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Catalysis by Reversed Micelles in Non-polar Solvents: Aquaticn and
Electron-transfer Reactions of Chromium(i) and Cobalt(in) Complexes in
Benzene*

By Charmian J. O’Connor, Eleanor J. Fendler, and Janos H. Fendler,* Department of Chemistry, Texas
A & M University, College Station, Texas 77843, U.S.A.

Rate constants for aquation of the ion [Cr(C,0,4)3]3~ by octylammonium tetradecanoate-solubilized water in
benzene and for aquations of [Cr(C,0,);313~, [Co(C,0,);3]3~. and c¢is-[Co(en),(N3),]* (en = ethylenediamine) by
dodecylammonium propionate-solubilized water in benzene are factors of upto 5 x 108,1 x 108,¢a.1 500, and 11,
respectively, greater than those for the same reactions in water. At constant surfactant concentration there is a
linear dependence of the aquation rate on the concentration of solubilized water, while at constant water concentra-
tion increasing surfactant concentration results in an exponential rate decrease. These results are discussed in
terms of favourable substrate orientation in polar cavities of alkylammonium carboxylate aggregates. formed from
these surfactants in benzene, where hydrogen bonding facilitates proton transfer and enhanced water activity
accelerates synchronous M—0O bond-breaking and nucleophilic attack by water. An implication of these results is
that, in the hydrophilic environment of the reversed micelle, aquations of Co™ and Cr™ complexes follow rate-
determining bimolecular mechanisms subsequent to formation of * one-ended dissociated * species. No micellar
effects have been observed for the electron-transfer process in the aquation of the ion [Co(C,04).(H,0),]".
Rate enhancement by surfactant-solubilized water in non-aqueous solutions and the utility of these systems in
elucidating the mechanistic roles of water are discussed.

DiLuTE solutions of alkylammonium carboxylates in  2,3,4,6-tetramethyl-a-D-glucose 3 and those for unimole-

non-polar solvents catalyse reactions remarkably.? cular decomposition of Meisenhemier complexes, sub-
Thus, in benzene rate constants for mutarotation of stituted 1,1-dimethoxycyclohexadienylides,®5 are factors
1 Communicated in part by Charmian J. O’Connor, J. H. 3 J.H. Fendler, E. J. Fendler, R. T. Medary, and V. A. Woods,
Fendler, and E. J. Fendler, J. Amer. Chem. Soc., 1973, 95, 600. . Amer. Chem. Soc., 1972, 94, 7288.
2 E. J. Fendler, Shuya A. Chang, J. H. Fendler, R. T. Medary, 4 J. H. Fendler, J.C.S. Chem. Comm., 1972, 269.
O. A. El Seoud, and V. A. Woods in ‘ Reaction Kinetics in 5 J. H. Fendler, E. J. Fendler, and Shuya A. Chang, J. Amer.

Micelles,” ed. E. H. Cordes, Plenum Press, New York, 1973, p. 127.  Chem. Soc., 1973, 95, 3273.
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of up to 690 and 62 900 fold greater in the presence of
these surfactants than in their absence. Also the ob-
served rate constants for these reactions in the presence
of alkylammonium carboxylates in benzene are orders of
magnitude greater than those for the corresponding re-
actions in water.2> We have presented evidence that
alkylammonium carboxylates dynamically form small
aggregates in non-aqueous solvents in which the carb-
oxylate and ammonium groups are located in the interior
forming a polar cavity and the hydrocarbon chain of the
surfactants are in contact with the apolar solvent.®8
Following the established terminology,®1® we have re-
ferred to these aggregates as ‘reversed’ or ‘inverted’
micelles. Addition of water, known to be solubilized
in the polar cavity of inverted micelles,!! can enhance

rapid
equilibrium

0—C=0"J*
[(C204)2M<O_|C:O] + H0F == [(C204)2M<

J.C.S. Dalton

non-polar solvents is that the concentration of water can
be controlled and consequently information regarding
aquation mechanisms can be gained. Thus, aquation
and ligand-substitution reactions of tris(oxalato}-chrom-
ate(111) and -cobaltate(111) anions, [M(C,0,)3]*~, have been
discussed in terms of ‘one-ended dissociation’
(Scheme).1?15  The subsequent fate of the octahedral
site on the metal ion vacated by such a dissociation,
however, has not been unequivocally established. One
school favours a rate-determining step which involves
synchronous M-O bond-breaking and nucleophilic attack
by water [path (A)],2% while there are arguments in
support of an alternative mechanism in which the octa-
hedral site remains vacant during M-O bond-breaking
[path (B)].1%16  Kinetic investigations of the dependence
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catalysis significantly.® Changes in the activity of
water, solubilized in the interior of reversed micelles can
apparently influence reaction rates. Additionally, the
size and nature of both the hydrophilic and hydro-
phobic parts of the surfactants together with those of the
substrate are factors which can influence the efficiency
of catalysis by reversed micelles.

In order to probe further the mechanisms of catalysis
by reversed micelles, particularly the role of ‘ trapped’
water in the polar cavity, we have investigated aquation
and other ligand-substitution reactions of cobalt(1r)
and chromium(i11) complexes.! An added advantage
for studying aquations by icelle-solubilized water in

¢ J. H. Fendler, E. J. Fendler, R. T. Medary, and O. A. El
Seoud, J.C.S. Faraday I, 1973, 69, 280.

7 E. J. Fendler, J. H. Fendler, R. T. Medary, and O. A. El
Seoud, J. Phys. Chem., 1973, 77, 1432.

8 O. A. El Seoud, E. J. Fendler, J. H. Fendler, and R. T.
Medary, J. Phys. Chem., 1973, 77, 1876.

9 S. I. Ahmad and S. Friberg, J. Amer. Chem. Soc., 1972, 94,
5196; S. Fribergand S. I. Ahmad, J. Phys. Chem., 1971, 75, 2001.

10 F. M. Fowkesin ‘ Solvent Properties of Surfactant Solutions,’
ed. K. Shinoda, Marcel Dekker, New York, 1967, p. 67.

1 W. V. Waller and R. G. Hayes, Biochim. Biophys. Acta,
1971, 249, 528.

of the rate of aquation on water concentration would
provide sufficient evidence to allow a distinction be-
tween these alternative paths. In the present paper we
report fully rate enhancements for aquation and sub-
stitution reactions by micelle-solubilized water and dis-
cuss the mechanisms for these reactions and the micellar
catalysis.

EXPERIMENTAL

Reagent grade benzene (< 0-029, water) was distilled
from sodium on to Linde type 5A molecular sieve. Dode-
cylammonium propionate (dap), octylammonium dodecano-
ate (oad), octylammonium tetradecanoate (oat), and hexa-
decyltrimethylammonium butyrate (htab) were prepared

12 (a) C. A. Bunton, J. H. Carter, D. R. Llewellyn, C. J.
O’Connor, A. L. Odell, and S. Y. Yih, J. Chem. Soc., 1964, 4615;
(6) C. A. Bunton, J. H. Carter, D. R. Llewellyn, A. L. Odell, and
5. Y. Yih, dbid., p. 4622; (¢) D. R. Llewellyn, C. J. O’Connor,
A. L. Odell, and R. W. Olliff, ibid., p. 46217.

13 R. E. Hamm, J. Amer. Chem. Soc., 19563, 75, 609.

6414 K. Krishnamurty and G. M. Harris, J. Phys. Chem., 1960,

, 346.

15 J. Aggettand A. L. Odell, J. Chem. Soc. (4), 1968, 1415.

18 J. Aggett, I. Mawston, A. L. Odell, and B. E. Smith, J.
Chem. Soc. (4), 1968, 1413.


http://dx.doi.org/10.1039/DT9740000625

1974

by the method of Kitahara and purified as previously de-
scribed.®®17 The surfactants were carefully dried before
use. Critical micelle concentrations (c.m.c.s) ¢® of dap,
oad, oat, and htab in benzene were (3—7) x 1073, (9-3—10)
x 1072, (1-0—1-1) x 1071, and 1-4 x 1073M, respectively.
Tripotassium tris(oxalato)chromate(i11) trihydrate,!2 tri-
potassium tris(oxalato)cobaltate(ii1) hydrate (1/3-5),1% tri-
potassium azidopentacyanocobaltate(11r),1® cis-diazidobis-
(ethylenediamine)cobalt(111) nitrate,’® potassium ethylene-
diaminebis(oxalato)chromate(rm) dihydrate,?® and Durrant’s
salt, K,[Co(C,0,),(OH)(H,0)],2H,0,?! were prepared by
established methods. In aqueous acid solution Durrant’s
salt protonates to form the diaquobis(oxalato)cobaltate(11r)
anion and the absorption spectrum immediately after
dissolution in dap-solubilized water in benzene was found
to be identical to that reported by Adamson et a/.?* The
purity of the other complexes and identification of the
products of the aquation reactions were determined by
u.v.—visible spectroscopy using a Cary 14 spectrophoto-
meter, by comparison, where possible, with known spectra.

Rates of aquation were measured spectrophotometrically
by determining the change in absorbance on a Beckman
Kintrac VII recording spectrophotometer. The wave-
lengths used for each complex are as follows: [Co(C,0,)5]3~

(416); [Co(CN);N,]3~ (285); cis-[Co(en),(Ny),]™ (533);
[Cr(Cy0y),(en)]™  (en = ethylenediamine) (330); Co-
(Co04)513 (420); and c¢is-[Co(C,0,),(H,0),)~ (420 nm).

Reactions were initiated by injecting known volumes
{1-—50 pl) of aqueous solutions of complex into thermo-

tatted surfactant solutions (5 cm?) in carefully dried
benzene. Homogeneous solutions were obtained in all
cases. Where possible reactions were allowed to run for

8—10 half-lives and good first-order plots were obtained
up to 909, completion of reaction, giving rate constants with
an error of 4-29%,. For the slower runs Guggenheim plots 22
were used and the accuracy of the obtained values is 4-5%,.
Aquation of the ion [Cr(C,O,)3]*” in aqueous acid solutions
was found not to give linear pseudo-first-order plots 12
because the rate of secondary aquation of the product,
cis-[Cr(C,0,),(H,0),]", caused interference. In these re-
versed micellar systems this secondary aquation is slow
enough that it causes no interference with the primary
aquation. The temperature of the thermostatted baths and
cell compartment was maintained within 4-0-05°C, as
monitored by NBS thermometers.

RESULTS

Aguation of Trvis(oxalato)chvomate(111) Anion.—Rate
constants for aquation of tris(oxalato)chromate(111) anion,
[Cr(Cy0,)51%7, in the presence of surfactant-solubilized
water in benzene, %,, at 24-5 °C (Table 1) were consider-
ably greater than those in water. From available
values at 47 °C 12 and using Arrhenius parameters for the
acid-catalysed rate,? the estimated rate constant for
aquation of the ion [Cr(C,0,),]*~ in water at. 24-5 °C is
1-5 x 10® s1. The fastest aquation rate, in the presence
of 1-1 X 107m-water solubilized in 7-58 x 1072m-oat in
benzene at 24-5°C (&, 81 x 107 s71, Table 1), therefore
represents a 5 X 108-fold enhancement with respect to that

17 H. Kitahara in ‘ Cationic Surfactants,” ed. E. Jungermann,
Marcel Dekker, New York, 1970, p. 289 and references therein.

18 A Haim and W. K. Wilmarth, Inorg. Chem., 1962, 1, 573.

1®* P. J. Staples and M. L. Tobe, J. Chemn. Soc., 1960, 4803,
4812.

627

in water. Catalysis by dap is of similar magnitude (Table
1).
TABLE 1
Rate constants for aquation of the tris(oxalato)chromate-
(111) anion ¢ by surfactant-solubilized water in benzene

at 24-5 °C
102[H,0] [dap] 10%%y [oat] 104y
M M s-1 M gt
5-5 0-0379 13-9 0:0392 56-8
0-0473 12-2 0-0591 38-4
0-0947 8-83 0-0784 36-0
0-189 6-03 0-0984 31-5
0-331 4-12 0-190 24-0
0:473 2:88 0-197 23-0
0-298 20-8
0-388 19:6
0-647 12-9
0-759 11-3
0-948 8:-65
11-0 , 0-0500 16-9 0-0758 81-3
0-0750 14:6 0-0946 640
0-0990 14-1 0-199 41-6
0-125 12-8 0-298 325
0-193 11-3 0:398 256
0-320 9-34 0-473 22-9
0-376 8-44 0-759 17-0
0-473 7-63
16:5 0-189 16-3 0:190 76-8
0-285 14-6 0-284 534-6
0-379 138 0-285 51-8
0-473 129 0-472 29-6
0-756 22-6
22-0 0-473 17-8

@ Substrate concentration = (1—20) x 10

At any given water concentration increasing concentra-
tions of surfactant caused an exponential decrease in %,
and logarithmic plots of %, against the stoicheiometric
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FiGure 1 Rate constants for hydrolysis of the ion [Cr(C,0,),]*~
by octylammonium tetradecanoate-solubilized water in ben-
zene at 24-5 °C: [H,0] = 16:5 x 1072 (O); 11-0 x 1072 ([(7);
and 55 x 102M (A). Inset: logarithmic plots of rate con-
stants for hydrolysis of the ion [Cr{C,0,),]*~ against concentra-
tion of octylammonium tetradecanoate in benzene [(@), (),
and (A): concentrations as above)

surfactant concentration, ¢, were linear (Figure 1). Pre-
sumably at sufficiently low surfactant concentrations the

20 E. Bushra and C. H. Johnson, J. Chem. Soc., 1939, 1937.

2L A. W. Adamson, H. Ogata, J. Grossman, and R. Newbury,
J. Inorg. Nuclear Chem., 1958, 8, 318.

22 E. A. Guggenheim, Phil. Mag., 1926, 2, 538.
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rate enhancements are even greater. The inability of the
surfactants to solubilize sufficient water in benzene at low
surfactant concentration, however, precluded the observa-
tion of rate maxima. The presence of such maxima in the
surfactant concentration-rate profiles is inferred from the
lack of aquation in benzene in the absence of surfactants:
5 ¢l of a saturated solution of the complex K,[Cr(C,0,),],-
3H,0 in dmso (dimethyl sulphoxide) added to pure benzene
(50 cm?) produced no change in the visible spectrum at
39-8 °C for 6 h, and similarly no change occurred in the
spectrum of tris(oxalato)chromate(11ir) anion when water
was solubilized in 0-091m-htab in benzene. The reaction
product of aquation of the ion [Cr(C,0,);]*” in dap- and oat-
solubilized water in benzene was identified as [Cr(C,O,),-
(H,0),]~ from its known spectrum.?

Aquation of Tris(oxalato)cobaltate(111) and cis-Diaquobis-
(oxalato)cobaltate(111) Anions and the Subsequent Electvon-
transfer Process—Rate constants, k,, for aquation of the
tris(oxalato)cobaltate(11r) anion, [Co(Cy0,),])*”, in sur-
factant-solubilized water in benzene at 38-0 °C are given in

TABLE 2

Rate constants for aquation of the tris(oxalato)cobaltate-
(ri1) anion ¢ in surfactant-solubilized water in benzene
at 38-0 °C »¢

10%[H,0] [dap] 10%%, 102[H,0] [dap] 105k
M M st M M s™1
11 0-00410 15-4 55 0-0712 6-39

0-00715 13-5
0-0102 9-33 11-0 0-0712 7-45
0-0410 6-45 0-103 6-44
0-0712 5-58 0-205 5-32
0-205 3-39 0-307 4-01
0-309 3-35 0-408 2-53
0-412 3-89 0-512 1-25
0-515 518
22-0 0-329 314
0-438 2-98
0-180 ¢ 57-7 0-547 265
¢ Substrate concentration = (2—20) x 10*m. ?In 0-05M-

H,S0,, 10°%, = 23-1 sl ¢In water, 10%y = 0417 sL
4 Unless specified otherwise. ¢oad.
TaBLz 3

Rate constants of aquation of the cis-diaquobis(oxalato)-
cobaltate(111) anion ¢ in surfactant-solubilized water in
benzene at 38-0 °C &¢

102[H,0] [dap] 10, 102[H,0] [dap] 1054,
M M st M M s1
11-0 0-0723 778 22-0 0-207 3-46
0-107 6-56 0-310 314
0-207 4-85 0-413 2-94
0-310 3-92 0-516 2-65
0-413 3:23
0-516 2-87 550 0-329 2-96
0-438 274
16-5 0-207 3-69 0-547 2-58
¢ Substrate concentration = (1-5—4) x 107M. ?¢In 0-05M-

H,SO,, 10%, = 380 s'1. ¢ In water, 105k, = 4-97 s°1.

Table 2 and those for diaquobis(oxalato)cobaltate(111) anion,
¢is-[Co{C,0,),(H,0),]", in Table 3. Figure 2 shows plots of
k4 values for both these reactions against stoicheiometric
dap concentration in the presence of 1-1 X 107m solubilized
water. It can be seen that at [dap)] < 0-3m the rate con-

J.C.S. Dalton

stants are virtually identical for both the tris and bis
oxalato-complexes, and comparison of the data in Tables
2 and 3 shows that this is also true for the case of 2:2 x
10*M-H,0 in the 0-3—0-5M-dap range.

The rate-determining step for aquation of the ion [Co-
(C04)3)°~ by surfactant-solubilized water in benzene is
probably the electron transfer [path (C) in Scheme] rather
than formation of diaquobis(oxalato)cobaltate(11r) as occurs
in aqueous acid solutions.’® Kinetic determinations of the
rate of aquation of the ion [Co(C,0,);]3” to cis-[Co(Cy0y),-
(H,0),]- are precluded by similarities in the absorption
spectra of these species [¢(605) 170 and £(420 nm) 220 1 mol™
cm™ for the former and £(600) 124 and (420 nm) 160 1 mol?
cm™ for the latter]. During aquation of the ion [Co-
(C40,4)5]%" a slight initial decrease in the absorbance at 420

0 01 02 03 04 05 06
[dapl/M

FiGUuRE 2 Rate constants for hydrolysis of the ions [Co(C,0,),]3~
(O) and [Co(C,04),(H,0),]~ ([J) by 11-0 x 10-2m-H,O solubil-
ized by dodecylammonium propionate in benzene at 38:0 °C

nm was noted. Subsequent to this °initiation time’
absorbances were found to decrease more rapidly to nearly
complete transmittance. The data quoted in Table 2 were
calculated from linear Guggenheim 22 plots over this larger
decrease in absorbance. In the presence of 1-1 x 107m
solubilized water the initiation time varied from 25 min for
0-0712Mm-dap to 11 h for 0-512m-dap. If this initiation time
is regarded as the time taken for formation of the bis-
(oxalato) species [path (A) or (B) in Scheme] then the esti-
mated rate constant for aquation of the ion [Co(C,0,);]°*" by
1-1 x 10'm-water solubilized in 0-0712M-dap in benzene
(ky >~ 6 X 107 s71) is ca. 1 500- and 25-fold greater than
that in pure water or in 0-05M-H,SO, respectively (Table 2).
The spectrum of the solutions at the end of the initiation
time appeared to be predominantly that of the diaquobis-
(oxalato)cobaltate(1m1) anion. In the presence of 1-1 X
1072M-water, the initiation time could not be clearly dis-
tinguished because the total change in absorbance over the
whole reaction was governed by an electron-transfer rate-
determining step [path (C) in Scheme].

At constant water concentration increasing concentration
of surfactant caused an exponential decrease in the rate of
directly measured aquation of the ion ¢is-[Co(C,O4)g
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(H,0),]” (Vigure 2). In dap, plots of log &y against log
{dap] were linear with negative gradients as observed for
the aquation of tris(oxalato)chromate(irr) anion. With
increasing water concentration the gradients of these lines
approached zero. Values for dlog ky/dlog[dap] are
—0-50, —0-28, and —0-24 for water concentrations of
1-1 x 1071, 2-2 x 1071, and 5-5 x 107'm, respectively.
Behaviour of the rate constants as functions of solubilized
water concentration was, however, more complex At low
dap concentration %, values increased with increasing water
concentration, at intermediate surfactant concentration
they decreased going through a minimum, while at the
highest surfactant concentrations they were essentially
independent of the concentration of water. As had been
found for the aquation of tris(oxalato)chromate(11r) anion,
the nature of the surfactant appreciably altered the re-
action rate. - In 0-180M-o0ad the rate constant was 15 times
greater than that in dap under comparable conditions.
Aquations of cis-Diazidobis(ethylenediamine)cobalt(1i1) Ni-
trate.—Although base-catalysed hydrolysis of the ion cis-
[Co(en)y(N,),]" has been studied,!® no information is avail-
able on the acid-catalysed rate. We have determined rate
constants for aquation of this cation in water and in 0-05M-
H,SO, at 38-0 °C (Table 4). Water solubilized by dap in
benzene enhanced the rate of aquation with respect to that

TABLE 4

Rate constants for aquation of cis-diazobis(ethylene-
diamine)cobalt(111) nitrate at 38-0 °C @

Conditions 107k y /s
Water (pH ca. 5:3) 6-06
0-05M-H,50,~-H,0 3 780

110 x 10-'m-H,0O-benzene—-6-4 x 10-2m-dap 112
1-10 x 10'm-H,0O~benzene-8-5 x 10-2m-dap 67-2
5-50 « 107'M-H,O-benzene-1-07 x 10-m-dap 38-0

s Substrate concentration = (1—5) x 10-tm.

in pure water, but not with respect to the acid-catalysed rate
(Table 4). Increasing concentration of surfactant caused a
decrease in the rate constant as observed in the other
svstems. The absence of substantial micellar effects did
not warrant more detailed investigations of this reaction.
Aquation of Tripotassium Azidopentacyanocobaltate(111)
Amnion.—The aquation of [Co(CN);N;]3~ is acid catalysed.®
In the absence of added thiocyanate ions, the products of
the reaction are the ion [Co(CN);(H,0)]?” and HN,. Inthe
presence of added thiocyanate ions some [Co(CN);(NCS)]?~
is formed but the rate of the acid-catalysed aquation is un-
altered. These results yielded strong support for an Skl
mechanism involving five-co-ordinate [Co(CN);]2~. We
anticipated confirming this mechanism by the absence of an
increase in rate with increasing concentration of surfactant-
solubilized water. However, rate constants for aquation of
tripotassium azidopentacyanocobaltate(iir) at 38-0 °C in
water (%, 22 > 107¢s™!) and in 0-06M-H,SO, (&, 1-8 x 1073
s71) were higher than those obtained in the reversed micellar
system. (Only 5—109% reaction occurred in 6 days at
38 °C in benzene in the presence of 1-1 X 107m-water
solubilized in 0-1—0-5M-dap.) More detailed investigations
of this system were, therefore, not carried out.
0 ":’33 i, H. Cordes and R. B. Dunlap, Accounts Chem. Res., 1969,
, 329.

24 J2. J. Fendler and J. H. Fendler, Adv. Phys. Org. Chem.,
1970, 8, 271.
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Aquation of Potassium Ethylenediaminebis(oxalato)chrom-
ate(111) Dikydrate.—Although quantitative measurements of
the rate of aquation have not been made, Bushra and
Johnson reported that absorption coefficients of an aqueous
solution markedly diminished in the neighbourhood of the
maximum at 530 nm after several hours in the dark at room
temperature and that alkalis accelerated the decomposi-
tion.20 We expected that aquation would also be acid
catalysed and found this to be true. (At 38:0 °C, &, =
4-31 x 107 and 16 x 107¢ s} in 0-05M-H,SO, and water
respectively.) We had anticipated that this reaction would
also be catalysed by reversed micelles, but unfortunately
the complex was insufficiently soluble in water to carry out
the investigation. The maximum absorbance that could
be obtained using a 11 x 1072m-H,O solution (saturated in
complex) in dap was only 0-02.

DISCUSSION

When water and a Cr! or Co™ complex are localized
in the polar cavity of reversed alkylammonium carboxyl-
ate micelles in benzene they undergo measurable, and
indeed, in some cases, extremely rapid, aquation. At a
given temperature, rates of these aquations depend on
the nature of the substrate, the type and concentration
of micelle-forming surfactant, and the concentration of
solubilized water (Tables 1—4 and Results section).
Observed rate constants for aquation of the ions [Cr-
(Co04)3]®7, [Co(Cy04)sf*~, and [Co(en)y(Ng)y]™ by sur-
factant-solubilized water in benzene are factors of up to
5 x 108, ca. 1500, and 11 greater than those for the
same reactions in pure water. Conversely, the rate
constant for aquation of the ion [Co(CN);N4]3~ is con-
siderably faster in pure water than in surfactant-solu-
bilized water in benzene. Focusing primarily on the
data concerning aquation of the ion [Cr(C,0,)3)3~, where
the micellar effect is the most spectacular, mechanisms
for aquation and micellar catalysis will now be discussed.

Aquation of the ion [Cr(C,0,)4]3~ by water solubilized
in dap represents a relatively simple situation. In all
cases the surfactant concentration is at least a 100-fold
greater than the c.m.c. (see Experimental section and
Table 1) and therefore, subsequent to reaching maximum
catalysis, values of %, are expected to be independent of
surfactant concentration. This type of saturation
kinetic behaviour has often been observed in aqueous
micellar systems.?*?? Experimental results, however,
do not bear out this expectation. Lack of solubilization
of water at sufficiently low surfactant concentration
prevents observation of rate maxima. Furthermore,
increasing surfactant concentration, at constant water
eoncentration, causes an exponential decrease in &,
values (Figure 1 and Table 1). The most probable
explanation is that subsequent to optimum saturation
of the polar cavity of the reversed micelle by water,

2 T. C. Bruice in ‘ The Enzymes,” 3rd edn., Academic Press,
New York, 1970, vol. 2, p. 217.

26 H. Morawetz, Adv. Catalysis, 1969, 20, 341.

27 F. M. Menger, J. A. Donohue, and R. F. Williams, J. Amer.
Chem. Soc., 1973, 95, 286.
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increasing surfactant concentration results in a decrease
in the effective water concentration per micelle and
hence a decrease in the rate of aquation. Since the
concentrations of oat used are less than 10 times greater
than the c.m.c. (Experimental section and Table 1), the
effective water concentration per micelle may be greater
than that for dap and the highest observed value of &,
is probably close to the rate maximum. Not unex-
pectedly, therefore, the observed maximum-rate en-
hancement for oat (5 x 108-fold) is greater than that for
dap (1 x 108-fold).

At constant surfactant concentration there is a linear
dependence of the observed aquation rate, %4, on the
concentration of water solubilized both by oat and dap
(see insert in figure in ref. 1). Furthermore, this depend-
ence of 2, on solubilized-water concentration is the same
for micellar oat and dap giving an apparent second-order
rate constant of 1 X 102 1 mol? s with respect to
water concentration. Comparing this value with those
available for perchloric-acid-catalysed aquation of the
ion [Cr(C,0,)3]®~ in water at the same temperature (by
calculating an apparent second-order rate constant
from the linear plot of log %, against — H,),124 establishes
this reaction to be ca. 100-fold faster in the reversed
micellar system in benzene than in aqueous perchloric
acid solutions. The observed linear dependency of the
aquation rate on surfactant-solubilized-water concentra-
tion implies, of course, an aquation mechanism in which
Cr-O bond-breaking is synchronous with the nucleo-
philic attack by water. In other words, path (A) in the
Scheme prevails. It is realized that the environment
of the ion [Cr(C,0,);]* in the polar cavity of the reversed
micelles in non-polar benzene differs considerably from
that in pure water and consequently different mechan-
isms [path (A) or (B)] may well predominate in the two
media.

The origin of the catalysis by reversed micelles is clearly
not favourable partitioning, since the rate of aquation
both in pure benzene and water is negligible (see Results
section) compared to that observed in surfactant-
solubilized water (Table 1). A rate enhancement,
resulting largely from favourable partitioning, has been
recently described for imidazole-catalysed hydrolysis of
p-nitrophenyl acetate in ‘ water pools’ solubilized in
octane by sodium di-2-ethylhexyl sulphosuccinate
surfactants.??” Micellar catalysis in the present system
is probably the consequence of hydrogen bonding be-
tween oxygen atoms of the substrate and the ammonium
ion of the surfactant, thereby facilitating proton transfer
and increasing the concentration of the one-ended dis-
sociated species in the pre-equilibria steps. The lack
of detectable aquation by water solubilized in the cavity
of htab micelles in benzene (see Results section), a
surfactant in which proton donation is not feasible, sub-
stantiates this interpretation. An increase in effective
water activity in the polar micellar cavity over that in
bulk water is quite plausible 1 and would also contribute
to the overall rate enhancement by accelerating the rate-
determining step [path (A)]. The decrease in &, values
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with decreasing surfactant concentration (vide infra) is in
agreement with this postulate.

In the light of the rate enhancement observed for the
[Cr(C,04)3]*~ aquation, aquation of the ion [Co(C,0,)5]3~
was also expected to be catalysed by water solubilized
in the polar interior of reversed micelles in benzene; but
such catalysis would predictably be smaller since aqua-
tion of the ion [Co(Cy0,)5]%~ in pure water relative to that
in 0-50M-H,SO, is appreciable. Indeed the rate con-
stant for primary aquation of the jon [Co(C,0,)5]3~
[path (A)] is ca. 1 500-fold greater than that in pure
water. In aqueous solutions the electron-transfer re-
action [path (C)] is 20 times faster than the primary-
aquation reaction of the tris(oxalato) complex {path
(A)]; 15 but in surfactant-solubilized water in benzene
(Tables 2 and 3 and Figure 2), the situation is reversed
and the rate of the electron-transfer reaction is essentially
identical to that for the directly measured aquation of the
ion  ¢15-[Co(C,0,),(H,0),]". Observed rate constants
in surfactant-solubilized water are comparable to that in
pure water and less than that in aqueous acids (Table 3).
The role of water in the electron-transfer process in the
cis-diaquobis(oxalato)cobaltate(rr1) system is complex
(Table 3). At high surfactant concentrations the rate is
independent of water concentration whilst at low
surfactant concentrations increasing amounts of water
increase k,. Additionally, at constant water concentra-
tion increasing surfactant concentration decreases the
electron-transfer rate (Figure 2).

Catalysis of aquation of the ion [Cr(C,0,),]3~ in water
solubilized in the polar interior of reversed micelles is 103
times more favourable than that of [Co(C,0,)5)3,
illustrating the influence of the central metal atom in this
reaction. The oxalato-ligand is strongly basic with a
large tendency to hydrogen bond, and this tendency is
promoted in a reversed-micellar environment. In
aqueous-acid-catalysed hydrolysis reactions, the primary
factor to be considered is the nature of the ligand being
replaced. We had hoped that introduction of other
strongly basic ligands with strong hydrogen-bonding
tendencies, e.g. azido or cyano, into the co-ordination
sphere of octahedral chromium(ir) complexes, would
again lead to rate enhancements of their aquations in
water solubilized by surfactants in non-aqueous solvents.
Although rate enhancement for aquation of ¢is-diazido-
bis(ethylenediamine)cobalt(i11) nitrate was observed, the
micellar affect was considerably smaller than that found
for the oxalato-complexes. In the case of the azido-
pentacyanocobaltate(111) anion, a rate deceleration was
observed. Thus, the nature of the ligand as a factor in
the reactivity is even more critical under these circum-
stances than in an aqueous environment. Since the
observed rate constants are much larger for bound oxalate
than for the other ligands, the dominating factor must be
interaction of the alkylammonium moiety of the sur-
factant with the free oxygen atom of a bound carboxylate
group subsequent to solubilization. We are currently
investigating ligand interactions and catalyses of these
and similar types of reactions in both normal and
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reversed micellar systems which may serve to elucidate
the relative importance of the energetic and configura-
tional factors involved.

This work was supported, in part, by grants from the
Robert A. Welch Foundation (to J. H. F.) and Research
Corporation (to E. J. F.). C. J. O’Connor gratefully

631

acknowledges Study Leave from the University of Auckland,
New Zealand, a Fulbright-Hays Travel Award, and an
AAUW Fellowship. E. J. Fendler is a Career Develop-
ment Awardee of the National Institutes of Health, U.S.
Public Health Service.

[3/1422 Received, 9th July, 1973]



http://dx.doi.org/10.1039/DT9740000625

