring in the formation of adducts. On the other hand. an increased lability of the adducts is also observed 
in the furan series. 

The quantitative aspects of the reactivity of the furan 
ring in nucleophilic aromatic substitution have been recently 
compared with those of the thiophene ring.1-3 The activating 
effect of the former is stronger than that of the thiophene ring. 
As to the reaction mechanism, an addition-elimination 
mechanism via the formation of an anionic intermediate 
complex is well established in the case of thiophene deriva- 
t i v e ~ . ~  

A main piece of evidence in favor of the addition-elimina- 
tion mechanism is the actual detection or isolation of 
Meisenheimer-type adducts from several electron-deficient 
thiophene compounds and nucleophilic  reagent^.^-^ Rate and 
equilibrium constants for the formation of some of these ad- 
ducts have also been reported, particularly in view of a com- 
parison between adducts formed from benzene and thiophene 

Similar information was lacking as to the formation of 
Meisenheimer adducts from furan derivatives. Therefore, we 
have become interested in investigating the following points: 
( i )  whether adducts could be detected or isolated in the in- 
teraction between electron-deficient furans and methoxide 
ion or other nucleophiles; and (ii) to what extent the furan 
ring, in comparison with the thiophene ring, would affect the 
equilibrium arid rate constants in the formation of adducts. 

Following a preliminary comrnunication,l0 where we showed 
that 2-nitrofuran (1) and 2-nitrothiophene (2) undergo ad- 
dition of methoxide ion a t  the hydrogen-bearing cy positions, 
yielding Meisenheirner adducts 5 and 6, respectively, we re- 
port here kinetic and equilibrium data for these reactions in 
methanol. Moreover, we describe the formation of adducts 
upon interaction of methoxide ion with 4-cyano-2-nitrofuran 
(3) and 2,4-dinitrofuran (4). It was expected that the presence 
of two electron-withdrawing groups should provide a greater 
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stabilization of the resulting adducts and give more general 
information on the role of the furan ring. 

Experimental Section 
Melting points are uncorrected. L'V -vis, NMH, arid mass spectral 

characterizations of the products were made as described in ref Sb. 
Materials. 2-Nitrofuran was obtained according to an optimized 

procedure." 2-Nitrothiophene, free from 3-nitrothiophene. wab 
obtained by decarboxylation of 5-nitrothienoic acid.I2 

3-C,yanofuran. The amide of 3-furoic acid was coiiwrted to the 
title compound by a standard procedure. After the usual workup, a 
solid (mp 24-26 "C) was obtained upon reduced pressure distillation 
(3-cyanofuran had been previously report.ed!" as a liquid); IR ( v c ~  
2250 cm-l) and NMR data [(in CDCl:?) 6 6.60 (In, 1 H), 7.46 (m, 1 H), 
7.91 (m, 1 H)] were in accordance with the structure i ) f  the compound 
(yield 73%). 

4-Cyano-%-nitrofuran (3). A solution of :j.O g 0 1  3-cyanofuran in 
7 g of acetic anhydride was slowly added to  a well-stirred nitrating 
mixture made up from 20.1 g of 9996 " 0 3  and 32 g of acetic anhy- 
dride at  a temperature lower than 10 "C. At the end of the addition, 
the reaction mixture was poured onto ice and extracted repeatedly 
with ethyl ether. The residue on evaporation of ether was an oil con- 
taining 3 and at  least another product. Upon chromatography on silica 
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