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Abstract

The present review discusses different possible routes of reduction of Cr(VI) to Cr(lll) by several types of organic reducing agents with
special emphasis to those occurring in aqueous micellar systems. The micellar media can influence the mechanistic paths of reduction of Cr(VI)
to Cr(lll). Such studies in micro-heterogeneous systems are important from the standpoint of understanding the mechanism of redox activity
and toxicity of Cr(VI). The possible use of suitable surfactants in the two-phase oxidation of organic substances by chromic acid is discussed.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction intermediates like Cr(V), Cr(IV) and Cr(ll). The mecha-
nistic path of this reduction depends on the nature of the
The net 3e-reduction of Cr(VI) to Cr(lll) may proceed in reductants and reaction conditiofls-3]. To correlate all
different possible ways through the formation of different these aspects is quite important to understand the reac-
tivity of Cr(VI). It is believed that the intermediates like
Cr(V), Cr(IV) and free-radicals produced during the cellu-
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agents like glutathione and other possible biomolecules like like the ordinary solutes, but after attaining a certain concen-
cysteine, ascorbic acid, Vitamin E, etc. are responsible for tration they aggregate (the aggregation number denoted by
the Cr-induced toxicity2,4-13] Thus studies on the redox N may vary from 20 to 100 depending on the conditions) to
activity of different Cr-species and their biochemistry are form the micelles and this minimum concentration at which
important[1,2,14-19] The organized assemblies may have micellization starts is called critical micelle concentration
an important effecf20—29] on the rate of electron transfer (cmc). The driving force leading to aggregation of surfactant
reactions. The cytoplasmic reduction of Cr(VI) to Cr(lll) molecules is the hydrophobic interaction among the hydro-
occurs in micro-heterogeneous systems. In vitro, the mi- carbon chaing31(b)]. Enlargement of micelles leading to
celles are considered to mimic the cellular membranes. Theseparation of the surfactant as a macrophase is prevented by
electron transfer processes occurring in the micellar sys-hydration of the hydrophilic moiety, electrostatic repulsion
tems may be considered as models to obtain insight into theamong the micellar head groups of the approaching micelles
electron transport process prevailing in biological systems. (in the case of ionic reactants), steric factors and entropy
The studies on the interfacial electron transfer reactions onlosses. Thus the micelles do not combine to generate a con-
the micellar surfaces are not only important to understand tinuous phase but are uniformly distributed in the aqueous
the reactivity of Cr(VI) in biological systems but also to medium to generate a micellar pseudo-ptadéa),(b)] The
establish the pathways leading to the reduction of Cr(VI) to inter-conversion between the micelles and surfactant solute
Cr(ll1). Utilization of the surfactants in the reaction media molecules is a reversible process that occurs in a few mil-
can affect the rates, reaction yield, products, etc. The presentiseconds. Hence, it is possible to destroy the micelles to
review mainly aims to understand the mechanistic pathways produce the original simple solution of surfactants by sim-
of reduction of Cr(VI) occurring in agueous micellar media. ple dilution (provided the concentration of surfactant falls
below the critical micelle concentration (cmc)).
Every surfactant has a definite cmc at a given temperature.
2. Physicochemical aspects of surfactants The shorter the hydrocarbon chain, the smaller is the de-
crease in free energy of the micellization process and conse-
Generally, the surfactants bear diphilic moieties, i.e. quently the higher the cmc. But, the cmc of a particular sur-
hydrophobic and hydrophilic groups. The structures of factantis dependenton the chemical composition of the solu-
ionic surfactants may be represented by RX, where R tion in which the micellization is carried o{80,31(a)] For
stands for the hydrocarbon chain containing 8-18 car- the ionic surfactants, the factors that minimise the electro-
bon atoms present in an alkyl/aromatic moiety or other static repulsion among the hydrophilic moieties (i.e. micellar
types of hydrophobic residue and X is an ionic moi- head groups) favor micellization. The gegenions being oppo-
ety [30,31(a)] Depending on the nature of charge on X, sitely charged are attracted by the micellar head groups and
the surfactants are classified as anion- and cation-active.the charge is neutralised. Thus increase in the concentration
For the anion-active surfactants, the hydrophilic moiety of gegenions reduces the cmc val(@g]. For the non-ionic
contains the groups like sulfate, sulfonate, phosphate orsurfactants, micellization is favored by the increase of tem-
carboxylate. The examples are: §BH,),0SG;~MT, perature that disfavors the hydration of their hydrophilic
CH3(CH,),S0O;~M*, CH3(CH,),CO,~M™, etc. (where groups. Micellization occurs in a narrow range of surfac-
MT: Lit, Na", Kt, MMeg™, etc.,n = 7-17). In this tant concentration around the cmc at which there is a sharp
group, sodium dodecyl sulfate (SDS)#El,50SO;~Na* is change in several properties of the solution (e.g. viscosity,
a representative example. For the cation-active surfactantsglectrical conductivity, surface tension, light scattering, etc.)
the hydrophilic moiety is generally a quaternary ammo- that indicates the formation of micell¢31(a)]. The aque-
nium, pyridinium or phosphonium group. The examples ous micelles have different forms (e.g. spherical, rod-like,
are: CH(CH,),"N(CHs)3B~, CH3(CH,), N(CsHs)3B~, etc.)[31(a),(d),(e)] but all have a common property, the hy-
etc. (where B: ClI—, Br—, OH™, etc.;n = 7-17). The rep- drophilic groups projecting outward in contact with the bulk
resentative example is cetyltrimethylammonium bromide solvent water and the hydrocarbon ends projecting towards
(CTAB), CigH33N*TMesBr—. The structures of non-ionic  the interior side to produce a hydrophobic core. This is why,
surfactants may also be denoted by RX where X (that is the aqueous micelles may be simply described as oil in wa-
electrically neutral) generally represents a polyoxyethy- ter (o/w, oil represents the non-polar hydrophobic core).
lene residue. Polyoxyethylene(23)dodecanol (Brij 35) is a  The ionic head groups of ionic surfactants and some of
representative example. the gegenions form the Stern layer, in which 60-70% of
When the surfactants as solutes are taken into aqueoughe micellar charge is neutralised. The remaining gegenions
solution, due to the hydrophobic interaction, the solute par- form a diffuse Gouy-Chapman layg@0]. Thus to neutralise
ticles have a tendency to aggregate spontaneously to fornthe charge of the micellar head groups, the counterions are
thermodynamically stable bigger particles of colloidal di- attracted to form electrical double layers. The hydrophobic
mension. Different factors control the supramolecular struc- core of aqueous micelle is closely similar to a liquid hydro-
ture of self-assembly of the surfactant moleciiidga)—(c)] carbon. Thus the hydrophobic core of micelles is suitable
At low concentrations, the surfactant molecules behave justto extract the non-polar and hydrophobic substrates from an
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aqueous phase. The non-ionic solutes may be concentratedf impermeable substances into the cells. This technique
in the Stern layer but not in the core as it may disrupt the involving the selective fusion of lipid vesicles with the
surfactant packing in the micellar core. specific cells is highly promising to control the delivery of
The zwitterionic surfactantf31(f)] possessing both the drugs into the target cell81(g),(m),(n)]
cationic and anionic sites in the polar head groups are The reverse micelles (water in oil, w/o) represent the
biologically and industrially quite important. The betaine oil-surfactant—-water ternary systems where oil simply
surfactants (derived from betaine, Mé"CH,CO,~, an represents the non-polar hydrocarbon dispersant medium
oxidation product of choline) are the representative exam- [31(c),32] In reverse micelles produced in non-polar hy-
ples Fig. 1) in this group. The important examples are: drocarbon solvents, the hydrophobic hydrocarbon portion
lauramidopropyl dimethyl betaine, lauryl dimethyl betaine, of the surfactants forms the outer layer in contact with the
cocoamidopropyl dimethyl betaine, etc. These are widely non-polar solvent while the hydrophilic groups of the surfac-
used in industry and cosmetics as foam boosters. These findants remain projected towards the interior portion. In some
applications in shampoos, bubble bath, hand soaps, haircases (as in the case of SDS-reverse micelles in alkanols),
conditioners, cleansing lotions and creams. The zwitterionic the dispersant medium may act as a cosurfactant and as a
phospholipid surfactants are involved in constructing the part of the interfacé32(b)]. The properties of reverse mi-
lipid bilayer membrane$31(b),(9),(h)] and lipid vesicles  celles largely depend on the ratiog = [H2O]/[surfactant]
(known as liposomegB1(g),(i),(j)]- The important zwitteri- [32(b),(e)] Reverse micelles formed by AOT (sodium
onic phospholipids are: phosphatidyl choline, phosphatidyl bis(2-ethylhexyl)sulfosuccinate) are well kno\a2(d),(e)]
ethanolamine, phosphatidyl serine, sphingomydfig.( 1) In the case of reverse micelles formed by the ionic surfac-
[31(g),(k),(D]. In vesicles, an aqueous compartment remains tants, the structure of water confined within the core is dras-
entirely closed by the lipid bilayer membrane composed of tically affected because of the charged interior surface. In
phospholipid431(g)]. The vesicles can be prepared by sus- the water pool (spherical in shape) of the reverse micelles,
pending a suitable phospholipid (e.g. phosphatidyl choline) the hydrophilic reactants are stabilized. In the small aque-
in an aqueous medium followed by sonication. The vesicles ous compartment, the solubilized polar substrates are more
may fuse with the cell membrane to allow the transport rigidly bound than the substrates in aqueous media. Thus

I
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Fig. 1. Some representative zwitterionic surfactants.
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the reverse micelles can strongly influence different types of kw
chemical reactions including the enzymatic reactifa8. Aw + B ——> product (3.5)
3. Different kinetic modelsto explain the micellar effects ket

Ay + B —= product 3.6)

3.1. Berezin’s model
Scheme 2.
According to the Berezin et al.’s approaf30], a solu- )
tion above the critical micelle concentration (cmc) may be ~ Scheme 2eads to the following rate law:
considered as a two-phase system, consisting of an aqueous kmKaC + kw
phase and a micellar pseudo-phase. The reactants (Aand B}Y = ~ 1 k,C
may be distributed as shown 8cheme 1

3.7)

whereKj is the binding constant in terms of the micellized
- surfactantky andkyy are the first-order rate constants in the
Aw + By product G.1) micellar and aqueous phase and include the concentration
of the other reactant (B) in these pseudo-phaé€eis the
K ﬁ Knaﬁ concentration of the micelle and it has been already defined.
km Using Berezin’s model, the same rate equation may be also
Aum + Bm  ——— product (3.2) obtained fronEq. (3.4)under the conditions?a > Pg ~ 1.
Forkm > kw, the reaction rate increases with the increase of
Cand ultimately it reaches the limiting valig . Conversely,
for km < kw, an increase i€ produces a decrease kayp
andkexp tends to attain the limiting valuky. Eq. (3.7)can
be rearranged into the reciprocal form as follows:

Scheme 1.

A quantitative rate expression for a bimolecular reaction
(Scheme ) occurring only in aqueousky path) and mi-
cellar kv path) phase for the reactants A and B is given

below: 1 1 Lt (3.8)

e {km Pa PsCV + kw (1 — CV)} (3.3) ky —kw  KaClkm — kw) kv — kw ’
®PT T 1+ KaO)A + Kg0) ' or,

Here kexpis the observed second-order rate constantin aque—kw — kw — KAC (3.9)

ous micellar system is the total surfactant concentration kv — ky
(molarity) minus cme= [D]T —cmc; some authors have de-
fined C = ([D]T — cmo/N whereN gives the aggregation
number.V is the partial molar volume of the surfactant in
the micelle;CV and (1— CV) stand for the fractions by vol-

ume of the micellar phase and aqueous phase, respectivelyfate retardation by the surfactant, assumigg~ 0, mod-

km andky are the rate constants for the reaction occurring ified Eq. (3.11)gives the better estimation of the binding
in the micellar phase and aqueous phase, respectively. TheconstamKA

binding constantsK) are related to their partition coeffi-

cients P) as:Ka = (Pa — 1)V andKg =(Pg — 1)V. ky ~ W (3.10)
For the dilute surfactant solutions, where the volume frac- 1+ KaAC

tion of the micellar phase is small (i.e.>¢ CV), Eq. (3.3) or,

Bunton and Cerichellj35] have pointed out that the treat-
ment of Eq. (3.8)(i.e. plot of 1/(ky — kw) against 1T) is

very sensitive to the values of cmc that may be affected by
the reaction media. They have suggested that in the case of

reduces to 1 1 KaC
kexp = kM Pa PBCV+ kW E - m * kW (3.11)
(1+ PACV)(1 + PsCV) .
ki Pa PsCV + kw 3.4 3.3. Cooperative model

(14 KaO) L+ KpC) The micelle catalyzed reactions may be compared with

The above rate equation can be analyzed in different caseghe enzyme catalyzed reactions. Very often, for the micelle

depending on the situatiof30]. catalyzed reactions, the plot of rate constants versus surfac-
tant concentration gives the sigmoid shaped curves and this
3.2. Menger—Portnoy model observation is analogous to the positive cooperativity (mea-

sured by Hill constanh) in the enzymatic reactions. Con-
The Menger—Portnoy modg34] considers the partition-  sidering this fact, a kinetic modeS¢heme Banalogous to
ing of only one reactant (say A) between the micellar and the Hill model was developed by Piszkiewicz to explain the
agueous phas&¢heme 2 micellar effect[36]. It considers that the substrate (S) and
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detergent (D) molecules aggregate to form the active micelle 3.4. Pseudo-phase ion-exchange model

(D, S). Very often, in the micelle catalyzed reaction, after

attaining a rate maximum, the rate decreases at the higher Inthe pseudo-phase ion-exchange (PIE) m{gi&(a),40]
concentrations of the detergent. To explain the rate retardingthe micellar surfaces are treated as selective ion-exchangers
effect of the detergent at its higher concentrations, forma- saturated with the counterions. For example, if the reactantis
tion of the kinetically inactive micelle ([D,S) through the a dipositive species (say’R) then in the presence of sodium
further aggregation of surfactant molecules has been con-dodecylsulfate (SDS) micelles, both thé*Rand Na ions
sidered36]. This phenomenon has been compared with the will compete for micellar binding and the pseudo-phase

substrate inhibition in an enzymatic reaction. ion-exchange equilibrium will be establisheBicheme %
The equilibrium will be shifted in the direction favoring an
ke increase in the number of reactant species in the agqueous
nD + PK D,S > product  (3.12) phase with increasing [Ng.
D
Kex
+pD Rw?' +2Nay'=——=R\*" +2Nay~  (3.20)
Kp kwl lkM

D,D,S (3.13)

product product (3.21)
kw 3.14

S ———= product (3.14) Scheme 4.

In this model, the ion-specificity for binding has not been
considered. If there is a significant ion-specific interaction,

The second-order rate constakg)(for a bimolecular re- then this model will not be applicable. Sometimes, blndlng

action is obtained from the above Scheme as follows. of the counterions may perturb the micellar structure and
then also the simple ion-exchange model will not be appli-
km[D]" + kwKp P g pp

= (3.15) cable.

Kp + [D]" + Kp[D]"[D]” For the H"-catalyzed reaction in the anionic (SDS) mi-
ky was taken as the maximum rate constant in the rate cellar pseudo-phase, the following exchange equilibrium be-
constant versus surfactant concentration profile. At the low tween the H ion and Na ion at the micellar surface is
detergent concentrationgg. (3.15)reduces tcEgs. (3.16) very important. Here, there is no specific interaction with

Scheme 3.

2

and (3.17) the micellar head group for the*Hon and N& ion [32(a)].
+ + gt +
e km[D]" + kwKp (3.16) Hw™ +Nau™ & Hw™ + Naw (3.22)
b= KD + [D]” ' The ion-exchange equilibrium constat'}) is defined as
or, h o [Hu'][Naw*]

&= [Hy I Nay ] (3.23)

where the subscripts M and W denote the micellar and aque-

ous phase, respectively. The concentrations are expressed

At the higher detergent concentratiofsy. (3.15)reduces to in terms of the total solution volume and it is further as-
ko sumed that the activity coefficient ratiggy (Nat)/ym(H™)

Iog |:k0bs— kw

} =1logG = nlog[D] — log Kp (3.17)
km — kobs

ko = [ AT (3.18) andyw(Nah)/yw(HT) are each equal to unity. Considering
+ Kp[D] the competition between the Naon and H" ion only, the
or, overall micellar binding parameter is given by
km [Hw*]  [Naw™]  [Hm™]+[Naw*]
I — —1|=logk log[D 3.19 = = =
o9 [ k2 } 09 Kp + plog[D] (319 F=mutma="5 T+ p,] [D.]
(3.24)

To explain the micellar catalysis Hyqg. (3.17) it was used

in the concentration range in which the initial sigmoid de- Thus, B gives the fraction of micellar head groups
pendence of the rate constant on the detergent concentratiofteutralised. Here [F] gives the micellized surfactant con-
was noticed. Thus, though the analysis does not require thecentration, i.e. [R] = [SDS} — cmc. The various concen-
knowledge of cmc values of the surfactant, it can be used tration terms are expressed as

only at very low concentrations of the surfactaad. (3.17) [Hm'] = mu[D.],

has been used by many Work¢3§’.—39]in the cases where [Hw'l = [HT]t — [Hu™] = [H 11 — mu[Da],

the surfactant shows a monotonic rate retarding effect. On . + . . .
the other hancEq. (3.19)is only applicable at the high con-  [Naw "] = [Na"]t —[Nam™] = [Na"]r — (8 — m)[Dal;
centrations of surfactant. [Nay*] = [Nat]t — [Naw™] = (B — mp)[D,]
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The ion-exchange equilibrium constant can be expressed agl. The common pathways leading to reduction of

(Na*r — (8 JD,1) chromium(VI) to chromium(l 1)
K =TI B 3.25
® " (B—mw)[HTr = mulD,]) (3.25)

The reduction of Cr(VI) by the one equivalent reductants
of transition metal ions like Fe(ll), Cr(ll), etc. occurs via

The Eqg. (3.25)on rearrangement yields three consecutive 1e transfer steps, i.dMCy — Cr(V) —
Cr(lV) — Cr(lll) [41]. The two-equivalent inorganic reduc-
m)2(KH — DID,] — mu{KHHT + [Nat]r t2an';s Iikef: SnEII), In(I), Ge(ll) re;jucet Cr(\;l) in sfu?;:ézive
H H . e-transfer steps via oxygen atom transfer as fo
+ ﬂ[Dn](Kex D} + Kex [H"]r=0 (3.26) (Scheme &
+ — i Ge(II Ge(Il Cr(VI
Thus [Hu™] (=mu[D.]) Ca?_' be calculated by using . SN crav) SN cr(in L Cr(I + Cr(V) (4.1)
Eqg. (3.26) For the H ion, K& is close to unity[32(a)]. (slow) (rapid) (rapid)
This indicates that there is no specific interaction for the H
ion or Na" ion with the micellar surface and consequently ™) * Gel) ———— Cr(llh + Ge(1V) “.2)
these ions are statistically distributed between the agqueous Scheme 5.

and micellar phases. K 1, thenEg. (3.25)leads to . . .
P ex a. (3:29) A similar mechanism has been proposed by Perez-Benito

[H*]1B[Dx] and cc_)-worker$43,44] for the Cr(\_/l) oxidation of different
Hr + Na* T (3.27) organic substrates where Cr(IV) is reduced to Cr(ll) through
a hydride transfer pathway. In the presence of a Co(lll)
complex such as [(Ng)sCoFE+, Cr(ll) can be trapped in
the following reactior{42,45]

Hu'] =

The value ofg has been found to be in the range 0.6-0.85
from the conductivity measuremen32(a)]. It is evident

that [Hy 7] increases with the increase of [p Cr(Il) + Co(lll) — Cr(ll) + Co(ll),

) ) inner-sphere process (4.3)
3.5. Effect of electrolyte on micelles and micellar

kinetics In the presence of strict two-equivalent inorganic reduc-
tants like Sn(ll), In(l), Ge(ll), As(lll), etc[42,46-48] the

The surface potential of the ionic micelles decreases with Cr(IV) species produced at the rate determining step (rds)
the increase of concentration of the gegenions. This reducescan be stabilized by using chelating agents such as ehba
the cmc and it can also change the shape and size of theg2-ethyl-2-hydroxybutanoate), hmba (2-hydroxy-2-methyl-
micelles[30,31(d),(e)] These effects are more pronounced butanoate), {)quinate [(R3R4R,5R)-1,3,4,5-tetrahydro-
for the counterions of higher charge and hydrophobicity. Xycyclo hexanecarboxylate] and in fact, the Cr(IV)-ehba
Very often, the micellar catalysis in bimolecular reactions complex has been prepared and characteriédi7] The
is retarded by the addition of electrolyt§@5]. This rate  structure of Cr(IV)—-ehba complex has been determined by
retarding effect largely depends on the nature of the coun- X-ray absorption spectroscopic studi@$(b)]. The redox
terions. The counterions from the added electrolytes com- activity of Cr(IV)-species in strongly acidic media has been
pete with the reactive counterions for micellar binding. This well studied[15,19(a)]
rate retarding effect generally increases with the increase In the reduction of organic substrates, different pos-
of hydrophobicity of the added counterions. This hydropho- Sible mechanisms have been proposed depending on the
bicity favors the micellar binding of the counterions. The conditions. Watanabe and Westheimer proposed the fol-
higher valent ions are also found more efficient in reduc- lowing mechanism §cheme $ [49] for the reduction
ing the micellar catalysis. Sometimes, in the plot of rate Cr(VI) + S==——= Cr(VI)-S, (complex)  (4.4)
versus concentration of the added counterions, there is a
minimum followed by a rate enhancement. This generally ~ Cr(VD-S ——= Cr(1V) + P (Product), (rds) ~ (4.5)
happens when the counterions are highly hydrophobic. The  Cr(IV) + Cr(VI)——> 2 Cr(V) (4.6)
binding of such hydrophobic counterions can modify the Cr(V) + S——= P + Cr(Ill) 4.7
micellar surface that may favor the reaction. The inhibition
of micellar catalysis by the added electrolytes may also be
interpreted by considering the change of size of the mi- of Cr(VI) to Cr(lll) by the substrates (S) acting as the
celles in the presence of salts. The presence of salts in-two-equivalent reductants. Cr(V) and Cr(IV) are involved
creases the aggregation number (and consequently the shapas the Cr-intermediates. Here throughout the reaction, dif-
and size) of the micelle§31(d),(e)] An increase in ag- ferent Cr-species act as the 2e-oxidants and this rules out
gregation number will reduce the number of micelles and the possibility of free-radical formation.
as a result, the catalytic efficiency of the detergents de- Though the oxidation of Cr(IV) by Cr(VI) is thermo-
creases. dynamically unfavorabl¢50(a)] the transient Cr(IV)—aqua

Scheme 6.



A.K. Das/Coordination Chemistry Reviews 248 (2004) 81-99 87

species reacts with Cr(VI) very fagt]. This is why, reac- affected by Mn(I1) [82]. But this conclusion is not always
tion 4.6 is quite meaningful and the existence of Cr(IV) and valid [2]. In strongly acidic media, Cr(IV) selectively ox-
Cr(V) (d! system, EPR active) is well establish&theme 6 idizes Mn(ll) and the rate of Cr(V1) reduction is retarded
has been argued in many ca$e2,45(b),49,51]When the [43,44,49]. Sometimes, Mn(l1) can catalyze the dispropor-
Cr(IV)-species is stabilized as in the case of oxidation of tionation of Cr(l1V)-complexes (e.g. ehba complex), but it
oxalic acid by Cr(VI)[52], the reaction (4.6) is question- cannot affect the disproportionation of the corresponding
able. In fact, by considering the thermodynamic unfavora- Cr(V) complex [15(a),48]. Based onthese arguments, Mn(I1)
bility for the reaction (4.6) and the formation of free-radicals was considered as a selective trap to identify the Cr(1V)
observed in many cases, Rocek suggested a different mechspecies, if produced, during the reduction of Cr(VI). But,
anism Scheme Y[50] in which the reductant substrate acts thisconclusion has been disputed by some authors[2,18,85].
as a two-equivalent reductant towards both Cr(VI) and Cr(V) In fact, in some cases, Cr(V)—complexes produced as inter-

and as a one equivalent reductant towards Cr(IV).

Cr(Vl) + Se=——=Cr(VI)-S (4.4

Cr(VI)-S —= Cr(1V) + P, (rds) (4.5)

Cr(IV)+S ——> Cr(ll) + R (4.8

Cr(Vl) + R———>Cr(V) +P 4.9

Cr(V)+S ——=>Cr(lll) +P 4.7
Scheme 7.

In both the Westhei mer mechanism (Scheme 6) and Rocek
mechanism (Scheme 7), there exists a pre-equilibrium step
leading to the Cr(VI) — S complex [1-3] which experiences
the redox decomposition (2e-transfer) at the rate determin-
ing step (rds). In the oxidation of acohols or aldehydes or
hydroxy acids, very often the rate determining step involves
the breaking of a C-H bond in a cyclic transition state, i.e.
chromate ester. Thisis demonstrated by the positive primary
kinetic isotope effect by comparing the reactivity of C—H
bond and C-D bond [3,53-58].

Schemes 6 and 7 differ in the fate of the intermediate
Cr(1V) and the mode of generation of Cr(V). In strongly
acidic media, generally Cr(V) and Cr(1V) remaining as agua
complexes[2,15,59] are more reactive than Cr(V1) and con-
sequently, both the schemes lead to the same rate law. In
such cases, the rate of disappearance of Cr(VI) does not de-
pend on the reactivity of Cr(V) and Cr(I1V). This is why,
it is not possible to discriminate between these two mech-
anisms kinetically. However, the Rocek mechanism is now
widely accepted to explain the Cr(V1) oxidation of varieties
of organic substrates [60—76]. Some authors have suggested
the simultaneous operation of both the schemes depending
on the conditions [2,77]. At higher [Cr(VD]/[S] ratio, the
Westheimer mechanism is favored, while at the low values
of the ratio, the Rocek mechanism is favored. In the Rocek
mechanism (Scheme 7), the free-radicals are suggested to
be responsible for the acrylonitrile polymerization while in
the Perez-Benito and co-workers' mechanism [43,44], the
carbo-cationic center generated through the hydride transfer
towards Cr(1V) is supposed to be responsible for the poly-
merization of monomer.

Depending on the conditions, Mn(ll) can catalyze or in-
hibit or remain without any effect in the reduction of Cr(VI)
[2,15(2),18,43,44,48,49,77-86]. For the one equivalent re-
duction of Cr(VI) at the rate determining step, many work-
ers have suggested that the rate of Cr(VI) reduction is not

mediates during the reduction of Cr(VI) can also oxidize
Mn(lI1) [2,85]. Inhibition of the oxidative cleavage of DNA
by Mn(Il) in the system, Cr(VI)-reductant, is not due to the
removal of Cr(IV) intermediate but due to the reduction of
oxidized DNA intermediate by Mn(11) [18]. In fact, the fate
of Mn(ll) in the system, Cr(V1)-reductant, depends on the
experimental conditions such as the acidity of the reaction
medium, nature of the reductant, etc. Thus, Mn(ll) cannot
always be considered as the selective trap for Cr(1V).

The generation of the labile intermediates Cr(1V) and
Cr(V) during the reduction of Cr(VI1) and their implication
in explaining the Cr-induced toxicity [2,4-13] have earned
the attention of several workers to explore their activity and
chemistry [1,2,14-19]. Inthe oxidation of organic substrates,
Cr(V) and Cr(VI) are the major species responsible for C-H
bond rupture while Cr(1V) is responsible for C-C bond rup-
ture [50,87]. The ligands like 2-hydroxyacids, diols, sug-
ars, etc. possessing two oxygen atoms capable of forming
the five membered rings about the metal center are quite
important to stabilize the hypervalent oxidation states of
chromium [1,2,14,15(a),42,46-48,61,62,65,66,69,71,73,74].
Amino acids and peptides can also stabilize these states
[88,89]. This type of chelation can be attained by the re-
ductants themselves or by the products or by the externally
added chelating ligands. Cr(IV) reacts inherently faster than
Cr(V1) and the reactivity of Cr(V) largely dependson its sta-
bilization through chelation. If Cr(V) existsin solution in a
sufficiently small concentration and reacts faster than Cr(V1)
towards a particular substrate, then it does not complicatethe
kinetic parameters obtained from the absorbance measure-
ment at 350 nm (where both Cr(V) and Cr(VI) strongly ab-
sorb in agueous acid media), but the interpretation becomes
complicated when both Cr(V1) and Cr(V) react at compara-
ble rates [66,69,90,91]. The good linear plot of In(Abs) (at
350nm) versus time indicates that Cr(V) reacts faster than
Cr(VI) [61,71,73]. In many cases, the overall reactivity has
been reported [92—94] without any discrimination of the in-
dividual contribution of Cr(VI) and Cr(V). When Cr(V1) and
Cr(V) react at comparable rates, the consecutive reaction is
[66,69,91] (Scheme 8)

The rate constants ks and kg for the said consecutive reac-
tion can be evaluated from the measurement of absorbance
at 350nm by using the molar absorptivity of Cr(VI) and
Cr(V) [66,69,91]. If, ks > 2ke, Cr(V) does not interfere
with the absorbance due to Cr(VI1) at 350 nm and kg can be



88 A.K. Das/ Coordination Chemistry Reviews 248 (2004) 81-99

S S+Cr(VI) S
Cr(VI) —> Cr(IV) — > Cr(V) + P + Cr(Ill); Cr(V) —> P + Cr(II) (4.10)
ke (fast) ks

Scheme 8.

simply computed from the linear plot of In(Abs) (at 350 nm)
versus time. When Cr(V) reacts faster than Cr(V1), the rate
of oxidation by Cr(V) may be measured from peak to peak
height of the Cr(V)-EPR signal as a function of time period
[61,73].

In the reduction of Cr(VI), in many cases, the ki-
netics of reduction of Cr(V) species has been followed
[61,66,69,73,90,91]. In the reduction of different types of
sugars and their derivatives by Cr(VI), the intermediate
Cr(V) species, which undergo chelation with the sugar
molecules, have been identified by Sala and co-workers
[61,62,65,66,69,71,73,74]. Depending on the degree of sta-
bilization of Cr(V), in some cases, Cr(V) reacts faster than
Cr(VI) and in some cases both Cr(V) and Cr(VI) react at
comparable rates. The reactivity of Cr(VI) and Cr(V) to-
wards the reducing sugars has been explained from their
structural features.

Theligandslike hmba, ehba, (—)quinate can stabilize both
the Cr(IV) and Cr(V) species[2,15(a),46-48]. Thereduction
of Cr(V1) by strict two-equivalent reductantslike As(l11) ina
buffer solution with the title ligands produce exclusively the
bis-chelates with oxochromate(1V) [15(a),46,47]. When the
reductants can participate in both the 1e- and 2e-reduction,
then, in the presence of suitable ligands, both the Cr(1V) and
Cr(V) chelates are produced. Inherently, the Cr(V) chelateis
more stable. The Cr(V)—peptide and amino acid (non-sulfur
containing) complexes can be prepared from the reaction of
Cr(V1) with methanol (that also acts as the solvent) in the
presence of the peptide and amino acids [88,89].

Different workers [4,78,86,95-105] have carried out the
kinetics of oxidation of different thiol compoundsby Cr(VI).
It has been suggested that the Cr(V1)-thiol (specially glu-
tathione) interaction in biological systems is quite impor-
tant to understand the mechanism of Cr-induced toxicity
[2,4-13]. A common fact of this interaction is the forma-
tion of a distinct orange colored 1:1 chromate-thiol com-
plex (ester-like product) that subsequently undergoes elec-
tron transfer reactions. The Cr(VI)—thioester may experi-
ence le-transfer giving rise to the Cr(V)-intermediate and
thiyl radical or react with a second thiol molecule to pro-
duce a Cr(IV)-intermediate and disulfide product through
2e-transfer. The letransfer pathway is more important at
the lower thiol concentrations (Scheme 9).

Cr(Vl) + RSH =——= Cr(VI)-SR+H" (4.1

Cr(VI)-SR+RSH —> Cr(IV) + RSSR+H"* (4.12)

Cr(VI)-SR —> Cr(V) + RS* (4.13)
Scheme 9.

At pH > 7, the reaction with glutathione is biphasic while
for penicillamineit is monophasic [105]. For glutathione, in

thefirst step, the adduct isformed in areversible step and the
second step leads to the redox decomposition of the adduct.
In the case of penicillamine, the rate determining step in-
volves the formation of an ester intermediate that undergoes
dissociation very rapidly. Compared to glutathione, the co-
ordinated penicillamine is a better electron donor because of
the presence of two electron-releasing methyl groups. Differ-
ent workers have suggested the existence of different inter-
mediates, viz., Cr(V) and Cr(IV) in Cr(VI)-thiol interaction.
The sequential one-electron reduction of Cr(VI) to Cr(ll1)
(i.,e. Cr(Vl) — Cr(V) — Cr(IV) — Cr(lll)) by L-cysteine
in neutral aqueous solutions has been explained [97] by con-
sidering the steps: (i) formation of a Cr(VI)-complex with
two cysteine ligands, (ii) its conversion to a Cr(111) complex
by the sequential one-electron reductions with the cysteine
molecules.

Wiberg and Szeimies [106] have suggested the step-
wise le-reduction of Cr(VI) to Cr(lI1) in the reaction with
arylamines in acetic acid media. A similar reaction mech-
anism is known for the reaction with the le-reductants
of transition metal ions [41] and [Fe(phen)s]2t [107].
In some other cases, this mechanism has also been sug-
gested [82,97,108-111]. In the oxidation of akyl/aryl and
diphenyl sulfides by Cr(V1), to explain the excellent corre-
lations obtained between the logk values and the oxidation
potentialg/ionization energies of the sulfides and the ab-
sence of any rate retardation in the presence of Mn(I1), the
one-electron transfer mechanism (i.e. Cr(V1) — Cr(V)) a
the rate determining step has been proposed [82]. From the
effect of Mn(l1) on the rate of reduction of Cr(VI), such
straight-forward conclusion can never be made [2].

In the interaction of Cr(V1) with ascorbic acid in agueous
acid media, different authors have suggested different mech-
anisms [17(a),77,85,108-110,112,113] depending on the
conditions. The Cr(V)-complex and ascorbate anion radical
were confirmed through an EPR study [17(a),77,85,110].
Stearn and Wetterhahn [77] have suggested the rate de-
termining 2e-redox decomposition of the Cr(V1)-ascorbate
complex produced in small steady-state concentrations in
neutral aqueous solution. Then Cr(IV) may either react
with the substrate as a 1e-oxidant (i.e. Rocek mechanism)
or react with Cr(VI) to generate Cr(V) (i.e. Westheimer
mechanism) depending on the relative values of the ratio
[Cr(VD]/[S] [77]. Other groups of workers [108,109,112]
have suggested the formation of the ester-like intermedi-
ate at the rate determining step. Dasgupta and co-workers
[108,109] have argued that the three successive le-transfer
steps [i.e Cr(Vl) — Cr(V) — Cr(IV) — Cr(l11)] occur
extremely fast to produce the Cr(I11)-product and conse-
quently no appreciable buildup of the Cr(VI)—ester like
intermediate occurs.
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In explaining the oxidation of organic sulfides in
organo-aqueous acid media, two different mechanisms—one
involving the nucleophilic attack of sulfide on chromium
and the other involving an electron transfer to Cr(V1) lead-
ing to Cr(V) at the rate determining step, have been pro-
posed [114,115]. The actual mechanism may be a contin-
uum between these two extreme possibilities — nucleophilic
substitution (Sy2) and single electron transfer (SET) [116].

Another interesting mechanism (Scheme 10) has been
proposed by Haight et al. [117] and the mechanism is quite
similar to the Westheimer mechanism (Scheme 6).

Cr(Vl) + Se=——=Cr(VI)-S (4.9

Cr(Vl)-s ——=> Cr(IV)+P (4.5)

2Cr(1IV) ——— Cr(V) + Cr(lI1) (4.14)

Cr(V)+S——=Cr(lll) + P 4.7
Scheme 10.

However, a serious limitation to this mechanism is that it
requires an accumulation of the Cr(1V) intermediate in high
concentrations enough to make its second-order dispropor-
tionation possible. Thisis unfavorable as Cr(I1V) reacts very
fast with Cr(VI) [1]. In fact, this disproportionation is possi-
ble if the substrate is quite unreactive towards Cr(IV). This
iswhy, this Schemeis applicable only in some limited cases
[1,81,118,119].

One step 3e-reduction leading to Cr(VI) to Cr(ll1) has
been argued by Rocek and co-workers [120] to explain the
cooxidation of two different substrates (e.g. alcohol + oxalic
acid) or the oxidation of single substrates like oxalic acid,
a-hydroxy acids, etc. In the bis-complex (that is a ternary
complex in the case of cooxidation), four functional groups
are involved (Scheme 11).

groups are involved.

Cr(V1) + 2S Z=—= Complex (4.15)

Complex ——=> P+ R" + Cr(lll), (rds) (4.16)

Cr(Vl) + R——=> Cr(V) +P (4.9)

Cr(V)+S——= Cr(lll) +P (4.7)
Scheme 11.

For the oxidation of a single substrate, this 3e-transfer
pathway at the rate determining step is preferred at lower
Cr(VI1) concentrations in less acidic media while the
2etransfer pathway (Scheme 7) is preferred at higher
Cr(V1) concentrations in strongly acid media. Though this
3e-transfer pathway has been disputed by some workers
[1], some authors are still in favor of this mechanism in
many cases [79,80,91,121-126]. Recently, we have shown
[121] that the micellar effect is an indirect evidence in fa-
vor of the 3e-transfer pathway for the cooxidation of oxalic
acid and formic acid in agueous acidic media. In the ox-
idation of 2-hydroxy-3-methylbutanoic acid by Cr(VI) to
2-methylpropionic acid and CO, by C-C cleavage in the
presence of excess substrate over [Cr(VI)], the proposed

mechanism [124] involves the formation of a 1:1 complex
that decomposes by a 3e-transfer step. Cr(V) formed in the
subsequent steps, decays faster than Cr(VI) as observed
by the EPR study. The given mechanism is outlined in
Scheme 12.

(CHs);CHCH(OH)CO,H + HCrO, =——= A" (complex) 4.17)
A +HyO —= (CH3),CHCO,H + "CO; + Cr(lll) (4.18)

A"+ H'=———= AH'—— (CH3),CHCO,H + 'CO; + Cr(lll)  (4.19)

"CO; + Cr(VI)—= CO, + Cr(V) (4.20)

Cr(V) + 2(CH3),CHCH(OH)CO,H=———=B" (complex) (4.21)

B- —= (CH3),CHCOZH + HCOZH + Cr(ll1) (4.22)
Scheme 12.

The complex B~ has been suggested from the EPR
data. The five coordinate oxochromate(V) sguare pyrami-
dal complex probably binds two molecules of the hydroxy
acid acting in a bidentate fashion through the hydroxy and
carboxylic acid group. Cr(V) here reacts much faster than
Cr(V1).

Thus it is evident that different mechanisms suggest dif-
ferent routes of formation of the intermediate Cr(V): dis-
proportionation of Cr(l1V) (cf. Scheme 10), comproportion-
ation of Cr(1V) in the reaction with Cr(V1) (cf. Scheme 6),
lereduction of Cr(VI), oxidation of Cr(I1) by Cr(VI) (cf.
Scheme5). These different possibilities depend on the nature
of the substrates and reaction conditions like [Cr(IV)]/[9]
ratio, acid concentration, etc. Stabilization of the labile in-
termediates Cr(IV) and Cr(V) may govern the mechanistic
pathway of reduction of Cr(V1) to Cr(Il1).

5. Micellar effects on the kinetics of Cr(V1) oxidation
of different types of organic substrates

5.1. Oxidation of alcohols

Rodenas and co-workers [127] have investigated the ef-
fect of sodium dodecyl sulfate (SDS) micelles on the ox-
idation of different water soluble acohols (e.g. 1-butanal,
2-propanol, benzyl alcohol) and water insoluble acohols
(e.g. 1-hexanol, 1-octanol) by chromic acid. The rate in-
creases with the [SDS] for the water soluble alcohols and it
attains a limiting value at higher [SDS], while for the water
insoluble acohols, the rate reaches a maximum value and
then it decreases with [SDS]. It has been suggested that the
acid catalyzed reaction in the micellar phase occurs between
the micellized alcohol and chromic acid in the aqueous phase
across the boundary. The results of the acid catalyzed oxida-
tion of the acohols have been explained by considering the
pseudo-phase ion-exchange model by assuming the compet-
itive distribution of the micellar counterions and H* ions
with the micellar head group.

Hw* +Nawt = Hu™ + Naw™ (3.22)
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The influence of sodium dodecy! sulfate (SDS) reverse mi-
celles in 1-butanol, 1-hexanol or 1-octanol on the oxidation
of the corresponding acohol by Cr(VI) in HCIO4 medium
has been also investigated by Rodenas and Perez-Benito
[128]. To explain the kinetic results, it was necessary to
consider the intermicellar exchange of the reactants. This
exchange depends on the thickness of the layer where the
surfactant and acohol are located. The thickness of the
layer was obtained from fluorescence quenching measure-
ment.

Recently, the micellar effects on the Cr(V1) oxidation of
different aliphatic alcohols (e.g. ethanol, propanol, butanol)
and aromatic alcohols (e.g. benzyl acohal) in agueous acid
media have been followed by us [129,130]. The micellar

NN Q/
Hc/\H--- /\

effects are different for different types of alcohols and these
are quite important from the standpoint of understanding
their mechanistic pathways. In the case of akanols, the
cationic surfactant N-cetylpyridinium chloride (CPC) has
been found to inhibit the process while the anionic surfac-
tant SDS has been found to catalyze the process. Interest-
ingly, for the aromatic alcohol like benzyl alcohal, both the
cationic and anionic surfactants catalyze the process. These
different types of micellar effects originate from their differ-
ent types of H* dependence. In general, the H* -dependence
(both in the presence and absence of the surfactants) for the
oxidation of the said alcohols is given by

ANV _ g = k] + k[T
atfixed [alcohol]t s> [Cr(VD]T)  (5.1.1)

For the aliphatic alcohals, the kg path is absent while for
the benzyl acohol both the ki and kpy paths contribute.
The rate laws and the observed micellar effects can be inter-
preted by considering the reaction Scheme 13 (for the sake
of simplicity, the water molecules present at the vacant co-
ordination sites of Cr(VI) are not shown in 1 and 2).

H-—CR,——OH + HCrO; + H* 2== H--CR,—0--CrO,—-OH (1) + H;0,K; (5.1.2)

1+ H" Z== H--CR,—-0--CrO,—OH;" (2), K» (513

1——>RyCO + H,Cr0s, ky (5.1.4)

2———>R,CO + H,CrOs + H' ks (5.15)
Scheme 13.

If the unprotonated Cr(VI)—ester (1) is kinetically ac-
tive towards the redox decomposition (i.e. reaction 5.1.4)

through a hydride transfer pathway, then the kyy path con-
tributes. On the other hand, the protonated species (2) ex-
plains the koy path (i.e. reaction (5.1.5)). The hydride trans-
fer mechanism generates an electron deficient carbon centre
that can be stabilized by the phenyl ring (for benzyl alco-
hol) through resonance and it makes the species (1b) ki-
netically active. For the alkanols, no such stabilizing effect
is present and consequently the unprotonated ester (1a for
akanol, say 2-butanol) iskinetically inactive. Protonation of
the Cr—OH (2 in Scheme 13 (for the sake of simplicity, the
water molecules present at the vacant coordination sites of
Cr(VI) are not shown in 1 and 2)) bond facilitates the elec-
tron flow towards Cr(V1) and it is the only pathway for the
aiphatic acohol.

\l/
|\ /|\

(1a) (1b)

It has been proposed that the electrically neutral Cr(VI1)—
alcohol ester (1) is partitioned between the micellar and
aqueous phase.

1w + D, & 1y (5.1.6)

The species 1 is preferentially accumulated on the micellar
surface (Stern layer) with the hydrophobic groups (i.e. akyl
or aryl groups) projecting towards the hydrophobic core. In
other words, the reactants HoCrOg4 (that iskinetically active)
[114,127,128] and ROH are partitioned in the micellar (both
cationic and anionic) pseudo-phase as follows:

[HzCI’O4]W +D,= [HgCI’O4]|\/|
[ROH]w + D, = [ROH]m

(5.1.7)
(5.1.8)

Thus the agueous phase is depleted while the micellar phase
is enriched with the reactants.

Hereitisimportant to discuss the nature of Cr(V1) species
that remains bound on the micellar surface (i.e. Stern layer).
In aqueous acidic systems (without any surfactant), the pre-
dominant species is HCrO4~ that remains in an equilib-
rium with Cr,072~. Under the present experimental con-
ditions, concentrations of the higher oligomers are negligi-
bly small. The protonation equilibrium, HCrO, + HY s
H2CrQy, is highly favored to the left side (protonation con-
stant ~ 0.2 [111]). In the micellar media, to facilitate the
binding of Cr(VI) species on the micellar surface, formation
of H2CrOy is favored through the protonation of HCrO4~
[114,127,128]. Binding of the anionic species, HCrO4~ on
the anionic micellar surface (e.g. SDS) is unfavorable due
to an electrostatic repulsion, but the neutral species HoCrO4
can bind on the micellar surface through an ion—dipole in-
teraction and hydrogen bonding [114,127-130]. This bind-
ing constant has been estimated in many cases [114]. Thus
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the binding of Cr(V1) species on the anionic micellar sur-
face of SDSin an acidic condition supports the existence of
H>CrO4 on the micellar surface. In fact, Cr(VI) as HoCrO4
can bind with the micellar surface of both the cationic and
anionic surfactants [114,127-130].

The ester (1b) of benzyl acohal is kinetically active and
consequently, the reaction in both the micellar phases (i.e.
cationic and anionic) goes on through the ki path. For ben-
zyl alcohol, the interaction between the m-electron cloud of
the phenyl group and the cationic head group of CPC favors
its partitioning. For the ko path, protonation of the ester (1)
is required and the approach of proton towards the cationic
micellar pseudo-phase is repelled. Thus CPC disfavors the
kon path in the micellar pseudo-phase and consequently the
reaction is restricted to go on only in the aqueous phase that
is depleted in reactant concentration. The anionic micellar
head groups favor the partitioning of the H* ion in the mi-
cellar phase to favor the koy path. Thus, SDS favors both
the ki and ko paths and CPC favors the ki path (that is
absent for the alkanols) but disfavors the ko path. The rate
data were subjected to analysis by the Piszkiewicz model
[36] and the binding constants have been evaluated. From
the small values of n (cooperative index), it has been con-
cluded that the submicellar aggregates are kinetically active.

Recently, the micellar effects on the Cr(V1) oxidation of
diols[131], p-mannitol [132], p-sorbitol [132] and formalde-
hyde [133] in the presence and absence of picolinic acid
(PA) in agueous acid media have been studied. The rate laws
are the same in presence and absence of the surfactants. In
such cases, the PA-catalyzed path goes on along with the
slower uncatalyzed path.

din[Cr(VD)]
_T = kobs(T) = kobs(u) + kobs(c)

= kobs(u) + kcat[PA]T (5.1.9)

It has been noticed that both the uncatalyzed (i.e. Kobsu))
and PA-catalyzed (i.e. Kobs(c)) paths are inhibited by CPC
while these paths are catalyzed by SDS. Kineticaly, the
diols and polyols behave like the monohydric alcohols and
the uncatalyzed path can be explained by considering the
reaction Scheme 13 (for the sake of simplicity, the water
molecules present at the vacant coordination sites of Cr(V1)
are not shown in 1 and 2). The kinetically active form of
formaldehydeisH>C(OH)» [133] and it also experiencesthe
esterification step like the alcohols. For al these substrates,
the uncatalyzed path shows the second-order dependence
on [H*] while the PA-catalyzed path shows a zeroth order
dependence on [HT], i.e

kobsw = krw[HT]? (5.1.10)

kobsic) = ko [HT1° (5.1.12)

The micdllar effect on the uncatalyzed path has been ex-
plained in the same way as in the case of aliphatic acohols.
For the PA-catalyzed path, the proposed reaction mechanism

has considered the following reactions leading to the forma-
tion of the kinetically active cyclic Cr(VI)-PA complex (5)
in arapid pre-equilibrium step (Eq. (5.1.12)).

PA + 2H' + HCrO4,~ = 5+ 2H,0 (5.1.12)
5+ RCH,OH = 6+ H™T (5.1.13)
D
+ /2, (o]
N
O\
\Cr — 0
f\'o/ | \OHZ
H 0
\<:H:>
A
) (6)

The active oxidant (5) interacts with the substrate (denoted
by R,CHOH having at least one alcoholic OH group) to pro-
duce the ternary complex (6) that experiences the redox de-
composition. The active oxidant (5) being cationic is prefer-
ably accumulated in the anionic micellar surface of SDS but
it is repelled by the cationic micellar head groups.

Oxw+ + Nay+ =2 Oxw™t + Naw™ (5.1.14)
For the both types of surfactants, the Stern layer is enriched
with the organic substrate projecting the alkyl group to-
wards the hydrophobic core. Thus, for SDS, the micellar
pseudo-phase accumul ates both the reactants while CPC ac-
cumulates the substrate only keeping the oxidant (5) exclu-
sively in the aqueous phase. For SDS, the reaction goes on
in both the aqueous phase and micellar phase that prefer-
entially accumulates both the reactants. It explains the rate
enhancement. CPC restricts the reaction only in the aque-
ous phase that is depleted in the substrate concentration. It
explains the micellar inhibition.

In the Cr(VI) oxidation of cyclopentanol [134] in the
presence of sodium dodecyl sulfate (SDS), it has been no-
ticed that after the cmc, the rate decreases monotonically
with increasing [SDS]. This observation has been explained
by using the Menger—Portnoy model [34] that considers
the solubilization of one reactant only into the micellar
phase. The modified Menger—Portnoy equation [35], which
neglects the ky -path (reaction in the micellar phase), is

1 = 1.Ke (5.1.15)
kg kw o kw

Here K gives the binding constant of the species that is
partitioned between the agueous phase and micellar phase.
This species has been argued to be the oxidant. The binding
constant determined by using the Berezin’s equation (in
which ky is neglected and binding of one reactant only with
the micellar phase is considered) nicely agreed with that
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obtained from Eqg. (5.1.15). It has been noted that ky de-
creases exponentially with increasing [K2SOg4]. It has been
explained by considering the change of surface potential
with the addition of salt K»SOj4.

SDS has been found to catalyze the oxidation of cyclo-
hexanol [135] by Cr(VI) in aqueous acidic media. It has
been suggested that the rate enhancement occurs due to the
solubilization of both the substrate and oxidant in the mi-
cellar phase. The reaction predominantly occurs in the mi-
cellar pseudo-phase. The catalysis can be rationalized by
an increase in the stabilization of the positively charged
Cr(VI)—cyclohexanol complex (protonated) in the negatively
charged micellar pseudo-phase due to the electrostatic at-
traction. To explain the kinetic data, the phase separation
model of Berezin et al. [30], applicable to the casesin which
both the reactants, i.e. chromic acid and cyclohexanol, are
strongly bound to the micellar phase was applied. The bind-
ing constants and rate constant were estimated graphically.
The high binding constants and partition coefficients were
attributed, respectively to the hydrophobic and electrostatic
binding of the substrate and the oxidant, respectively to the
micelle. To understand the striking difference of micellar ef-
fect on the Cr(VI) oxidation of the closely related substrates
cyclopentanol and cyclohexanal, it needs more work.

Some authors [23(a),134,135] have considered the for-
mation of H3CrO4* species (through the protonation of
H2>CrQ4) as the active Cr(V1) species that is attracted to the
micellar head groups of SDS. But formation of H3CrO,™
is quite unlikely under their experimental conditions. The
protonation constant of H,CrOy is of the order of 10~
[111]. In fact, in a fairly strong acid solution (even up to
3.6mol dm—3 HCIO,4 solution), no further protonation of
H,CrO4 occurs and Cr(VI) is distributed as [Cr(VI)]T =
[H2oCrO4] 4 [HCrO47] [136]. The preferential partitioning
of HoCrO4 in the Stern layer may be explained by con-
sidering the ion—dipole interaction and hydrogen bonding
interaction with the micellar head groups and in fact, the
binding of H,CrO4 on SDS has been reported in many
cases [114,129,130]. The reactions are acid catalyzed and
the HT ions are preferably partitioned in the anionic mi-
cellar pseudo-phase. Thus the favored partitioning of both
H,CrO4 and H* ions in the micellar pseudo-phase can ex-
plainthe origin of micellar catalysis[23(a),134,135] without
considering the formation of the species H3CrO4™.

5.2. Oxidation of sugars

The micellar effect on both the picolinic acid (PA) cat-
alyzed and uncatalyzed paths of Cr(VI) oxidation of differ-
ent reducing sugars (both aldohexoses and ketohexoses de-
noted by S-OH) in agueous acid media has been studied by
us [137-139]. The rate laws in absence of the surfactants
remain unchanged in the presence of the surfactants. Kinet-
ically, the reducing sugars are just like the polyols in which
the reactivity of the alcoholic OH groups is expected to be
influenced by the carbonyl group. Though hydroxyacetone

ismore reactive than glycol, but no such enhanced reactivity
of the sugarsis noticed [131,137-139]. It occurs so because
of the very small concentration of the open-chain form of
the sugars that predominantly exist in the cyclic forms. SDS
catalyzes both the uncatal yzed and PA-catalyzed paths while
CPC inhibits both the pathways. In the case of ketose, the
glycol splitting leads to lactone of Cs-aldonic acid while for
the aldohexose no glycol splitting occurs and the product is
aldonic acid. The uncatalyzed path goes through the ester
formation of chromic acid and it needs protonation for the
redox decomposition. The observed micellar effect on the
uncatalyzed path (that shows a second-order dependence on
[HT]) has been explained (Scheme 14 (for the sake of sim-
plicity, water molecules present at the vacant coordination
sites of Cr(VI) are not shown in Egs. (5.2.1) and (5.2.3)))
as in the case of acohols.

For the PA-catalyzed path, the Cr(VI)-PA positively
charged complex (5) forms a ternary complex with the
sugar and then the ternary complex experiences the redox
decomposition. The inhibition by CPC indicates that the
active oxidant remains mainly in the agueous phase (cf.
Eqg. (5.1.14)) where the substrate concentration is depleted.
The catalysis by SDS indicates that the reaction goes on in
both the aqueous and micellar phase in which the reactants
are preferably concentrated. The plot of Kgps versus [SDS)
(for both the uncatalyzed and PA-catalyzed paths), it is
found that the rate initially increases, but it tends to level
off at higher [SDS]. In fact, an increase in [SDS] increases
the concentration of micellar counterions (i.e. Nat) that
may displace H™ and Ox™ ions out of the micellar surface
to drive the equilibria (3.22) and (5.1.14) to the left hand
directions. It reduces [Hy*] and [Oxy ] to inhibit the rate
process in the micellar phase. Due to these opposing fac-
tors (i.e. dilution of al reactants over the micelles at higher
[SDS]), kops initidly increases with [SDS], but it attains
a limiting value at higher [SDS]. To explain the observed
micellar effect and to estimate the binding constants, the
rate data were subjected to analysis by the Menger—Portnoy
model [34] and cooperative model [36].

The micellar effects on the chromic acid oxidation
of D(+)-xylose have been studied by Kabir-ud-Din
and co-workers [23(a)]. The rate law and the mecha
nism for the reaction are the same in the absence and
presence of the surfactants like SDS and Triton X-100
(tert-octylphenoxypolyethoxyethanol). The observed rate
constant has been found to increase monotonically with the
increase of surfactant concentration. The observed micellar
catalysis has been interpreted by considering the simulta-
neous partitioning of both the reactants (i.e. HoCrO4 and
xylose) between the aqueous and micellar pseudo-phase
(that is the Stern layer). The binding force orginates from
the ion—dipole interaction (in SDS) and hydrogen bonding
interaction (in Triton X-100 using the ether oxygen of poly-
oxyethylene). Asthereaction is acid catalyzed, the required
H* ions are also partitioned in the micellar phase through
an electrostatic attraction in SDS and through an ion—dipole



AK. Das/ Coordination Chemistry Reviews 248 (2004) 81-99

93

S-OH +HCrO, + H'=— S-OCrO,H (A) + H,0, K, (5.2.1)
Aw + Dh=——= Aw (5.2.2)
A+H =— S—OCT'O3H2+ (AH+), K (523)
AH*—— product (P) + Cr(IV), ki (5.2.4)
+
where AH™ = o. OH,
0 | OH,
L
FZIN :
OH, ©
CHOH
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o) +0OH,
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(For aldohexose like D-glucose with R = —CH,0OH)
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OH,
(AH")

OH

7N/

)

(For ketohexose like D-fructose)

Scheme 14.

interaction in Triton X-100. The observed micellar catal-
ysis in the case of SDS has been found to be retarded by
the ions like NH4+, Lit and Na'. It is suggested that the
addition of such ions from the externa electrolyte will ex-
clude the required H* ions from the micellar phase through
the ion-exchange process. Consequently, the H™-catalyzed
reactions will be retarded. The similar cases of inhibition
of micellar catalysis by the added salts have been noted in
many cases [35,140,141].

5.3. Oxidation of different types of carboxylic acids

The kinetic studies of oxidation of lactic acid [142] and
pL-mandelic acid [143] by Cr(VI1) in aqueous acidic media
in the presence of the anionic surfactant, sodium dodecy! sul-
fate (SDS) have been studied by Panigrahi and co-workers.
The oxidation rate has been found to increase with the sur-
factant concentration up to the critical micellar concentra-
tion (cmc) of the surfactant then it decreases as the surfactant
concentration increases further. The Menger—Portnoy model
[34], which takes care of solubilization of one reactant only
into the micellar phase, has been found inadeguate to ex-
plain the findings. Considering the partitioning of both the
reactants (e.g. organic substrates and HoCrOg4, suggested to
be kinetically active) between the bulk agueous phase and

the micellar pseudo-phase, the kinetic data have been ratio-
nalized by the Berezin et a.’s model [30]. The proposed
reaction (scheme 15) is given below:

kw

Sw+ Cr(VI)w ——— product (531
“[l <]
Kn
Su + Cr(VI)y ——— product (5.3.2)

Scheme 15.

In Scheme 15, the organic substrate, i.e. lactic acid or
pL-mandelic acid, is denoted by S and the active oxidant
species HoCrOy is represented by Cr(V1). According to the
Berezin's approach [30], under the conditions Ps, Poy > 1,
the rate equation is given by

_ kw + kjyKsKoxC
{0+ KO+ KxO)}

Here the symbols bear the usua significance (cf. Eq. (3.4)).
By using Eq. (5.3.3) the different rate constants and binding
constants have been evaluated. The decrease of rate at the
higher concentrations of surfactant has been subjected to the
applicability of the Piszkiewicz model [36] that considersthe
formation of kinetically inactive reactant—micelle aggregate.

km

whereky, =

v (5.3.3)



94 AK. Das/ Coordination Chemistry Reviews 248 (2004) 81-99

The oxidation of malic acid [144] by Cr(V1) in the pres-
ence of SDS is inhibited by the surfactant. The inhibition
has been traced to partition the Cr(VI) species as well as
the acid concentration, between the aqueous and micellar
phase. The results indicate that the reaction occurs in the
aqueous phase in the presence of much reduced concentra-
tion of H* ion. Considering the binding of one reactant (i.e.
H>CrO4) to the Stern layer of the micelle, the appropriate

HCO,H + HCrO4y + HY  ==—= H-CO-0-CrO,-OH (7) + H,0, K

7W + Dn - 7M

7+H =——= H-CO-0-CrO,-OH,' (8), K,

8 —> CO0,+2H"+HCrO0s, k,

wherex = 2,y = 0for S=oxdicacid; andx = 1, y =
2 for S = formic acid. All these observations have been
explained by considering the reactions in Scheme 17 (for
the sake of simplicity, water molecules present at the vacant
coordination sites are not shown in 7 and 8) for formic acid
and Scheme 18 (for the sake of simplicity, water molecules
present at the vacant coordination sites are not shown in 9)
for oxalic acid.

(5.3.8)
(5.3.9)

(5.3.10)
(5.3.11)

Scheme 17.

Berezin et a.”s model [30] (Scheme 16) has been employed
to the kinetic data. The proposed reaction paths are shown in
Scheme 16.

kw
Cr(Vl)w + S ———— product (5.34)
KCr \H\

Km
Cr(Vl)y +S — = product (5.3.5)

Scheme 16.

Here Cr(VI) is HoCrO4 and S is the organic substrate
present at the interface (i.e. Stern layer). The relevant rate
law is given by

kw + km KcrC
ky = —————

14+ K€

The linearity of the plot of 1/ky versus C indicates that
kw > kmKcrC. A similar conclusion has been drawn by
using the Menger—Portnoy model [34]. It has been found that
the binding constant of the Cr(V1) speciesincreases with the
increase of H™ ion concentration. A similar observation has
been noted in the Cr(V1) oxidation of malonic acid [145] in
the presence of SDS.

CPC has been found to retard the PA-catalyzed Cr(V1)
oxidation of maleic acid [146,147], malic acid [146,147]
and formic acid [121,123,148]. The effect of CPC and SDS
on the PA-catalyzed paths of Cr(V1) oxidation of these sub-
strates supports the proposed reaction mechanism in which
the positively charged complex (5) has been identified asthe
active oxidant.

It is quite interesting to note that CPC inhibits the Cr(VI)
oxidation of formic acid [121,123,148] in amonotonic fash-
ion in agueous sulfuric acid media while under the compa-
rable conditions, CPC catalyzes the oxidation of oxalic acid
and then inhibits the reaction after attaining a maximum
value in the rate versus [CPC]y profile [121]. This differ-
ence in the observed micellar effect has been explained in
terms of their different mechanistic pathways. The observed
rate equation (both in the presence and absence of the sur-
factant) is

—dIn[Cr(VD)]/df = kobs = K[S]T*[H]”

(5.3.6)

(5.3.7)

The continuous rate retardation by CPC in the case of
formic acid is due to the preferential partitioning of the
Cr(VI)—substrate ester (7) in the micellar pseudo-phase
(most probably in the Stern layer). For the redox decom-
position of the ester, the proton is not available in the
cationic micellar phase. Thus the reaction goes on only
in the agueous phase that is depleted in the active reac-
tant concentration. For oxalic acid, the neutral ester (9) is
also preferably accumulated on the micellar surface (Stern
layer) and then it combines with the oxalate (that is also
preferably accumulated on the micellar surface due to an
electrostatic attraction) to form a bis-complex (10) that ex-
periences the redox decomposition through three electron
transfer. It explains the origin of micellar catalysis and sup-
ports the mechanism proposed by Rocek and co-workers
[120]. At the relatively higher concentrations of the CPC,
it is believed that there is a sufficient surfactant concentra-
tion to take up al the reactive species through the micellar
solubilization and the addition of excess surfactants merely
exerts a dilution effect on the solubilized reactant species
resulting a gradual decrease of the rate. In other words,
the increased concentration of the counterion (i.e. Cl7)
inhibits the reactant species oxalate anion to be accumu-
lated in the micellar phase. The Piszkiewicz model [36] at
the higher concentrations of the surfactant considers the
formation of the kinetically inactive reactant-surfactant ag-
gregate to explain the micellar inhibition. This model has
been examined in the present case in terms of the following
relationship.

log O = log [];—M — 1] = log Kp + plog[D],
2
cf. Eq. (3.19)

The different characteristic parameters have been estimated.

At the lower surfactant concentrations, the micellar cataly-
sis has been explained in terms of the following relation-
ship (cf. EQ. (3.17)) as suggested in the Piszkiewicz model
[36].

The estimated parameters like n (cooperative index,
indicating the formation of submicellar active aggregates),
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H,C>04 2 HC,04 + H

H,C,04 + HCrO4 + H' 2 CrOx(C204) (9) + 2H,0, K;

9w + Dhn =—/——= 9u

[] lC204-]W + Dn p—

—

Hy ~

AN |/p>\ 5
% P

[HC,047 M
9 + HC,0y == (HO,CCOy)Cr(O)(O)C>04) (10)

(5.3.12)

(5.3.13)
(5.3.14)

(5.3.15)
(5.3.16)

—————— Cr(ll) +3C0, + HCO,

NN

C
O

10

“

Scheme 18.

[CPC]s0 and Kp are in good conformity with the observa-
tions.

logG = log [M] = nlog[D] — log Kp,
km — kobs
cf. Eq. (3.17)

The kinetics and mechanism of Cr(VI) oxidation of gly-
colic acid in the absence and presence of the cationic surfac-
tants cetyltrimethylammonium bromide (CTAB) and cetyl
pyridinium bromide (CPB) are the same [149]. The process
is catalyzed by both Mn(l1) and the said cationic surfactants.
The micellar catalysis has been explained by considering a
model in which the reaction rate depends on the concen-
trations of both the reactants in the micellar pseudo-phase.
The rate retarding effect of the inorganic salts like NaCl,
NaBr, NaNO3, NapSO4 on the observed micellar catalysis
has been explained by considering the removal of glycolic
acid from the reaction site. The micellar effect on the kinet-
ics of Mn(ll)-catalyzed oxidation of citric acid by Cr(V1)
has been studied by the same group in different conditions
[79]. The rate determining step involves the one-step three
electron transfer in the complex HCrO4~—citric acid—Mn(11)
that is formed in pre-equilibrium steps. In this case, the
cationic surfactants like CTAB and CPB show the rate re-
tarding effect while the rate remains unchanged in the pres-
ence of the anionic surfactant SDS. The observed micellar
effect has been interpreted by considering the reaction oc-
curring in the agueous phase. The activation parameters are
also significantly affected by the said cationic surfactants.

5.4. Oxidation of organic sulfides and sulfoxides
The rate of Cr(VI) oxidation of dimethylsulfoxide

(DMSO) is very slow but the corresponding PA-promoted
process is fairly fast [150,151]. It is suggested that the

Cr(VI)-PA complex formed at the pre-equilibrium step
experiences a nucleophilic attack by the S of DMSO to
produce a positively charged reactive intermediate (11) that
experiences an oxygen transfer or aligand coupling [152] to
give the product dimethylsulfone. The reactive intermediate
(11) may have different possible structures to explain the
experimental findings. Some possible structures of the inter-
mediate are shown in 11a,b,c to explain the oxygen transfer
process. The observed micellar effect (i.e. catalysis by SDS
and retardation by CPC) is in good conformity with the
proposed reaction mechanism. In the presence of SDS, the
positively charged oxidant (5) experiences apreferential par-
titioning in the micellar pseudo-phase due to an electrostatic
attraction. DM SO (neutral, favorable hydrophobic interac-
tion) is also partitioned in the micellar phase (Scheme 19).

kw

MeSO)w + S5y ——> product , 5.4.1
km

(MeSO)y + 5 ——=  product, (5.4.2)

Scheme 19.

Theoverall processisacid catalyzed and thisexplainswhy
the increase in [H] increases [Hw™] (=concentration of
H* intheanionic micellar phase, cf. Eq. (3.23)) to accel erate
the redox reaction in the micellar phase. This distribution
pattern of the reactants can explain the SDS catalysis. In
the presence of CPC, the active oxidant remains confined
in the agueous phase due to an electrostatic repulsion by
the positively charged cationic micellar head groups. Thus
the reaction is mainly restricted in the agueous phase that is
depleted in the concentration of DM SO. The processis acid
catalyzed and the approach of H™ ion towards the micellar
phase is also prevented.
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At the event of formation of the ternary complex (11),
there isabuildup of positive charge on the S of DMSO. Itis
favored in the presence of anionic micellar head groups but
disfavored in the presence of cationic micellar head groups.

— Cr—0 CT) O—Cr—0
. | AN i ’ \o ‘ \OH2
Mezﬁ"*() OH, Me,S —O Ha Me,S ==0
0
(11a) (11b) (11¢)

SDS has been found to catalyze the Cr(VI) oxidation
of dialkyl sulfides [114] while the cationic surfactant,
cetyltrimethylammonium chloride (CTAC) retards the reac-
tion. It has been explained by considering the fact that the
reaction takes place both in the agueous and micellar phase.
The reaction is catalyzed by SDS because of the enhanced
local concentrations of the reactants in the micellar phase.
The reaction is acid catalyzed and the H™ ion gets pref-
erentially concentrated in the anionic micellar phase. The
cationic surfactant inhibits the reaction because the approach
of HT ion to the cationic micellar surface (in which both
the reactants are preferentially concentrated) is unfavorable
due to an electrostatic repulsion. Moreover, the oxidation
of an organic sulfide involves the electron transfer from
sulfide to Cr(VI) and the buildup of positive charge on the
sulfur is unfavorable due to a repulsive interaction with the
cationic micellar head groups. In fact, thisis also in agree-
ment with the observed micellar catalysis in the presence
of anionic surfactant, SDS. Here, the change of polarity of
the medium (specifically in the intermicellar zone in which
the reactants are positioned) with the addition of surfactant
to influence the observed micellar effect has been analyzed.

5.5. Oxidation of other types of organic compounds

The effect of surfactants on the oxalic acid catalyzed
oxidation of different aromatic azo compounds by Cr(V1)
has been investigated by Reddi and co-workers [153]. Both
SDS and CTAB (cetyltrimethylammonium bromide) have
been found to inhibit the reaction while the non-ionic
surfactant, polyoxyethylene(23)dodecanol (Brij 35) cat-
alyzesthe reaction. The neutral Cr(VI)—oxalic acid complex
has been suggested as the active oxidant. It is prefer-
ably accumulated in the aqueous phase in the presence of
both the cationic and anionic surfactants but it gets par-
titioned between the agueous and micellar pseudo-phase
in the presence of the non-ionic surfactant. The aromatic
azo-compound is preferably accumulated in the micellar
phase due to the hydrophobic interaction in all cases (i.e.
SDS, CTAB and Brij 35). These different patterns of par-
titioning of the reactants in the presence of different types
of surfactants can explain the observed micellar effects.

The binding parameters have been calculated by analyz-
ing the kinetic data using the Piszkiewicz model [36]. In
analyzing the kinetic data, ky was taken as the maximum
value of the observed rate constant for the catalyzed re-
action and the lowest value of the observed rate constant
for the inhibited reactions. Values of n, log[D]sg (i.e. re-
quired concentration of detergent for the half-maximal
catalysis or inhibition of the reaction) were estimated graph-
icaly. The results indicated the reactant induced micel-
lization and these submicellar aggregates were kinetically
important.

The kinetics and mechanism of chromic acid oxidation
of ethylenediaminetetraacetic acid (EDTA) in the presence
of the non-ionic surfactant Triton X-100 have been studied
[154]. The pseudo-first-order rate constant of the process
has been found to increase monotonically with the increase
of surfactant concentration. The observed micellar catalysis
has been rationalized by considering the fact that the reac-
tants bind with the non-ionic micellar head groups (ether
oxygen of the polyoxyethylene) through the hydrogen bond-
ing and the reactants are concentrated in the Stern layer. The
observed micellar effect has been analyzed by using the co-
operative model [36].

6. Application of chromate oxidimetry in presence of
surfactants

By selecting a suitable Cr(VI)—substrate indicator reac-
tion, the very low concentrations of the different types of
rate accelerating agents can be estimated by using the prin-
ciple of catalytic kinetic methods of analysis [122]. Synthe-
sis of ketones from the strained and cleavage prone alco-
hols can be attained through the cooxidation of oxalic acid
[50,120]. Besides these applications, the use of surfactants
having an amphiphilic character may be immensely helpful
in oxidizing the severa hydrophobic organic substances by
the hydrophilic chromic acid. Generally, it is very difficult
to oxidize the hydrophobic substances by the hydrophilic
chromic acid because of the hydrophobic-hydrophilic repul-
sion. In the presence of the aggregates of the amphiphilic
surfactant molecules, the hydrophobic substances (dissolved
in the micellar core) and the hydrophilic oxidant (bound on
the micellar surface) can come close together to facilitate
the redox process. Thusthe surfactants may catalyze the two
phase oxidation [155] of different hydrophobic organic com-
pounds by chromic acid. Sometimes, due to the binding of
the oxidant on the micellar surface, the reduction potential of
the oxidant may increase to allow the oxidation of compar-
atively non-reactive substrates [155]. In fact, in some cases,
the use of micellar solutions can produce the better yield
than the reactions occurring in organic solvents or aqueous
solutions. It may give ahuge scope for chromate oxidimetry.
Moreover, the studies in this direction can provide a better
understanding about the chromate toxicity and the electron
transfer reactions, in general, occurring at the interface.
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7. Conclusions

The review has attempted to explain how the surfactants
can modify the redox activity of Cr(VI) in the oxidation
of different types of organic substances. The micellar effect
can be correlated with the nature of the reducing substrates
and the reaction conditions. These micellar effects are quite
important to understand and to substantiate the proposed
mechanistic pathways. The use of suitable surfactants may
facilitate the two phase oxidation of different organic sub-
strates by chromic acid. This may widen the applicability of
chromate oxidimetry in organic synthesis.
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