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Abstract Biological tests performed using 3T3 fibroblasts
indicated low cytotoxicities for the complexes mer-
[Cr(pic);] and trans(S,S)-[Cr(Cys),]~, where pic = picoli-
nate anion and Cys = cysteine. Oxidation of these complexes
by hydrogen peroxide was studied in NaOH and NaHCO;
media. Electronic (UV—-Vis) and EPR spectroscopies were
used to monitor the reaction course. Hydrogen peroxide
oxidizes chromium(III) to both [CrY(0,)4]>~ and Cr¥'0,*~
anions in alkaline media and practically completely to
CrO427 anion in bicarbonate solution. The reactions follow
consecutive biphasic or simple first-order kinetics. The first-
order decay of [Cr¥(0,),)*~ anion at pH =~ 8 was followed
by EPR spectroscopy. Based on the obtained kinetic and
spectroscopic data, mechanisms for the redox transforma-
tions of these chromium(IIl) complexes are proposed.

Introduction

Recently, there has been growing scepticism about the use
of chromium(IIl) pharmaceuticals, mainly due to possible
health risks arising from their possible oxidation to chro-
mium(VI) which is believed to induce cancer [1-3]. Sev-
eral reports have demonstrated both extra- and intracellular
oxidation of chromium(Ill) [4-6]. The resulting chro-
mate(VI) anion, CrO427, can be transferred into cells via
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membrane channels suitable for the isostructural anions
SO,*~ and HPO,>~ and subsequently converted by cellular
reductants into highly reactive chromium(V) and chro-
mium(IV) species which can cause cellular damage,
apoptotic body formation and DNA cleavage [7-13]. On
the other hand, it has been suggested that chromium(IV)
and chromium(V) play the major role in a recently pro-
posed redox mechanism for the antidiabetic activity of
chromium pharmaceuticals [14-17]. Studies on chromiu-
m(II) behaviour in vitro are quite rare; furthermore, its
oxidation was carried out either at pH values outside the
biological range [18] or using non-biological oxidants such
as PbO, [19]. Partial H,O, oxidation of chromium(III) in
peptide adducts of its dietary supplements in blood serum
[20] and partial intracellular chromium(III) oxidation of its
nutritional supplement metabolites have been observed [6].
Recently, oxidation of chromium(IIl) peptides has been
examined, and a new fluorescent method of chromium(III)
and chromium(VI) determination in cells has been devel-
oped [19, 21].

Our tests proved that chromium(III) is not oxidized by
H,0, in NaClO,4 and phosphate buffer media within the
7-9 pH range, whereas oxidation does occur in blood
plasma at pH 7.4. This phenomenon was the starting point
of this project. The work deals with in vitro redox trans-
formation of chromium(IIl) cysteine and picolinato com-
plexes, trans(S,S)-[Cr(Cys),] and mer-[Cr(pic)s],
respectively, mediated by hydrogen peroxide which is a
biogenic oxidant. The selected complexes are present on
the pharmaceutical market as dietary supplements, specif-
ically a source of synthetic biochromium [22-24]. The
reaction was carried out in media mimicking biological
conditions, i.e. in HCO3™ solution of pH =~ 8 and also in
strongly alkaline media. No literature data on kinetics of
oxidation of the Cr'—cysteine and Cr'"—picolinate
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complexes by H,O, have been found. The following
problems have focused our attention: (1) the role of HCO;™
medium in the overall reaction, (2) the importance of
hydrolytic bond splitting resulting in partial dechelation of
the ligands and (3) kinetic and mechanistic differences
between reactions of the cysteine and picolinato
complexes.

Experimental
Materials

Cysteine, picolinic acid and other chemicals were pur-
chased from Sigma-Aldrich and used without further
purification. Na[Cr(Cys),]-2H,O and [Cr(pic)3]0~H20 were
prepared as described in the literature [25, 26]. Chromium
was determined spectrophotometrically as CrO,*~ at
372 nm (g37, = 4830 M_lcm_l) after decomposition of a
known amount of the complex in 0.1 M NaOH solution,
followed by oxidation of chromium(IIl) with H,O,. The
theoretical chromium contents of Na[Cr(Cys),] and
[Cr(pic);]° are 14.9 and 11.9%, respectively; the found
values were 14.8 and 11.8%, respectively.

Biological tests

To determine the -cytotoxicity of Na[Cr(Cys),] and
[Cr(pic)s]° aqueous solutions on 3T3 cells, MTT assays
were performed. Based on ISO 10993-5 guidelines,
Na[Cr(Cys),] and [Cr(pic)3]0 aqueous solutions showed no
cytotoxic activity towards 3T3 cells compared to the con-
trol group. Prior to the procedure, 3T3 cells were cultured
using DMEM supplemented with 10% FBS and 1%
antibiotics and grown at 37 °C, 5% CO,, 99% humidity.
The same conditions were applied during the MTT assay,
and the investigated dilutions were made using the same
culture media. To maintain sterility and ensure purity, both
aqueous solutions were filtered using 0.22-pm syringe fil-
ters prior to further use. Cells were cultured at 5 x 10*
cells per 31.6 mm?> of culture area for 24 h prior to
the addition of 10, 5, 1, 0.1% v/v dilutions of the test
solutions (4.0 x 107> M Na[Cr(Cys),] and 1.8 x 107°M
[Cr(pic)3]0), and the MTT assay was performed 24, 48 and
72 h after the addition of the test compound (the MTT
assay was performed partially using ISO 10993-5 guideli-
nes (Fig. 1)). Each experimental and control group con-
tained at least eight well replications, and the entire
experiment was repeated twice at different time points,
yielding the same results. The investigated solutions did
not exhibit cytotoxic properties compared to the control
group, but cells grown using 5, 1 and 0.1% Na[Cr(Cys),]
exhibited considerably higher proliferation rates at 48 and
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Fig. 1 Effect of Na[Cr(Cys),] (Cys) and [Cr(pic)3]0 (pic) on 3T3
cells survivability after 24, 48 and 72 h of treatment. Cell cytotoxicity
was determined by MTT assay and expressed as per cent of living
cells compared to control group and presented as mean *+ SD,
*P < 0.05, ANOVA-test and Dunnett’s post hoc versus the control

group

72 h after supplementation. Visual analysis using a phase-
contrast microscope shows no morphological changes in
the studied groups, except for minor morphological chan-
ges in cells cultured using 10% Na[Cr(Cys),] which might
result from a high dilution factor of the base medium itself.

Kinetic measurements

The kinetic profiles of the reactions were examined spec-
trophotometrically using a Hewlett-Packard 8453 diode-
array spectrophotometer thermostated with a HP 899090A
Peltier temperature controller or using an external Julabo
F25 cryostat. All experiments were performed under
pseudo-first-order limiting conditions by applying an
excess of hydrogen peroxide and sodium hydroxide at
298 K.

The rates of oxidation of both complexes were followed
via the absorbance increase over the spectral range
340-420 nm. The reactions were initiated by injection of
0.1 cm’ of the complex solution to 1.9 cm® of the thermally
equilibrated medium solution, prepared in a 1 cm cell
directly before the measurement, from appropriate amounts
of NaOH or NaHCO3 and H,O, stock solutions. The con-
centration of chromium(III) complex was ca. 1.5 x 1074 M.
Kinetics of the reaction was investigated as a function of the
hydrogen peroxide concentration (0.1-1.0 M) in 0.6 M
NaOH (taking into account its neutralization by H,0,) and
bicarbonate concentration (0.3-0.9 M) at 0.2 M H,0,. The
sodium hydroxide concentration was accurate to ca. 1% and
hydrogen peroxide to ca. 5%. The ionic strength was main-
tained at 2.0 M (strongly alkaline media) and 1.0 M (bicar-
bonate solutions) with NaClO,4. The pH of the bicarbonate
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solutions was ca. 8. Additionally, some kinetic traces were
recorded within the visible spectral range. The concentration
of the soluble Na[Cr(Cys),] complex was ca. 1 x 107> M
(1 ecm cell). Due to the low solubility of [Cr(pic)3]0, its
concentration was only 1 x 10™* M and the reaction was
carried outin a5 cm cell. Oxidation was initiated by mixing
equal volumes of the thermally equilibrated complex and
other component solutions.

Each kinetic run was performed for at least three half-
lives of the reactions and repeated three times. Absor-
bance-time changes observed for the cysteine complex
reaction obeyed a consecutive first-order reaction model,
A — B — C. The data obtained for the [Cr(pic)3]0 com-
plex oxidation were reproduced by a simple A — B reac-
tion model; however, at the highest [H,O,] in NaOH
solution a better fit was obtained for the consecutive
reaction pattern. The results were independent of the fitting
method (multifunctional analyses of the overall spectra
using SPECFIT software for a A - B — C reaction
model or EnzFitter software for the two separated con-
secutive reaction steps). The calculated ks values were
independent of the initial complex concentration.

EPR measurements

EPR spectra of reaction mixtures, composed of
Na[Cr(Cys),] or [Cr(pic),] plus hydrogen peroxide in
NaOH or bicarbonate solution, were recorded with a
Radiopan EPR SE/X 2541 M spectrometer in X band (ca.
9.33 GHz) with a 100 kHz modulation. The microwave
frequency was monitored with a frequency meter. The
magnetic field was measured with an automatic NMR-type
magnetometer. A flat quartz cell was used. Spectra were
recorded at room temperature, and measurements started
ca. 180 s after mixing of reagents of the following con-
centrations: [Crm] =15-18 x 107* M, [H,O,] = 0.2 or
0.8 M, [NaOH] = 0.6 M or [NaHCO3] = 0.7 M. The ini-
tial intensity of the EPR signal (ca. 180 s after initiation)
observed for the reactions carried out in NaOH solution
was relatively weak but quickly increased during the
reaction course, reaching a maximum at a time dependent
mainly on the system studied. For the reaction of the
[Cr(Cys),]™ complex in bicarbonate—H,O, solution, the
initial intensity of the EPR signal (ca. 180 s after initiation)
was high and then decreased during the reaction course.
The collected signal intensity versus time data show a first-
order decay of the chromium(V) complex. The product
chromium(V) species was identified as [CrV(02)4]37 based
on its EPR parameters, which were identical with those
reported in the literature [27, 28]. No EPR signal was
registered for the [Cr(pic);]° system under the same
experimental conditions.

Results and discussion

A large decrease in pH from 13 to 8 results in some
important thermodynamic and kinetic consequences for
chromium(II)-hydrogen peroxide systems. Both the ther-
modynamic stability of chromium(III) and redox potential
of the H,O,/H,0 couple increase with decreasing pH. As a
consequence, there is no big change in the thermodynamic
driving force of the reaction within the examined pH range.
However, our tests showed that the chromium(IIl) com-
plexes are easily oxidized at pH 13—14 but redox stable at
pH 6-8. Addition of NaHCOj; to the system containing
hydrogen peroxide and the chromium(IIl) complex initiates
transformation of chromium(IIl) into Cr042_ at room
temperature. This indicates that several kinetic factors are
decisive for the reaction. Firstly, since the pK, value of
H,0, is 11.3, hydrogen peroxide exists in two different
protolytic forms in the selected pH ranges: specifically the
HO,™ anion and its conjugate acid H,O, at pH 13-14 and
6-8, respectively. In the presence of HCO;™, peroxocar-
bonates are formed. Secondly, in strongly alkaline media
the equilibrium between the complex with the open and
closed chelate ring is shifted to the latter, which retards an
inner sphere electron transfer [25, 26].

Oxidation reactions of the mer-[Cr(pic);] and
trans(S,S)-[Cr(Cys),]~ complexes were monitored spec-
trophotometrically within the UV-Vis range and by EPR
spectroscopy. Experiments were carried out in NaOH and
NaHCOj; solutions.

Strongly alkaline media

Isomer mer-[Cr(pic)s] is slowly oxidized by H,O, at
298 K. Characteristic features of this reaction are shown in
Figs. 2 and 3.

An absorbance increase in the UV region (Fig. 2a)
demonstrates accumulation of CrO,*~ accompanied by
formation of chromium(V) species, detected as an increase
in the characteristic EPR signal (Fig. 3). The presence of
chromium(V) is additionally confirmed by a narrow band
at 740 nm (Fig. 2b) as observed in other systems [29]. The
chromium(V) complex produced spectroscopically is
identical to that observed in our previous studies
[18, 30, 31] and has been identified as [Cr(02)4]3 ~. The red
shift of the lower-energy d—d transition band clearly
demonstrates hydrolytic transformation of the starting
complex to another chromium(III) species as a result of the
Cr'™-N bond splitting and concomitant chelate ring open-
ing. Comparison of the rate of this process with the rate of
chromium(V, VI) formation shows that the latter is pre-
ceded by ligand substitution in the starting chromium(IIT)
complex.
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Fig. 2 Spectral changes observed during the oxidation of [Cr(pic)3]0
by H,O, in 0.6 M NaOH at 298 K; [Cr'] = 1.5 x 107* M,
[Hy0,] =08M, [=1cm (a) and [C"] =20 x 107> M,
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Fig. 3 Changes of the EPR signal intensity generated during
oxidation of [Cr(pic);]%; [Cr'™] = 1.5 x 107* M, [H,0,] = 0.8 M,
[NaOH] = 0.6 M, I =2.0M, T =298 K

Kinetics of the mer-[Cr(pic);] oxidation have been
studied applying large excesses of H;O, and OH ™. In most
cases the reaction rate was determined from absorption
data in the UV region (CrO4>~ generation). In a few
experiments, rate measurements were based on changes in
the visible range decay of the starting complex and also as
an increase in the EPR signal intensity [chromium(V)
formation]. All the methods gave close values of the
pseudo-first-order rate constants for the reaction studied:

@ Springer

reaction model gave a better fit only at the highest H,O,
concentration used. The results are presented in Table 1.

The data given in Table 1 demonstrate several charac-
teristics for the mer-[Cr(pic)s] oxidation. First, the value of
the rate constant for decay of the starting complex, at
0.26 x 1073 s~! is not much different than that for the
CrO4>~ anion formation (0.41 x 107 s™"). Values of the
rate constant for the picolinato chelate ring opening
determined before, extrapolated to 298 K, vary between
0.7-1.0 x 1072 s" at 0.2—0.9 M Na [26] and are very
close to those shown in Table 1. Thus, the rates of
Cr'™ — Cr¥! transformation and the chelate ring opening
are comparable. The rate constant for the second oxidation
step is ca. 80 times lower than that for the first one, and the
pseudo-first-order rate constant, kg, is linearly dependent
on the hydrogen peroxide concentration (Fig. 4).

Based on the obtained results, the reaction mechanism
shown in Scheme 1 is proposed.

The hydrolytic Cr'—pic chelate ring opening plays a key
role in the redox process of the mer isomer (Scheme 1). The
mechanism of base hydrolysis of mer-[Cr(pic);]° was pre-
sented in our previous work [26], in which subsequent entry
of a water molecule (not OH™ ion) into the chromium(III)
coordination sphere precedes formation of the hydroxido
complexes. In the next steps mono- and dihydroxido
derivatives of the starting complex, S—OH and S—(OH),, are
transformed into hydroperoxidochromium(IIl) intermedi-
ates, [-HO, and [-OH-HO,. The linear dependence of k,g;
on [HO, ] suggests that the equilibrium involving forma-
tion of the intermediate species, [-HO,, is shifted to the left
(Fig. 4). Two-electron intramolecular transfer (ko) pro-
duces a labile chromium(V) complex which subsequently
undergoes fast substitution of the picolinato ligands for

Table 1 Values of k. for the [Cr(pic)3]0 oxidation;
[OH ]=06M, T=298K,I=20M

[HO,™1 (M) 10%kgps1 (s71)

0.2 0.41 £ 0.03 0.26 £+ 0.03*
0.4 0.70 £ 0.01

0.6 0.90 £+ 0.06

0.8 1.01 &+ 0.05

[HO, ] (M) 10%kgper (s71)%* 10%kobs (57 1)%
0.8 1.58 £+ 0.02 0.019 + 0.002

* Obtained from data collected in the visible range

** Obtained using A — B — C reaction model
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Fig. 4 Dependence of k,ps; on [HO, ] for the [Cr(pic)3]0 oxidation;
[OH]1=06M,T=298K,I=20M

peroxido groups. Chromates(VI) are likely formed via
chromium(V) disproportionation and further oxidation of
chromium(IV) by hydrogen peroxide (not shown in
Scheme 1). According to the proposed reaction mechanism,
the slope of the plot given in Fig. 4 is interpreted as the
product of the rate constant k., and the equilibrium constant
K, (formation of I-HO,). The hydrolytic chelate ring
opening is the rate-determining step of the overall redox
process at the highest H;O, concentration and under these
conditions kups; = ky. Deeper insight into the slower reac-
tion stage is impossible due to lack of relevant data.

trans(S,S)-[Cr(Cys),]~

Some notable differences between oxidation reactions of
the cysteine and picolinato complexes were observed, vide
Fig. 5.

[Cr"(N,O-pic),]°
+H,0 l k, (S)
[Cr"(N, O—pic),(O-pic)(H,0)]°

" OHi rapid (S-H,0)

+HO,”

As shown in Fig. 5c, on addition of hydrogen peroxide
to the [Cr(Cys),] alkaline solution, a practically instan-
taneous disappearance of the CT absorption band
(Jmax = 258 nm) characteristic for Cr'™=S™" is followed
by a substantial absorption increase at Ay, = 372 nm
confirming accumulation of CrO,*>~ (Fig. 5a). Clearly,
oxidation of the sulphur atoms precedes oxidation of
chromium(III). A shift of the low energy band from 607 to
577 nm (Fig. 5b) shows transformation of the starting
complex into another chromium(III) species.

Absorption changes in the visible region are very similar to
those observed for base hydrolysis of the cysteine complex
[25]. In the first, fast reaction stage, the low energy band shifts
towards lower wavelengths and the absorbance slightly
increases. The slower subsequent reaction stage is accom-
panied by a large absorbance decrease and a smaller blue
shift. A higher ligand field strength of the generated chro-
mium(IIl) complexes is consistent with Cr—S bond cleavage
and introduction of OH™ ligands to the inner coordination
sphere. The rate of the subsequent Cr'™ — Cr"! oxidation is
not fast enough to prevent accumulation of these chromiu-
m(II) species in the system. EPR data recorded during the
reaction course demonstrated generation of [Cr¥(0,),]* in
parallel with CrO,*~ formation. These data are similar to
those presented in Fig. 3 for the mer-[Cr(pic);]° isomer.
Moreover, the presence of chromium(V) is confirmed by a
weak absorption band at /4, 740 nm (Fig. 5b). A simplified
reaction course is presented in Scheme 2.

In this mechanism, redox transformation of frans(S,S)-
[Cr(Cys),]~ by hydrogen peroxide is initiated by rapid
oxidation of the sulphur atoms and transformation of the

[Cr"(N, O-pic),(O-pic)(OH)]” =——>= [Cr"(N, O—pic),(O-pic)(HO,)]”

K1
+ Hzol k, (S-OH)
[Cr"(N, O—pic),(H,0)(OH)]”

+ OHi rapid (S_HZO_OH)

+HO,”

(-HO,) [«

[CrY(N,O-pic),(O)]

K' fast

[Cr”'(N,O—piC)z(OH)g]Zf 4—72> [Cr”l(N,O—piC)z(OH)(Hoz)T

2

(S=(OH),)

(I—OH_HOZ) CrV|o42— + [CrV(O2)4]3— + 2piC,

Scheme 1 Proposed mechanism for oxidation of mer-[Cr(pic)s;]® by hydrogen peroxide in NaOH solution
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Fig. 5 Spectral changes observed during the oxidation reaction of
[Cr(Cys),]” by 02M H,O, in 06 M NaOH, /=1 cm;
[Cr'™] = 1.6 x 107* M, scans every 60 s (a); [Cr') =12 x 1072
M, scans every 30 s (b); [Crm] =55x107° M, spectra 1 and 2
recorded before and immediately after addition of H,O, (c)

starting complex (Cr''-A) into a Cr'™-B species. This
reaction is much faster than the subsequent hydrolytic Cr-S
bond cleavage. The Cr''-B intermediate (of unknown
structure) is hydrolytically transformed into Cr''-C, in
which the oxidized ligand is coordinated to chromium(III)
by nitrogen and oxygen atoms. Both the Cr"-B and Cr"'-C
species are oxidized to Cr" and Cr".

Some kinetic data for the trans(S,S)-[Cr(Cys),]” isomer
oxidation are shown in Fig. 5a,b. The reaction obeys two first-

order consecutive reaction models, A — B — C. The values
of the kg1 and kqpso for these two steps, calculated based on
(1) visible spectral changes accompanying disappearance of
chromium(IIl) and (2) UV changes accompanying formation
of CrO,>~ ion, are convergent to within 10-15% (kops1) Or
5-7% (kopso). The results are collected in Table 2.

Comparison of the rate constants for hydrolytic Cr—S
bond splitting published previously [25] with the rate con-
stants kgps; and kqpsp gives some insight into the reaction
mechanism. The value of the rate constant at 298 K (0.6 M
NaOH) for the first Cr—S bond cleavage was found to be
43 x 1072 s7! [25], whereas ko increases from 4.4 to
69 x 1072 s™' with increasing hydrogen peroxide con-
centration. Thus, the rate of the oxidation process is slower
than the rate of the hydrolytic chelate ring opening, with the
exception of the highest oxidant concentration. The rate
constants for the second Cr—S bond cleavage and the second
oxidation stage are very similar at 298 K (0.6 M NaOH):
1.4 x 107 s7' (hydrolytic Cr-S bond splitting) and
1.1-2.8 x 1072 s (chromium(III) oxidation). In spite of
similarities between the values of the rate constants in these
two systems, it should be kept in mind that in the absence of
H,0,, the Cr™-S~ bond cleavage takes place, whereas in
the presence of H,O, the Cr'™-S~! bond is broken.

The dependence of ko and konsx on [HO,7] is
described by two different functions, specifically parabolic
(kobs1, Fig. 6) and linear (kqps2, Fig. 7).

The obtained UV-Vis and EPR spectroscopic and
kinetic data are consistent with the reaction mechanism
presented in a simplified form in Scheme 3.

It is assumed that the trans isomer exists in equilibrium
with its cis form. The two neighbouring sulphur atoms are
then oxidized by hydrogen peroxide, and the S™-S ™" bond
is formed to give S,x (where two Cys ligands are trans-
formed into a new ligand Cys’). This oxidation stage
results in a rapid disappearance of the Cr'™-S™" CT band.
The further oxidation steps are preceded by cleavage of the
Cr'™-S~" bonds, resulting in partial dechelation of the Cys’
ligand and formation of the mono- and dihydroxido
derivatives, S,,—OH and S,x—(OH),. These reaction steps
cause changes in the Vis spectrum, namely a blue shift of
the lower energy band, characteristic of formation of a new
chromium(IIl) complex with a higher ligand field strength.
The S,,—OH and S,,—(OH), complexes are reversibly
transformed into Cr'"'—hydroperoxido intermediates: I-HO,
and [-OH-HO, (K;, K5). These equilibria are shifted

Vin 2-
HO Cr’O,

cr'_A H,0, cr'_B ﬂ, crlc — 2 cCr’

[Cr'(0,),1*

Scheme 2 Oxidation of trans(S,S)-[Cr(Cys),]~ by hydrogen peroxide in alkaline medium
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Table 2 Dependence of ks and ks on [HO, ] for oxidation of
trans(S,S)-[Cr(Cys),] ; [OH 1 =06 M, T=298 K, I =2.0M

[HO,™] (M)

10%kgps1 (571 10%kgpe2 (571

0.1 44 +£0.1 1.10 &+ 0.02
0.2 56 +£02 1.37 + 0.03
6.4 + 0.2* 1.26 £+ 0.03*
0.4 9.9 £ 0.6 1.73 £ 0.02
0.6 17+1 2.28 £ 0.08
0.8 35+2 2.62 £ 0.04
1.0 68 + 3 277 £ 0.01
* Obtained from data collected in the visible range
10%kops1 = (0.3 + 3) + (63 * 6)[HO, ] o
6 .
o (]
2
2 F
L]
L[]
O L 1 L 1 L 1 L 1 L J
0 0.2 0.4 0.6 0.8 1

[HO," 1, M

Fig. 6 Dependence of kqps; on [HO, ] for the trans(S,S)-[Cr(Cys),]™
oxidation

4 - 10%Keps> = (0.98+ 0.09) + (1.9+ 0.2)[HO; 7]

3 -1
10% Kgps,s S
N

0 0.2 0.4 0.6 0.8 1
[HO, I, M

Fig. 7 Dependence of ks, on [HO, ] for the trans(S,S)-[Cr(Cys),] ™
oxidation

towards the hydroxo species, which is consistent with the
linear kgns» versus [HO, ] dependence. The c[HOz_]2
term, in the expression describing the dependence of kgps;
on [HO, 7], can be rationalized assuming involvement of
two HO, ™ ions in the synchronic oxidation of Cr'" — Cr"
and ST - SH, where one HO,  ion is in the inner
coordination sphere and a second, free HO, , interacts
with the coordinated sulphur atom from bulk solution.
Chromium(IIT) cannot be transformed into chromium(V) as
long as the coordinated sulphur atom is in a negative

oxidation state. In the subsequent, faster steps cysteine is
oxidized to the hydroxoacid, Cys’’(OH),, and sulphur to
the SO,>~ ion. The final products of chromium(IIl) oxi-
dation are the metastable [Cr(02)4]37 complex and CrO427
jon, as also proposed for the mer-[Cr(pic)s]® system. Our
suggestions concerning redox transformations of the cys-
teine ligand are based on the data given in Sharma’s
monograph [32] and references therein.

Formation of S,,—OH (k;) and S_,,—(OH), (k,) is the
rate-limiting steps for the overall redox process at H,O,
concentrations much higher than those applied. Under the
conditions applied in this study, the rate constants of the
electron transfer (ke and k.,’) and equilibrium constants (K
and K,) determine the rate of chromium(V) and chro-
mium(VI) formation. The slope of the plot in Fig. 7 is the
product of the equilibrium constant K, and first-order rate
constant k.., whilst the ¢ parameter in the parabolic
function (Fig. 6) is the product of the equilibrium constant
K, and second-order rate constant k.

Bicarbonate media

Oxidation of chromium(III) complexes in media other than
strongly alkaline ones requires the presence of HCO;z;™
anions. Equilibria in the HCO3; -H,0,—H,0 system are
shown in Scheme 4.

No data on the equilibrium constants describing the
carbonate—hydrogen peroxide system have been found in
the literature. Hence, [H,0O,], and [NaHCOs], as used in this
paper denote the total concentrations of hydrogen peroxide
and bicarbonates, independent of their chemical form pre-
sent in the HCO3; -H,0,-H,O system (see Scheme 4).

Formation of the final chromium(IIl) oxidation product,
i.e. the Cr042_ anion, has been monitored from the elec-
tronic spectra in the UV region (Figs. 8, 9). The values of
the Anax at 372 nm indicate practically complete conver-
sion of the chromium(IIl) complexes into CrO,*~ ion. No
EPR signal was observed during the oxidation process of
the mer—[Cr(pic)3]0 isomer over the whole [H,0,]; range
applied. In contrast, chromium(V) was detected at the initial
stage of the trans(S,S)-[Cr(Cys),]™ oxidation (Fig. 10).

The absorbance versus time data collected for the cys-
teine complex oxidation can be satisfactory reproduced by
a double exponential consecutive first-order A - B — C
reaction pattern (Fig. 9b), whilst for the picolinato system a
good fit was obtained using a simple A — B reaction
model (Fig. 9a).

mer-[Cr(pic)3]0
Values of the pseudo-first-order rate constants, kops,

obtained for the mer-[Cr(pic)3]O isomer oxidation are pre-
sented in Table 3.
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trans-[Cr"(S™,N,0-Cys),]”
(trans-S)
rapid

cis-[Cr"(S™ N,0-Cys),]

. Hozi rapid (cis-S)

cis-[Cr"(S™-S™ N,N,0,0-Cys')]*

i (Se)
+H,0 | k,

[Cr'(S™,N,N,0,0-Cys')(H,0)]*

+ OHi rapid (SOX_HZO)

+HO,”
[CI'I”(S_|,N, N,O, o_CySl)(OH)]O - [Crlll(S‘|’ N’ N’ O, O—Cys')(HOQ)]O

1

+H,0 i K, (Sex~OH)

[Cr'(N,N, 0,0-Cys')(H,0)(OH)]°
+0Hi i (S,~H,0-OH)

+HO,
[Cr'(N,N,0,0-Cys')(OH),]T === [Cr"(N,N,0,0-Cys')(OH)(HO,)]
(-OH-HO,)

2

(So=(OH),)

+HO,”

cr'o,”
Cys'(OH), _,, HO, ¢
B +80,% +Cr fast
! [Cr(0,),1*

(I-HO,)

Ko

Scheme 3 Proposed mechanism of the oxidation of frans(S,S)-[Cr(Cys),] by hydrogen in NaOH

0

COyaq) HOO—b—on
pK =64 ﬁ
. I

HCO, [+H) 0, == |Ho0o—C—O0O"
pK=10,3 N
0

CO 2- _ ” _

i s 00—C—0

Scheme 4 Equilibria in the HCO3; —H,0,-H,O system

The data can be rationalized by the simplified reaction
mechanism shown in Scheme 5.

Chelate ring opening and coordination of a peroxocar-
bonato anion are essential for the first reaction stage. For-
mation of an [-HCO, intermediate is described by the
equilibrium constant K;. The presence of a HCO, /CO5>~
ion in the inner coordination sphere of the complex prevents
picolinato chelate ring closure. Intramolecular electron
transfer from the chromium(IIl) centre to the coordinated
peroxocarbonato ligand produces chromium(V), (ko).
Chromium(V) is not accumulated in the system, since pro-
tonation of [Cr(O,),]*~ in solutions of pH ~ 8results in its

@ Springer
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Fig. 8 Spectral changes in the UV range during oxidation of mer-
[Cr(pic)s]%; [Hy05]; = 0.2 M, [HCO;7], = 0.7 M, [Cr'™] = 1.2 x 107*
M, ! = 1 cm; scans every 480 s at 298 K

fast disproportionation or intramolecular redox decomposi-
tion. Direct oxidation of chromium(V) by peroxocarbonates
cannot be excluded either. The pseudo-first-order rate con-
stant (kp) 18 a function of the individual rate constants k;,
k_1, k¢ plus the equilibrium constant K. The limiting case,
at very high concentrations of the oxidant and carbonates,
considerably simplifies this function to give kyps = k.
Therefore, under such conditions the chelate ring opening is
the rate-controlling step.
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Fig. 9 Kinetic traces at 372 nm during oxidation of mer—[Cr(pic)3]0
(a) and trans(S,S)-[Cr(Cys),]~ complexes (b) by H,O, in bicarbonate
mediaat 298 K; [H,0,], = 0.2 M, [HCO;7], = 0.7 M, [CT'™] = 1.2 x
107* M (a) and [CT™] = 1.7 x 107* M (b)

Oxidation of trans(S,S)-[Cr(Cys),]~

An important difference between the picolinato and cys-
teine complexes is observed in the initial reaction phase.
Oxidation of the sulphur atoms, deduced from disap-
pearance of the CT Cr'™-S™" bond at 258 nm, is practi-
cally instant, as was observed for the reaction in NaOH
media (Fig. 5c). An unstable chromium(V) species was
then detected during the oxidation process (Fig. 10). It is
the same [Cr(0,),]°~ anion as observed in NaOH media.
Its concentration reaches a maximum at the very begin-
ning of the reaction and then decreases according to a
simple first-order rate law. The obtained value of the
pseudo-first-order rate constant for the [Cr(0,)4]>~ decay
is (6.78 £ 0.26) x 1073 s~

Oxidation of the Cr'™'-Cys complex by H,0, in NaHCO5
media follows a biphasic A - B — C course and results
in conversion of chromium(IIl) to Cr042_. Values of

Scheme 5 Proposed
mechanism of the mer-
[Cr(pic);]” oxidation by H,O, in
bicarbonate media
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Fig. 10 Changes of the EPR signal intensity generated during

oxidation of

trans(S,S)-[Cr(Cys),];

[Cr']=1.8 x 107* M,

[H,0,], = 02 M, [HCO; ], =0.7 M, I = 1.0 M, T = 298 K

Table 3 Dependence of ks on

[HCO3 ™|, for the mer-

[NaHCOs;], (M)

10%kobs (571

[Cr(pic)3]0 oxidation in 0.2 M 03 0.27 + 0.06

H,O,; T=298K,I=1.0M

(NaClO,) 0.5 0.35 + 0.04
0.7 0.48 4+ 0.06
0.9 0.61 &+ 0.04

Table 4 Dependence of ko and kg, on [HCO;7], for the
trans(S,S)-[Cr(Cys),]~ oxidation by 0.2 M [H,O;], T =298 K,

[NaHCO3], (M)

10%kgps1 (571

10%kgpe2 (571

0.3 20.8 £ 0.1 224 £0.02
0.5 235+ 04 231 £ 0.01
0.7 31.8 £ 0.8 2.97 £ 0.01
0.9 39+ 1 3.40 £+ 0.02

the pseudo-first-order rate constants for both of the chro-
mium(IIl) oxidation stages are given in Table 4.

The data in Table 4 show that the second oxidation stage
is ca. 10 times slower than the first. Moreover, an increase
in bicarbonate concentration accelerates the overall pro-
cess, as also observed for the mer—[Cr(pic)3]0 system. The
values of the ko1 and ks increase by about 100 and
65%, respectively, within the 0.3-0.9 M (HCO; "), range.
Rate measurements performed at 0.5 M (HCO;3; ),
demonstrated practically the same (within 5%) values of
the rate constants within 0.2-0.8 M (H,O,),.

[Cr'(O—pic)(N, O-pic),(H,0)I° % [Cr"(O—pic)(N, O—pic),(HCO,)I”

(S-H,0)

! , (I-HCO,)

et

o = V0,2 + 3 pic”
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[Cr'"(S™ N,0-Cys),]
HCO4i fast S)

[Cr'(S™-S™N,N,0,0-Cys")]"

l (S
+H,0 | k,
, . +HCO, +HCO,”
[CrY(S.N.N,0,0-Cys')(H,0)" ——> [Cr"(S",N,N,0,0-Cys')(HCO,)]’ Heo.
Ki
+Hzol k, (Sox_Hzo) (|—HCO4) . CrV fast
+HCO,” " 0 K, ¢ i
[Cr'”(N,N,O, O—Cys')(H20)2]+ <——= [Cr(N,N,0,0-Cys")(H,0)(HCO,)] ' -
& [CHO)T = crio +
(Sox_(H20)2) (I—H20—HCO4) o 6.8x107°s™ e

Cys"(OH) + SO,>

Scheme 6 Proposed mechanism of the trans(S,S)-[Cr(Cys),]™ oxidation in H,O,—~HCO;5;™ system

The proposed reaction
Scheme 6.

In this mechanism, rapid oxidation of the sulphur
atoms and formation of an S,y precursor are followed by
Cr-S bond cleavage and formation of S,x—H,O (k) and
Sox—(H20), (k;) chromium(IIl) complexes, which subse-
quently undergo anation by peroxocarbonate to produce
I-HCO, (K;) and I-H,O-HCO, (K,) intermediates. In
the subsequent step, electron transfer from chromium(III)
to the coordinated peroxocarbonates generates chro-
mium(V). We assume that oxidation of [-HCO, requires
the participation of an additional HCO,~ ion to prevent
the reverse Cr¥ — Cr'™ reduction by coordinated sulphur
in a negative oxidation state. The next step of the process
is Cr¥ — Cr"! transformation, for which two reaction
paths are observed. The main path involves rapid decay
of chromium(V) not stabilized by peroxido ligands.
The minor reaction path proceeds via the rather inert
[CrY(0,)4]°" anion (6.8 x 107> s at 298 K). This rate
constant is ca. twice higher than the rate constant for the
second oxidation stage (kops2). Decay of the [CrV(Oz)4]37
anion according to a first-order rate expression implies its
intramolecular decomposition. The alternative decay
mechanism, i.e. disproportionation, would require a sec-
ond-order dependence.

Comparison of the rate constants given in Tables 3 and
4 clearly demonstrates a much higher redox stability of the
picolinato than the cysteine complex.

sequence is presented in

Conclusions
Fundamental biological criteria, i.e. low cytotoxicity of the

mer-[Cr(pic)3]0 and  trans(S,S)-[Cr(Cys),] complexes,
qualify them as sources of synthetic biochromium.

@ Springer

Moreover, the fast hydrolytic Cr—S bond cleavage observed
for the cysteine complex generates a chemically and bio-
logically active site in the inner coordination sphere,
making possible its interaction with biological targets.
However, both of these food supplements are quite rapidly
oxidized by hydrogen peroxide, giving CrO,*~ ion in
bicarbonate media, thus producing mutagenic and car-
cinogenic species of chromium in higher oxidation states.
Chromium(V) present in bicarbonate media decays with a
rate comparable to that of the overall redox process, but its
concentration is much lower than that of CrO,>~ during the
overall reaction course. The picolinato complex is much
more redox resistant than the cysteine one. Oxidation of the
chromium(IIl) centre by hydrogen peroxide proceeds via
an inner sphere electron transfer pathway controlled by
hydrolytic chelate ring opening.
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