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Abstract

Ž . Ž . Ž .The reactions of Cr VI with nine biological and nonbiological thiols RSH in aqueous acetate buffer pH 5.60 have
Ž y.been followed by an spectrophotometric method, and a relatively stable intermediate the thioester RSCrO has been3

Ž . Ž . Ž .observed. The rate constants corresponding to the formation k , decomposition k , and redox transformation k of1 y1 2

that intermediate have been obtained in both the absence and presence of zinc ion. This ion acts as a true catalyst for both
the formation and decomposition of the observed intermediate. The equilibrium constants for the formation of RSCrOy from3
Ž . yCr VI and RSH for the different thiols have been determined. A mechanism is proposed for the formation of RSCrO in3

the presence of catalyst according to which the rate-determining step would be the bimolecular reaction between a
zinc–thiolate complex and an acetyl–chromate ester, involving an interchange of ligands. q 1998 Elsevier Science B.V. All
rights reserved.
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1. Introduction

Ž .Chromium VI is a well-established, potent
w xcarcinogen 1,2 , but it is believed that it can

cause DNA lesions and mutations only after its
intracellular reaction with appropriate biological

w xcompounds 3–5 . Since under physiological–
pH conditions, it is present mainly as the rela-

2y w xtively weak oxidant chromate ion, CrO 6 , it4

can only be metabolized to the mutagenically
w xactive, lower oxidation states 7,8 by the action

w xof strong reductants such as L-ascorbate 9–16
w xor biological thiols 9,13,17–20 . In particular,

the tripeptidic thiol glutathione is present in

) Corresponding author. Fax: q34-3-4021231.

ordinary mammalian cells in a concentration
w xhigh enough 21 to be thought to play an

important role in the mechanism of chromium-
w xinduced carcinogenesis 22–29 .

Zinc ion, a micronutrient present in most
cells and necessary in aerobes for the formation

w xof superoxide dismutase 30 , as well as many
w xother enzymes 31 , has recently been reported

to exert a promoting effect on the reducibility of
Ž .chromium VI by the thiols DL-penicillamine

w x w x32 and glutathione 33 . This effect seems to
be rather specific of zinc ion, because other

Ždivalent transition-metal ions such as man-
Ž ..ganese II show no activity on the chromium-

Ž . w xVI –thiol reactions 33 . We have now studied
the effect of zinc ion on the reactions of

1381-1169r98r$ - see front matter q 1998 Elsevier Science B.V. All rights reserved.
Ž .PII: S1381-1169 97 00284-7
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Ž .chromium VI with nine biological and nonbio-
logical thiols, with a view to clarify one of the
possible routes for the intracellular activation of
chromium as carcinogen. The determination of
three rate constants for each kinetic experiment
Ž .a rather unusual situation in chemical kinetics ,
corresponding to the formation, decomposition,
and redox transformation of the relatively stable

Ž .chromium VI –thioesters involved as intermedi-
Ž .ates in the chromium VI –thiol reactions has

allowed us to conclude that the role of zinc ion
in those reactions is that of acting as a true
catalyst for the formation of the transient

Ž .chromium VI –thioesters.

2. Experimental

2.1. Materials

Deionized water was subjected to distillation
in an all-glass apparatus and circulated through
a Millipore purification system before its use as
solvent. Potassium dichromate, zinc sulfate,

Ž . Ž .acetic acid HAc , and sodium acetate NaAc
were purchased from Merck. L-cysteine, glu-
tathione, 2-mercaptoethanol, 3-mercaptopro-
pionic acid, mercaptosuccinic acid, DL-penicil-
lamine, thioglycolic acid, thioglycolic acid ethyl
ester, and thiolactic acid were purchased from
Sigma.

2.2. Kinetic experiments

Thiol was always used in large excess with
Ž .respect to Cr VI . The pH and ionic strength

were kept constant during the kinetic runs with
the aid of an HAc–NaAc buffer. The concentra-
tion of zinc ion was moved in a range where it
did not appreciably alter the pH and ionic
strength of the solutions. The pH values were
determined by means of a Crison 2001 pH-me-
ter provided with a combination microelectrode.
The reactions were monitored simultaneously at

Žboth 370 and 430 nm wavelengths correspond-
Ž .ing to the reactant Cr VI and to the transient
.thioesters, respectively by means of a diode

array Hewlett-Packard 8451A spectrophotom-
eter provided with a thermostated compartment
for the standard 1-cm quartz cells. The elec-
tronic spectra were recorded with an Hitachi U
2000 UV–Vis spectrophotometer.

2.3. Determination of the rate constants

Ž .The Cr VI –thiol reactions can be written
schematically as:

k k1 2yCr VI ° RSCrO ™ Products 1Ž . Ž .3
ky1

y Ž .where RSCrO is the relatively stable Cr VI –3
Žthioester intermediate RSH standing for the

.corresponding thiol , and k , k , and k are1 y1 2
Žthe first-order rate constants under a large ex-
Ž ..cess of RSH with respect to Cr VI associated,

respectively, to the formation, decomposition,
and redox transformation of that intermediate.

ŽThe latter three processes may not be and in
.fact they are not elementary, but, provided that

all the intermediates other than RSCrOy in-3

volved in the reactions are present in minute
concentrations, the integrated rate equations for
the reactant and the relatively stable intermedi-

w xate are 33–35 :
c0

Cr VI s k qv exp v tŽ . Ž . Ž .1 2 1
v yv2 1

y k qv exp v t 2Ž . Ž . Ž .1 1 2

k c1 0yRSCrO s exp v t yexp v tŽ . Ž .3 2 1
v yv2 1

3Ž .
Ž .where c is the initial Cr VI concentration, and0

parameters v and v are combinations of the1 2

three first-order rate constants involved:
1

v sy k qk qk½1 1 y1 22
1r22q k qk qk y4k k 4Ž . Ž .51 y1 2 1 2

1
v sy k qk qk½2 1 y1 22

1r22y k qk qk y4k k 5Ž . Ž .51 y1 2 1 2
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Thus, in each kinetic experiment we had to
Žobtain four fitting parameters c , k , k , and0 1 y1

. Žk . Consequently, the experimental errors both2
.accidental and systematic were much more pro-

nounced than usual in chemical kinetics, since
Žfor most kinetic systems only one for instance,

w x. Žfor first-order reactions 36 or two for in-
stance, for consecutive irreversible reactions
w x w x.5,24 or for autocatalytic reactions 37 rate
constants have to be determined.

w Ž .x w yxThe values of Cr VI and RSCrO at time3

t were obtained from the absorbance readings at
370 and 430 nm, respectively, discounting at the
latter wavelength the small contribution caused
by the reactant. The data were then fitted by

Žnonlinear least-squares regressions using an it-
.erative computer program to the functions:

Cr VI sA exp v t qA exp v t 6Ž . Ž . Ž . Ž .1 1 2 2

yRSCrO sA exp v t yexp v t 7Ž . Ž . Ž .3 3 2 1

Due to the experimental errors, the value ob-
Ž .tained for v when Eq. 6 was used to fit the1

experimental data was different from the value
Ž .obtained when Eq. 7 was used, and the same

happened with v , but the discrepancies were2

slight for most of the thiols.
To obtain the rate constants, one of the possi-

bilities was to use the fitting parameters inferred
from the absorbance data at 370 nm alone:

A v qA v1 1 2 2
k sy 8Ž .1 A qA1 2

2
A A v yvŽ .1 2 1 2

k sy 9Ž .y1 A qA A v qA vŽ . Ž .1 2 1 1 2 2

A qA v vŽ .1 2 1 2
k sy 10Ž .2 A v qA v1 1 2 2

In addition, although the absorbance data at
430 nm could not be used alone to get the rate

Ž Ž .constants because Eq. 7 involves only three
Ž .fitting parameters, whereas Eq. 6 involves

.four they could be used in combination with

the absorbance data at 370 nm to get, once
Ž .obtained the value of k from Eq. 8 , some1

alternative values for the other two rate con-
stants:

v v1 2
k sy v qv qk q 11Ž .y1 1 2 1ž /k1

v v1 2
k s 12Ž .2 k1

Ž . Ž .Eqs. 8 – 12 can be deduced from the defini-
tions of the exponential parameters v and v1 2
Ž Ž . Ž . .Eqs. 4 and 5 , respectively on one hand and
of the preexponential parameters A and A1 2
Ž Ž . Ž ..compare Eq. 6 with Eq. 2 on the other.

The method based on the combination of the
Žabsorbance data at the two wavelengths Eqs.

Ž . Ž . Ž .8 , 11 and 12 with the v and v values1 2
Ž ..obtained from Eq. 7 yielded better results

Žonly for three of the thiols studied mercapto-
succinic acid, DL-penicillamine, and thiolactic

.acid , whereas for the other six thiols, the
method based on the absorbance data at 370 nm

Ž Ž . Ž .alone Eqs. 8 – 10 with the v and v values1 2
Ž ..obtained from Eq. 6 yielded better results. All
Ž .the rate constants and other parameters given

in this article are the averages from two inde-

Ž .Fig. 1. Absorbance vs. time plots for the reaction of chromium VI
Ž y4 . Ž y3 .1.60=10 M with 3-mercaptopropionic acid 5.00=10 M

Ž y2 . Ž .in the presence of an HAc 2.00=10 M –NaAc 0.200 M
Ž .buffer at pH 5.60 and 25.08C. Wavelengths: 370 filled points

Ž . w 2q x Ž .and 430 empty points nm; Zn s0 circles, bottom time-scale
y4 Ž .and 4.00=10 M triangles, top time-scale .
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Table 1
Rate constants in the absence of zinc iona

o y3 y1 o y3 y1 o y3 y1Ž . Ž . Ž .Thiol k 10 s k 10 s k 10 s1 y1 2

bL-Cysteine 7.20"0.43 4.10"0.03 1.66"0.01
bGlutathione 3.36"0.17 1.48"0.04 0.80"0.09

b2-Mercaptoethanol 0.65"0.02 y 2.33"0.11
b3-Mercaptopropionic acid 0.94"0.02 0.42"0.03 0.99"0.13

cMercaptosuccinic acid 7.60"0.28 9.17"0.18 9.37"0.09
cDL-Penicillamine 3.30"0.08 1.13"0.34 9.62"0.15
bThioglycolic acid 8.98"0.23 3.10"0.10 6.47"0.32

bThioglycolic acid ethyl ester 5.10"0.23 2.18"0.06 2.41"0.11
cThiolactic acid 7.42"0.18 2.02"0.08 13.55"0.01

aw Ž .x y4 w x y3 w x y2 w xCr VI s1.60=10 M, RSH s5.00=10 M, HAc s2.00=10 M, NaAc s0.200 M, pH 5.60"0.11, and 25.08C.o
b From absorbance readings at 370 nm.
c From absorbance readings at both 370 and 430 nm.

pendent experimental determinations, and for
each thiol, the better set of results correspond-
ing to one of the two methods outlined above
was chosen.

3. Results

Typical absorbance vs. time plots at 370 and
430 nm for one of the thiols, in the absence and
presence of zinc ion, are shown in Fig. 1. It can

Žbe seen that the initial rates both for the reac-
tant disappearance and the intermediate forma-

.tion , as well as the maximum concentration of

ŽFig. 2. Dependence of the first-order rate constants k filled1
. Ž . Ž .circles , k empty circles , and k triangles on the concentra-y1 2

Ž . Ž y4 .tion of zinc ion for the reaction of chromium VI 1.60=10 M
Ž y3 .with 3-mercaptopropionic acid 5.00=10 M in the presence of

Ž y2 . Ž .an HAc 2.00=10 M –NaAc 0.200 M buffer at pH 5.60 and
25.08C.

w 2qxintermediate increased with rising Zn . The
fit of the experimental data to biexponential

Ž Ž . Ž ..laws Eqs. 6 and 7 was excellent.
ŽThe values of the three rate constants k ,1

.k , and k in the absence of zinc ion arey1 2

given in Table 1. Both rate constants k and1
w 2qxk increased linearly with rising Zn ,y1

Žwhereas k was almost independent of it Fig.2
. Ž2 . The slopes of those plots k , k , and1,c y1,c

.k corresponding to each thiol are given in2,c

Table 2. The maximum percentages of the total
chromium present in the form of the relatively

y w 2qxstable intermediate RSCrO at Zn s0 and3

4.00=10y4 M were calculated from the equa-
tion:

yRSCrO3 max

v v2 1
k c v v1 0 2 2v yv v yv1 2 1 2s yž / ž /v yv v v2 1 1 1

13Ž .

and they are given in Table 3. For all the thiols
studied, the intermediate was more stable in the
presence of zinc ion than in its absence.

4. Discussion

Ž .The Cr VI –RSH reactions do not follow a
simple stoichiometry when the initial concentra-
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Table 2
Catalytic rate constantsa

y1 y1 y1 y1 y1 y1Ž . Ž . Ž .Thiol k M s k M s k M s1,c y1,c 2,c

bL-Cysteine 14.4"2.9 10.9"1.7 y0.6"0.3
bGlutathione 9.6"1.0 5.3"0.4 y0.2"0.2

b2-Mercaptoethanol 4.5"0.5 1.9"0.1 y1.7"2.3
b3-Mercaptopropionic acid 14.4"0.4 5.4"0.2 0.1"0.3

cMercaptosuccinic acid 46.9"2.1 47.6"3.2 10.2"2.2
cDL-Penicillamine 8.9"0.4 6.3"1.3 y0.2"0.8
bThioglycolic acid 94.0"10.3 66.0"3.1 18.9"2.1

bThioglycolic acid ethyl ester 15.0"0.4 7.9"0.6 y0.5"0.2
cThiolactic acid 68.1"1.8 33.8"4.8 3.9"1.3

aw Ž .x y4 w x y3 w 2qx Ž . y4 w x y2 w xCr VI s1.60=10 M, RSH s5.00=10 M, Zn s 0–4.00 =10 M, HAc s2.00=10 M, NaAc s0.200 M, pHo

5.60"0.11, and 25.08C.
b From absorbance readings at 370 nm.
c From absorbance readings at both 370 and 430 nm.

tions of oxidant and reductant are similar, but,
under a large excess of the latter, the following

w xstoichiometry is accepted 5,38 :

2HCrOyq6RSHq8Hq
4

s2Cr 3qq3RSSRq8H O 14Ž .2

RSCrOy being involved in the reactions as a3
w xrelatively stable intermediate 4,39 . The results

given in Table 3 indicate that the presence in
the medium of zinc ion notably increases the
stability of the observed intermediate. However,

Table 3
Ž .Maximum percentages of the chromium VI –thioester intermedi-

ates in both the absence and presence of catalysta

b cŽ . Ž .Thiol % %i,max i,max

dL-Cysteine 47.9"1.2 51.7"0.3
dGlutathione 50.8"0.4 56.6"0.2

d2-Mercaptoethanol 17.8"1.8 36.1"3.7
d3-Mercaptopropionic acid 31.4"2.6 56.2"1.6

eMercaptosuccinic acid 24.1"0.4 32.6"2.5
eDL-Penicillamine 18.5"0.2 26.9"0.3
dThioglycolic acid 37.8"1.4 44.5"0.5

dThioglycolic acid ethyl ester 42.6"0.1 51.1"0.1
eThiolactic acid 24.8"0.4 43.7"2.9

aw Ž .x y4 w x y3 w xCr VI s1.60=10 M, RSH s5.00=10 M, HAc so
y2 w x2.00=10 M, NaAc s0.200 M, pH 5.60"0.11, and 25.08C.

b Ž . w y xObtained as: % s100 RSCrO rc in the absence ofi,max 3 max o

zinc ion.
c Ž . w y x w 2q xObtained as: % s100 RSCrO rc at Zn s4.00i,max 3 max o

=10y4 M.
d From absorbance readings at 370 nm.
eFrom absorbance readings at both 370 and 430 nm.

this effect is consistent with two possible inter-
Ž .pretations: i Zinc ion is a catalyst for the

Ž .formation of that intermediate. ii Zinc ion is
an actual constituent of the intermediate. In the
first case, the chemical composition of the ob-
served intermediate would be the same
Ž y.RSCrO , irrespective of whether zinc ion is3

absent or present in the medium, whereas in the
second case when zinc ion is present, another

Žintermediate a complex of possible formula
w Ž .xq.Zn RSCrO would also be formed.3

The key to confirm if zinc ion is a true
catalyst or not may be given by the k vs.2
w 2qxZn plots, since the susceptibility of the pro-

w Ž .xqposed intermediate Zn RSCrO toward a re-3

ductive attack by an RSH molecule to form
Ž . w xCr IV and RSSR 6 would be expected to be

very different from that of RSCrOy, so that, if3

zinc ion is a constituent of the intermediate, the
rate constant k should necessarily be much2

affected by the concentration of that ion. From
Ž w 2qxthe k values the slopes of the k vs. Zn2,c 2

.plots given in Table 2, it can be concluded that
for six of the thiols studied, k was nearly2

w 2qxindependent of Zn , and that only for three
Žthiols mercaptosuccinic acid, thioglycolic acid,

.and thiolactic acid a clear-cut positive value of
k was found. However, even in the latter2,c

three cases, the value of k was much smaller2,c

than those of both k and k , suggesting1,c y1,c
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that the positive values of k might be the2,c

consequence of systematic experimental errors.
Ž .In fact, for those three thiols, the Cr VI –RSH

reactions were considerably faster than for the
other six, rendering more difficult the determi-
nation of accurate values for the three rate
constants from each kinetic experiment.

On the other hand, the electronic spectra of
two reaction mixtures, differing only in the
absence or presence of zinc ion, were periodi-
cally scanned as the reaction advanced. In both
cases an isosbestic point situated at the same

Ž .wavelength 390 nm was detected during the
formation of the observed intermediate. More-
over, the spectra of the intermediate obtained in
the absence and in the presence of zinc ion
Žrecorded at the instant when the intermediate

.concentration reached its maximum value were
Ž .practically identical Fig. 3 , showing in both

cases a peak at 430 nm, and differing only in
the value of the absorbance at that peak as a

w yxconsequence of RSCrO being different for3 max

the two reaction mixtures.
Thus, from both the kinetic data and the

spectral properties it can be inferred that zinc
ion is not a constituent of the observed interme-

Ž .diate, and that its role in the Cr VI –RSH reac-

Fig. 3. Detail of the UV–Vis spectra recorded at the instant when
the observed intermediate reached its maximum concentration for
the reaction mixtures corresponding to the reduction of

Ž . Ž y4 . Ž y3 .chromium VI 1.60=10 M by L-cysteine 5.00=10 M in
Ž y2 . Ž .the presence of an HAc 2.00=10 M –NaAc 0.200 M buffer
w 2q x Ž . y4at pH 5.60 and 25.08C. Zn s0 circles and 4.00=10 M

Ž .triangles . The small band at 370 nm corresponds to unreacted
Ž .free Cr VI and the peak at 430 nm corresponds to the observed

intermediate.

tions is that of being a catalyst for the formation
of the intermediate, according to the equation:

HCrOyqRSHsRSCrOyqH O 15Ž .4 3 2

w xSince that process is indeed reversible 33 , the
value of the equilibrium constant for each thiol
could be obtained from the corresponding rate

o o Žconstants k and k the values of k and1 y1 1
.k , respectively, in the absence of zinc ion as:y1

k o
1

Ks 16Ž .ok RSHy1

where it has been taken into consideration that
k is actually a pseudo- first-order rate constant1

directly proportional to the thiol concentration,
w xwhereas k is independent of it 33 . However,y1

as required by the principle of microscopic re-
versibility, if a certain species is a catalyst for
the forward process of a reversible reaction, it
must also be a catalyst for the backward process
w x40 . This has actually been confirmed by the
experiments, given that both rate constants k1

w 2qx Žand k increased when Zn was raised seey1
.Fig. 2 and Table 2 . Hence, the equilibrium

constant may also be calculated as:

k1,c
Ks 17Ž .

k RSHy1,c

since the value of K cannot be affected by the
Ž Ž .. Ž Ž ..absence Eq. 16 or presence Eq. 17 of

catalyst. The equilibrium constants for the dif-
ferent thiols determined by both methods appear
in Table 4. We can see that, for each thiol, the
two K values are of the same order of magni-
tude, although the experimental errors provoked
a certain deviation in some cases. Moreover, the
K values for the different thiols are rather simi-

Žlar, indicating that the effect increasing or de-
.creasing of a particular substituent on the value

of the rate constant k o is roughly compensated1

by a parallel effect on the value of k o . They1

lowest equilibrium constant obtained was that
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Table 4
Ž .Equilibrium constants for the formation of the Cr VI –thioester

intermediatesa

b 2 y1 c 2 y1Ž . Ž .Thiol K 10 M K 10 M
dL-Cysteine 3.5"0.2 2.7"0.9

dGlutathione 4.5"0.3 3.7"0.6
d2-Mercaptoethanol y 4.9"0.8

d3-Mercaptopropionic acid 4.5"0.4 5.3"0.3
eMercaptosuccinic acid 1.7"0.1 2.0"0.2

eDL-Penicillamine 5.8"1.9 2.8"0.7
dThioglycolic acid 5.8"0.3 2.9"0.5

dThioglycolic acid ethyl ester 4.7"0.3 3.8"0.4
eThiolactic acid 7.3"0.5 4.0"0.7

aw Ž .x y4 w x y3 w 2q xCr VI s1.60=10 M, RSH s5.00=10 M, Zn so
Ž . y4 w x y2 w x0–4.00 =10 M, HAc s2.00=10 M, NaAc s0.200 M,
pH 5.60"0.11, and 25.08C.
b Ž .Obtained from Eq. 16 .
c Ž .Obtained from Eq. 17 .
d From absorbance readings at 370 nm.
eFrom absorbance readings at both 370 and 430 nm.

corresponding to mercaptosuccinic acid, and it
is indeed related to the fact that, for this thiol,
the value of k o was notably high as comparedy1

Ž .with those of the other thiols see Table 1 . This
might somehow be a consequence of the two
carboxyl groups contained in the molecule of
this particular thiol.

It seems that acetate ions play an important
role in the mechanism corresponding to the
reaction pathway catalyzed by zinc ion, because

Ž .the catalytic effect of the latter on the Cr VI –
thiol reactions was not observed when either

w xphosphate or citrate buffers were used 32,33 .
The experimental data available are consistent
with several mechanisms. Basically, there are
five alternatives for the rate-determining step
Ž . Ž .rds : i the rds is a reaction between a

2qŽ .Ž . Ž . Ž .Zn acetate thiolate complex and Cr VI ; ii
2qŽthe rds is a reaction between a Zn ace-

.Ž . Ž .tate chromate complex and RSH; iii the rds
is a reaction between a Zn2q–thiolate and a

Ž . Ž .Cr VI –acetate complexes; iv the rds is a reac-
tion between a Zn2q–chromate and an RSH–

Ž .acetate complexes; and v the rds is the decom-
2qŽ .Ž .Ž .position of a Zn acetate chromate thiolate

combined complex.
Since zinc ion is known to readily accept as

Žligands both carboxylate and thiolate groups its

participation in many enzymes bonded to amino
acid residues containing or not a sulfhydryl

w x.group is an important consequence of it 31 ,
Ž .whereas chromium VI is known to combine

with hydroxyl-containing compounds to form
w xsome ester-like condensation species 41 and,

in particular, with acetic acid to form an acetyl
w x Ž . Ž .chromate ion 42 , the alternatives i and iii

are more plausible than the others. Moreover,
Ž .we think that the alternative iii might be the

correct one, because it seems to be more consis-
tent with the crucial role that acetate ions play
in the catalytic reaction pathway. We thus pro-
pose for the latter the mechanism:

K I q2q qZn qRSH ° Zn RS qH 18Ž . Ž .

HCrOyqCH CO H4 3 2

K II y° CH C O OCrO qH O 19Ž . Ž .3 3 2

q yZn RS qCH C O OCrOŽ . Ž .3 3

k III qy° RSCrO q Zn CH CO 20Ž . Ž .3 3 2
kyIII

K IVq q 2qZn CH CO qH ° Zn qCH CO HŽ .3 2 3 2

21Ž .

according to which, provided that the inter-
change of ligands between the zinc–thiolate

Žcomplex and the acetyl–chromate ester Eq.
Ž ..20 is assumed to be the rds, the following
expression can be obtained for the first-order
rate constant associated to the formation of the

Ž y.observed intermediate RSCrO :3

o 2qk sk qk Zn 22Ž .1 1 1,c

with:

RSH CH CO H3 2
k sK K k 23Ž .1,c I II III qH
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In addition, according to the principle of
microscopic reversibility, the expression corre-
sponding to the first-order rate constant associ-
ated to the decomposition of the observed inter-
mediate is:

o 2qk sk qk Zn 24Ž .y1 y1 y1,c

with:

k CH CO HyIII 3 2
k s 25Ž .y1,c qK HIV

Taking into consideration that the equilibrium
constant associated to the rds can be expressed

Ž .as K sk rk , it follows from Eqs. 17 ,III III yIII
Ž . Ž .23 and 25 that the equilibrium constant for
the formation of the observed intermediate is:

KsK K K K 26Ž .I II III IV

what is indeed coherent with the fact that the
stoichiometry corresponding to that formation
Ž Ž ..Eq. 15 may be obtained from the addition of

Ž .the stoichiometries corresponding to Eqs. 18 –
Ž .21 .

Although the experimental errors associated
to the determination of three rate constants from
each kinetic experiment are indeed higher than
usual, some interesting conclusions may be de-
duced from the kinetic data given in Tables 1
and 2. The most important inference is that the
existence in the RSH molecule of a carboxyl

Žgroup bonded to the same carbon atom a

. Žposition as the sulfhydryl group mercaptosuc-
.cinic acid, thioglycolic acid, and thiolactic acid

results in the values of the rate constants k o,1

k , and k being very high when compared1,c y1,c

with those corresponding to the other thiols,
whereas the rate constants are rather low when
the carboxyl and sulfhydryl groups are bonded

Žto different carbon atoms 3-mercaptopropionic
.acid . This effect is consistent with the results

w xreported by Connett and Wetterhahn 43 for the
k o values corresponding to several thiols, and it1

does not seem to be caused merely by a change
in the electron density of the active functional

Ž .group sulfhydryl , since the replacement of the

–CO H group in the a position by a –CO Et2 2

group results in a decrease of the rate constants
Žcompare the values corresponding to thiogly-
colic acid with those for thioglycolic acid ethyl

.ester , and the decrease is much more marked
for both k and k than for k o. This sug-1,c y1,c 1

gests that the availability of an acidic hydrogen
atom in the surroundings of the active func-
tional group might favour both the formation
and the decomposition of the observed interme-
diate, especially as far as the zinc-catalyzed
reaction pathway is concerned.

We thus propose for the thiols containing a
carboxyl group in the a position the following
alternative mechanism:

Ž .27

Ž .28

Žaccording to which, previous to the rds Eq.
Ž ..28 , hydrogenchromate ion suffers an ester-like
combination with the carboxyl group of the

Ž Ž ..thiol Eq. 27 instead of the acidic form of the
Ž Ž ..buffer Eq. 19 . This seems to be consistent

Žwith the catalytic effect that the buffer either
.acetate, citrate, or phosphate is known to exert

on both the formation and decomposition of the
y w xRSCrO intermediates 32,33 , with the advan-3

tage that the esterification results now in bring-
Ž .ing Cr VI into the same molecule containing

the sulphur atom, thus making easier the
nucleophilic attack of the latter on the chromium
atom.

The overall mechanism proposed for these
Ž . Ž .thiols would be a combination of Eqs. 18 – 21

Ž . Ž .on one hand and of Eqs. 27 and 28 on the
other, leading to the following expression for
the second-order catalytic rate constants associ-
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ated, respectively, with the formation and de-
composition of the observed intermediate:

CH CO H3 2
k sK K k qK k RSH1,c I II III V VIqž /H

29Ž .

k CH CO HyIII 3 2
k s qk 30Ž .y1,c yVIqK HIV

Ž . Ž .The additional terms in Eqs. 29 and 30 with
Ž . Ž .respect to Eqs. 23 and 25 would easily ex-

plain the high values of both k and k1,c y1,c

obtained for mercaptosuccinic acid, thioglycolic
acid and thiolactic acid.

Although 2-mercaptoethanol and 3-mercap-
topropionic acid have very similar values of k o

1
Ž .Table 1 , the values of both k and k for1,c y1,c

the latter are much higher than those for the
former. Thus, the existence of a carboxyl group
in the b position of the RSH molecule seems to
be much more favourable for both the formation
and decomposition of the observed intermediate
through the zinc-catalyzed reaction pathway than
the existence of a hydroxyl group in the same
position. This suggests that, in the case of 3-
mercaptopropionic acid, the RSH molecule
might behave as a bidentate ligand with both the
thiolate and carboxylate groups bonded to the
zinc ion.

The existence of an –NHq group in the b3
Ž .position of the RSH molecule as in L-cysteine

results in a very strong decrease of both rate
o o Ž .constants k and k Table 1 with respect to1 y1

the values obtained for the parent molecule with
Ža hydrogen atom in the same position 3-

.mercaptopropionic acid , but the effect of that
substituent is much weaker in the case of the

Ž .catalytic rate constants k and k Table 2 .1,c y1,c

This seems to suggest that both the formation
and decomposition of the observed intermediate
in the absence of zinc ion are disfavoured by
electron-withdrawing substituents, what is in-
deed coherent with the fact that the formation of
RSCrOy requires the nucleophilic attack of the3

sulphur atom of the thiol on the chromium

atom, so that a high electron density on the
sulphur atom is favourable.

The introduction of two methyl groups into
Žthe a position of the RSH molecule as in

.DL-penicillamine results in a strong decrease of
o o Žthe rate constants k , k , k , and k Ta-1 y1 1,c y1,c

.bles 1 and 2 with respect to the values obtained
for the parent molecule with two hydrogen atoms

Ž .in the same position L-cysteine . This might be
explained by the steric hindrance provoked by
the two methyl groups on the solvation of the
activated complex associated with the rds corre-
sponding to the noncatalytic and zinc-catalyzed
reaction pathways, rather than by electron-den-
sity considerations.

However, as far as the redox transformation
of the observed intermediate is concerned, the
effect of introducing two methyl groups in the
a position of the RSH molecule is just the

Ž oopposite the value of k given in Table 1 for2

DL-penicillamine is much higher than that of
.L-cysteine . It is known that the chromium atom
Ž .of the Cr VI –thioester intermediate may suffer

either a one-electron reduction in an internal
redox process:

RSCrOy™Cr V qRSP 31Ž . Ž .3

or else a two-electron reduction by reaction with
a second thiol molecule:

RSCrOyqRSH™Cr IV qRSSR 32Ž . Ž .3

Although the two-electron route is clearly pre-
dominant under neutral-pH conditions for thiols

w x osuch as glutathione 6 , the high value of k for2

DL-penicillamine might indicate that for this
particular thiol, the one-electron route has a
contribution more important than those corre-
sponding to other similar thiols such as L-cy-
steine or glutathione. The high values of k o for2

the three thiols with a carboxyl group in the a

Žposition mercaptosuccinic acid, thioglycolic
.acid, and thiolactic acid might indicate that the

availability of an acidic hydrogen atom near the
metal atom of the thioester favors its reducibil-
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ity, probably by transfer of the proton from the
carboxyl group to one of the oxygen atoms
bonded to the chromium atom of the thioester.

Finally, it should be mentioned that, although
the kinetic data obtained in this work do not
provide any information on the redox steps
leading to the formation of the inorganic reac-

Ž 3q.tion product Cr , this would take place by
the reductive attack of the thiol on the interme-

Ž . Ž . Ž Ž .diates Cr V and Cr IV formed in Eqs. 31
Ž . .and 32 , respectively , involving probably a

complexation step previous to the redox reac-
tion.

References

w x Ž .1 R.B. Hayes, Top. Environ. Health 5 1982 249.
w x2 S. De Flora, M. Bagnasco, D. Serra, P. Zanacchi, Mutat. Res.

Ž .238 1990 99.
w x3 P. Arslan, M. Beltrame, A. Tomasi, Biochim. Biophys. Acta

Ž .931 1987 10.
w x Ž .4 S.L. Brauer, K.E. Wetterhahn, J. Am. Chem. Soc. 113 1991

3001.
w x5 R.N. Bose, S. Moghaddas, E. Gelerinter, Inorg. Chem. 31

Ž .1992 1987.
w x6 P. O’Brien, G. Wang, J. Chem. Soc., Chem. Commun.

Ž .1992 690.
w x7 C.T. Dillon, P.A. Lay, A.M. Bonin, N.E. Dixon, T.J. Collins,

Ž .K.L. Kostka, Carcinogenesis 14 1993 1875.
w x Ž .8 K.D. Sugden, K.E. Wetterhahn, Inorg. Chem. 35 1996

3727.
w x9 P.H. Connett, K.E. Wetterhahn, J. Am. Chem. Soc. 107

Ž .1985 4282.
w x Ž .10 D.M.L. Goodgame, A.M. Joy, Inorg. Chim. Acta 135 1987

115.
w x Ž .11 A.M. Standeven, K.E. Wetterhahn, Carcinogenesis London

Ž .12 1991 1733.
w x12 M. Sugiyama, K. Tsuzuki, R. Ogura, J. Biol. Chem. 266

Ž .1991 3383.
w x13 M. Cieslak-Golonka, M. Raczko, Z. Staszak, Polyhedron 11

Ž .1992 2549.
w x Ž .14 J.F. Perez-Benito, C. Arias, Int. J. Chem. Kinet. 25 1993

221.

w x Ž .15 Y. Mao, L. Zang, X. Shi, Biochem. Mol. Biol. Int. 36 1995
327.

w x Ž .16 L. Zhang, P.A. Lay, J. Am. Chem. Soc. 118 1996 12624.
w x17 S. Kitagawa, H. Seki, F. Kametani, H. Sakurai, Inorg. Chim.

Ž .Acta 152 1988 251.
w x18 K.M. Borges, J.S. Boswell, R.H. Liebross, K.E. Wetterhahn,

Ž . Ž .Carcinogenesis London 12 1991 551.
w x Ž .19 P. O’Brien, G. Wang, P.B. Wyatt, Polyhedron 11 1992

3211.
w x20 J.F. Perez-Benito, C. Arias, D. Lamrhari, New J. Chem. 18

Ž .1994 663.
w x21 P. O’Brien, J. Barrett, F. Swanson, Inorg. Chim. Acta 108

Ž .1985 L19.
w x22 D.Y. Cupo, K.E. Wetterhahn, Proc. Natl. Acad. Sci. U.S.A.

Ž .82 1985 6755.
w x23 X. Shi, N.S. Dalal, Biochem. Biophys. Res. Commun. 156

Ž .1988 137.
w x Ž .24 P. O’Brien, Z. Ozolins, Inorg. Chim. Acta 161 1989 261.
w x25 P. O’Brien, Z. Ozolins, G. Wang, Inorg. Chim. Acta 166

Ž .1989 301.
w x26 P. Jones, A. Kortenkamp, P. O’Brien, G. Wang, G. Yang,

Ž .Arch. Biochem. Biophys. 286 1991 652.
w x27 A. Kortenkamp, P. O’Brien, D. Beyersmann, Carcinogenesis

Ž . Ž .London 12 1991 1143.
w x Ž .28 P. O’Brien, G. Wang, Polyhedron 12 1993 1409.
w x29 S. Moghaddas, E. Gelerinter, R.N. Bose, J. Inorg. Biochem.

Ž .57 1995 135.
w x Ž .30 I. Fridovich, Acc. Chem. Res. 5 1972 321.
w x Ž .31 B.L. Vallee, D.S. Auld, Acc. Chem. Res. 26 1993 543.
w x32 J.F. Perez-Benito, D. Lamrhari, C. Arias, Can. J. Chem. 72

Ž .1994 1637.
w x33 J.F. Perez-Benito, D. Lamrhari, C. Arias, J. Phys. Chem. 98

Ž .1994 12621.
w x34 J.F. Perez-Benito, C. Arias, D. Lamrhari, A. Anhari, Int. J.

Ž .Chem. Kinet. 26 1994 587.
w x35 J.H. Espenson, Chemical Kinetics and Reaction Mechanisms,

McGraw-Hill, New York, 1995, p. 77.
w x Ž .36 A.M. Al-Ajlouni, J.H. Espenson, J. Org. Chem. 61 1996

3969.
w x37 J.F. Perez-Benito, C. Arias, E. Amat, J. Colloid Interface Sci.

Ž .177 1996 288.
w x Ž .38 A. McAuley, M.A. Olatunji, Can. J. Chem. 55 1977 3335.
w x Ž .39 A. McAuley, M.A. Olatunji, Can. J. Chem. 55 1977 3328.
w x40 F. Wilkinson, Chemical Kinetics and Reaction Mechanisms,

Van Nostrand, New York, 1980, p. 56.
w x Ž .41 D.G. Lee, R. Stewart, J. Am. Chem. Soc. 86 1964 3051.
w x42 N.K. Saran, R.C. Acharya, S.R. Rao, J. Indian Chem. Soc.

Ž .62 1985 747.
w x43 P.H. Connett, K.E. Wetterhahn, J. Am. Chem. Soc. 108

Ž .1986 1842.


