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The oxidation of D-galacturonic acid by Cr"! yields the aldaric acid and Cr'" as final products when a 30-times or higher
excess of the uronic acid over Cr"! is used. The redox reaction involves the formation of intermediate Cr'V and CrV species,
with Cr'! and the two intermediate species reacting with galacturonic acid at comparable rates. The rate of disappearance
of Cr¥!, Cr'V and CrY depends on pH and [substrate], and the slow reaction step of the Cr¥! to Cr'"' conversion depends

on the reaction conditions. The EPR spectra show that five-coordinate oxo—Cr" bischelates are formed at pH < 5 with

the uronic acid bound to Cr" through the carboxylate and the a-OH group of the furanose form or the ring oxygen of

the pyranose form. Six-coordinated oxo—CrY monochelates are observed as minor species in addition to the major five-
coordinated oxo—Cr" bischelates only for galacturonic acid: Cr¥! ratio < 10: 1, in 0.25-0.50 M HCIO,. At pH 7.5 the EPR
spectra show the formation of a Cr¥ complex where the vic-diol groups of Galur participate in the bonding to Cr". At pH
3-5 the Galur—CrV species grow and decay over short periods in a similar way to that observed for [Cr(O)(a-hydroxy
acid),]". The lack of chelation at any vic-diolate group of Galur when pH < 5 differentiates its ability to stabilise Cr¥ from
that of neutral saccharides that form very stable oxo—CrV(diolato), species at pH > 1.

Introduction

Compounds of Cr'! represent a potential environmental hazard
because of their mammalian toxicity and carcinogenecity.'* The
observation of Cr¥ and Cr'V intermediates in the selective oxidation
of organic substrates by Cr! and their implication in the mechanism
of Cr-induced cancers'>7 has generated a considerable amount of
interest in the chemistry and biochemistry of this element.®'3

We are investigating the possible fate of Cr¥! and Cr" in biological
systems by examining reactions of Cr¥! with low-molecular-weight
neutral'*2¢ and acid?”?° saccharides. Naturally occurring acid sac-
charides are suitable ligands for stabilization of CrY, since they
possess the 2-hydroxycarboxylato and vic-diolato sites for potential
chelation of Cr". Polygalacturonic acid is abundant in the primary
cell walls of plants,*® and galacturonic acid (Galur) is the major low-
molecular-weight metabolite of pectic substances. The determina-
tion of the ability of Galur to reduce or stabilise high oxidation states
of Cr, will contribute to unravel its potential role in the biochemistry
of this metal. The reaction of CrV! with 1.5 equivalents of Galur has
been studied previously by Branca and Micera.?! However, we have
found that when the Galur to Cr¥! ratio is lower than 30, the oxida-
tion product competes with Galur for Cr¥! so that degradation to the
lower homologues occurs. Thus, several competitive reactions con-
tribute to the kinetics and spectroscopic data obtained when Galur/
CrV!' ratios lower than 30 are used. It is then necessary to determine
the ability of Galur to bind and reduce Cr"! and Cr" under conditions
where interference from other reaction products is negligible as
well as to assign the coordination modes of Galur in the CrY species
formed in solution. In this work, we report the study of the redox re-
action of Cr¥! with an excess of Galur (Scheme 1) in acidic medium
and the ability of Galur to coordinate Cr¥ generated in this reaction.

Results
Detection of CrY by EPR spectroscopy

The presence of Cr¥—Galur species can be identified with great sen-
sitivity by EPR spectroscopy, where narrow isotropic signals are
observed in spectra at room temperature. With a modulation ampli-
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Scheme 1 Redox reaction of CrV! with excess of Galur.

tude of 4 G, the EPR spectra of solutions from the reaction between
CrV! and Galur, consist of a major signal (from Cr and other Cr
isotopes with zero spin) centred at g;;, = 1.9785 (Fig. 1(a)), flanked
by a weak quartet from the 33Cr isotope (/ = 3/2, natural abundance
9.5%). With lower modulation amplitude, there is clear resolution
of the central peak into more than one component, as illustrated
in Fig. 1(b) for a modulation amplitude of 0.29 G and [CrV'], = 2—
3 x 10™* M. Changing [Galur] did not affect the spectral resolution.
The intensity of the EPR signal and the period over which CrV spe-
cies could be observed was dependent on the [H]. When a large
excess of Galur over CrV!' was used (=30: 1), either in strongly acidic
conditions (0.2—-1.0 M HCI1O,) or in the 1-5 pH range, the EPR spec-
tra were composed of two triplets at gi,; = 1.9786 (ay = 0.58(3) x
10*em™) and g0, = 1.9784 (ay =0.98(3) x 10* ecm™!), and one
doublet at g3 = 1.9785 (a;; = 0.79(3) x 10* cm™). The presence
of the weak **Cr hyperfine peaks with 4, =17.2(1) x 10 cm™!
demonstrated that each of these components originated from Cr.
These conclusions were also confirmed by performing additional
EPR measurements on solutions from the reaction of Na,*CrO,
with excess of Galur at several pH values.

In addition to the main signal centred at g, = 1.9785, the EPR
spectra of the reaction of 2.0 x 10 M Cr"! with a 10-times molar
excess of Galur, in 0.50 or 0.75 M HCIlO,, showed an additional
weak signal at g, =1.972 (Fig. 1(c)), whose relative intensity
was <10% of the main signal. The signal at g;,, = 1.972 was not ob-
served when the [Galur] : [CrY"] ratio was increased to 20 : 1 or when
the concentration of both Galur and Cr"! were increased.

The EPR spectra of the reaction of 3.2 x 107 M Cr¥! with 0.24 M
Galur in HEPES buffer (pH 7.5), with a modulation amplitude of
1.0 G, were dominated by a signal at gi;, = 1.9793.
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Fig. 1 X-Band EPR spectra from Cr"'+ Galur reaction mix-

tures. (a) Cr'':Galur=1:30, [H']=0.20 M, mod. ampl.=4.0 G;
(b) Cr¥':Galur = 1:1900, pH 3.0, mod. ampl.=0.29 G; (c) Cr'':Ga-
lur=1:10, [H]=0.75 M, mod. ampl.=4.0 G; T=25 °C, [=1.0 M,
frequency = 9.78 GHz.

At room temperature and pH 4-5, the reaction of Cr¥! with glu-
tathione (1: 1 ratio) in the presence of 400- to 1000-times molar ex-
cess of Galur produced CrY EPR spectra identical to those obtained
by direct reaction of CrV! with Galur.

Until now, only Cr¥ species formed with tertiary 2-hydroxy
acids, such as CrV¥(ehba),, CrV(hmba), (ehba = 2-ethyl-2-hydroxyb
utanoato(2—);.hmba = 2-hydroxy-2-methylbutanoato(2—)), without
carbinolic protons coupled to the CrV electron spin, have been fully
characterised by EPR spectroscopy.® In order to have a reference
pattern for the superhyperfine structure (shfs) of the EPR signal of
CrY species formed with secondary 2-hydroxy acid, we investigated
the ligand shfs in EPR spectra of Cr¥—lactic acid and Cr¥—tartaric
acid chelates. The EPR spectrum from a mixture of CrV!, glutathi-
one and lactic acid (1:1:1700 ratio) at pH 4.5 is shown in Fig.
2(a). This could be fitted with two triplets at g, = 1.9788 (ay =
0.53(1) x 10*cm™) and 1.9784 (ay=10.59(1) x 10* cm™), with
3Cr Aigo=17.3(1) x 10% cm™!. Tartaric acid behaved in a similar
way, producing a spectrum composed of two triplets at gi,, = 1.9784
(an=0.49(2) x 10* cm™!) and 1.9782 (ay=0.79(4) x 10* cm™),
with 3Cr 4, =17.2(1) x 10* ecm™' (Fig. 2(b)), at pH 4.5 and
1:1:730 glutathione : CrV!: tartaric acid ratio. The same EPR spec-
trum was obtained by direct reaction of Cr¥! with tartaric acid at this
pH. In HEPES buffer (pH 7.5) the reaction of glutathione and Cr"!
in the presence of lactic acid, did not produce any Cr¥—lactic acid
species that could be detected by EPR.
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Fig. 2 Experimental and simulated X-band EPR spectra from mixtures of
(a) glutathione: Cr¥':lactic acid = 1:1:1700; (b) glutathione: CrV': tartaric
acid = 1:1:700; (c) glutathione : Cr¥': Galar = 1:1:160; 7= 20 °C, pH 4.5,
mod. ampl. = 0.4 G, frequency =~ 9.38 GHz.
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The EPR spectral parameters of Cr¥—Galar species were also
determined, because Galar formed in the oxidation of Galur by
Cr¥! could in principle contribute to the EPR signal observed in the
reaction mixtures. The EPR spectrum (Fig. 2(c)) of the reaction of
glutathione with Cr¥!in the presence of Galar (1:1:158), at pH 4-5,
contained two triplets at gi, = 1.9780 (ay = 0.67 x 10 cm™) and
1.9785 (@ =0.53 x 10™* cm™).

In all of these reactions, the ultimate fate of the chromium was a
Cr'!! species and a typical broad Cr'!' EPR signal centred at g ~ 1.98
was always observed during the later stages of the measurements.

Detection of Cr! esters

Differential UV/vis spectra of mixtures of Cr¥!' and Galur exhibited
two absorption bands with A, = 360 and 387 nm (Fig. 3), consis-
tent with those ascribed to Cr! oxy esters.*3* At pH 6.5, the redox
reaction proceeded slowly with only a small reduction of [CrY']
being observed during the first minutes. Thus, at this pH the ester
formation step can be distinguished clearly from the electron trans-
fer reaction at short reaction times. The intensities of these bands
decreased over 15 min but the spectral pattern was retained. The
absorbance of these two bands increased with increasing concentra-
tion of Galur when the [Galur] was varied at pH = 6.5, probably as
a result of a shift toward the ester in the esterification equilibrium.
Furthermore, the relative intensities of the two bands (Ass0/A357)
varied from 0.5 to 0.8 with increasing [Galur], indicating that they
correspond to two different Cr¥'-Galur species.
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Fig. 3 UV/vis difference spectra of Cr¥'+ Galur solutions at pH 6.5,
showing the increasing bands at 360 and 387 nm with increasing [Galur]:
(a) 0.032, (b) 0.047 and (c) 0.60 M; [Cr']=6.1 x 10* M, T=27 °C,
1=2.0 M. Spectra taken 2 min after preparation of solutions.

Intermediacy of Cr"

It is known that Cr'V oxidises alcohols as a two-electron oxidant to
yield Cr'" and the oxidised organic product.’*=° The participation
of Cr!" in the mechanism of the oxidation of several alcohols by
Cr"V and Cr'! in HCIO, has been demonstrated by conversion to
CrO,*" upon reaction with molecular oxygen.’>° At high [O,] and
low [Cr¥"] the reaction of Cr'"" with O, can compete successfully
with the reaction of Cr!! with Cr'! and the autocatalytic consump-
tion of CrO,?* by Cr'l, and if formed, Cr'" should yield the CrO,**
product.?3%4 We examined the presence of intermediate Cr'' in
the reaction of Galur with Cr¥!, by monitoring the formation of
CrO,*, using a [Cr"], lower than employed in the kinetic studies.
A periodic scanning of the O,-saturated solution (1.26 mM O,) of a
Cr¥'+ Galur reaction mixture in 2.0 M HC1O, showed two absorp-
tion bands at 290 and 247 nm characteristic of CrO,?* (Fig. 4). These
spectroscopic results reveal that Cr"! forms in the redox reaction, and
can be taken as evidence that Cr'V is implied in the redox mechanism
of the reaction between Cr¥' and Galur.

Rate studies

The reaction of Galur with CrV!in the 1.0-0.2 M HCIO, used in ki-
netic measurements, produced an absorbance band at 350 nm and a
shoulder at 420-500 nm, characteristic of Cr"! in acidic medium, in
the time-dependent UV/vis spectra. Rate constants were calculated
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Fig. 4 Formation of CrO,?>" (. 290, 249) from the reaction between

42 mM Galur, 1.26 mM O, and 0.045 mM Cr"), in 2.0 M HCIO,, at
T'=20 °C. Spectra recorded every 3 min over a period of 20 min.
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from the absorbance data obtained at 350 nm, and then confirmed
for a number of [Galur] and [H*], at 420440 nm. The decrease in
absorbance with time was not monophasic. Since it is known that
Cr¥ and Cr'v species absorb at 350 nm and may, therefore, super-
impose on the Cr¥! absorbance, Cr¥ and Cr!V contributions have to
be taken into account when interpreting absorbance decay values,
especially when the CrV!, Cr'V and CrV decay rates are similar.*!

In the redox reaction between Cr"! and Galur relatively long-
lived CrV species were observed in the EPR spectra, and CrO,*",
which can be taken as evidence that Cr'Y is involved in the reaction
pathway, was also detected. Therefore, the kinetic profiles for the
Galur/Cr"! system were fitted on the basis of the formation of Cr'v
and CrV intermediate species and the reaction could be adequately
described by the set of first-order reactions shown in Scheme 2.

kg v k4 Crv‘ k5
CrY' — 3 OV —— | f_t> Ccr¥ — Crl
as

+
cr!

Scheme 2 Cr¥' — Cr'! reduction pathway used to fit the experimental
absorbance data; [ = very reactive intermediate.

Thus, taking into account the superimposition of Cr"!, Cr'V and
CrV absorptions, the absorbance at 350 nm, at any time during the
reaction, is given by:

ASSO = 8VI[CrVI] + SIV[CTIV] + SV[CrV] (])

Combining eqn. (1) with rate expressions® derived from
Scheme 2, we get:

AP0 = 4,620 4 fgV[CrVTo(e k4 — e 2660)/(2ks — ky) +
keka[CrV"]oe V(e — € 2)/(2ks — ks) +
(e — )/ (ks — ka) 1/ (ks — 2ks) 2

In this equation, &'V and &" refer to the molar absorptivity at 350 nm
of the intermediate Cr'Y and CrY species. The complete set of data
could be fitted with ¢V =2300 M 'cm ' and ¢ = 1800 M' cm™! (at
all [H*]), which are consistent with reported values for Cr'V and Cr¥
species, with the metal bound to O-donor ligands.>*# Parameters
ks, k4 and ks refer to the rate of disappearance of CrV!, Cr'V and CrV,
respectively, and were evaluated from a non-linear iterative com-
puter fit of eqn. (2).** A typical fit of experimental data at 350 nm
is shown in Fig. 5(a).

In order to verify the first-order dependence of rate upon Cr"',
Cr'Vand CrY, the rate constants were calculated for various [Cr¥'], at
constant temperature, [Galur], [H'] and ionic strength. As expected,
ks, ky and ks were found to be essentially constant with increasing
[CrYT].

Table 1 summarizes values of kg, k, and ks for various concen-
trations of Galur at fixed concentrations of HCIO,. Plots of k4 vs.
[Galur] at constant [H*] show saturation kinetics (Fig. 6) from
which values of K and kg, were determined. K (2.2 + 0.7 M) is
independent of [H'], whereas kg, shows a second-order dependence
on [H'] given by eqn. (3) (Fig. 6, inset):

Table 1 Observed pseudo-first-order rate constants (ke, ks, k4) for different
[HC1O,] and [Galur]“

[HCIO,/M 0.20 0.40 0.63 0.80 0.97
10[Galur]/M 10%/s™
0.48 0.12(1)  032(1)  0.66(6) L4 2.001)
0.96 027(1)  0.68(4) 1.41) 28(1) 4202
1.44 0422)  1.0(1) 2.0(1) 422)  6.1(1)
1.92 0.60(2)  1.3(1) 2.3(1) 5.1(1) 7.1(3)
2.40 0.773)  1.3(1) 2.4(2) 583) 8.5(2)
10%%st/s™!
0.48 0.53(3)  0.67(6)  0.82(5) 1.0(4) 1.3(1)
0.96 0.70(7)  0.92(8) 1.3(1) 1.7(1) 1.9(1)
1.44 0.89(3)  1.2(1) 1.7(1) 2.4(1) 2.8(1)
1.92 1L.1(1) 1.4(1) 2.1(1) 300 3.5(1)
2.40 1.3(1) 1.7(1) 2.6(2) 35(1) 4602
10%,/s™!
0.48 034(1)  0.54(4)  0.96(5) 1.6(1) 1.8(1)
0.96 0.58(5)  1.2(1) 2.3(1) 4.0(3) 6.7(3)
1.44 Lol 2.52) 4.5(2) 8.1(4)  13(1)
1.92 1.2(1) 3.7(2) 8.1(3) 15(1) 21(1)
2.40 16(1)  5.3(6) 12(1) 21(1) 33(2)

aT=33°C; [Cr'"]y=6 % 10* M; /= 1.0 M. ?Mean values from multiple
determinations. Uncertainty in the last figure is given in parentheses.
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Fig. 5 Curves showing absorbance and EPR signal area vs. time for the
oxidation of Galur by Cr"!, 7=1.0 M. (a) A=350 nm, [Cr¥]=6x 10*M,
[Galur] =3.0 x 102 M, [H]=0.63 M; T=33 °C; (b) A=440 nm,
[CrV1]=3.0 x 107 M, [Galur] =2.4 x 107" M, [H"] =0.40 M, T=33 °C; (¢) Ziso
1.9785, [Cr¥1] =3.0 x 102 M, [Galur] = 0.83 M, [H"]=0.10 M, T=20 °C;
(d) A=570 nm, [Cr¥']=8.0x 10 M, [Galur]=0.94 M, [H"]=0.63 M,
T'= 33 °C. Fitted lines were calculated using eqns. (2), (9) and (11).

ken = kél[H+]2 (3)

with ks = (2.5 £ 0.2) x 1072M2s7!. Consequently, the rate constant
for the Cr¥! consumption is expressed as:

ke = ke [H]?[Galur]/([Galur] + 1/K) %)

At constant [H'], k4 showed quadratic dependence on [Galur]

(Fig. 7) whilst k5 gave straight lines with positive intercept (Fig. 8),
described by eqns. (5) and (6), respectively:

ky = kgno + kypp[ Galur]? 5)

ks = ks + kswo[ Galur] (6)

The parameters kypo (4 =2) x 10*s ") and ksp (4 £ 1) X 104s7)
are independent of [H*]. Plots of k4, and ks, vs. [H'] are shown in
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Fig. 6 Effect of [Galur] on k¢ at 33 °C, /=1.0 M and [H*]: (a) 0.20;
(b) 0.40; (c) 0.63; (d) 0.80 and (e) 0.97 M. Inset: Quadratic dependence of
ke, on [H'].
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Fig. 7 Effect of [Galur] on k, at 33 °C, /=1.0 M and [H']: (a) 0.20;
(b) 0.40; (c) 0.63; (d) 0.80 and (e) 0.97 M. Inset: Effect of acidity on kyp,.
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Fig. 8 (a) Effect of [Galur] on ks at 33 °C, /= 1.0 M and [H']: (i) 0.20;
(ii) 0.40; (iii) 0.63; (iv) 0.80 and (v) 0.97 M. Inset: Effect of acidity on ks;,.

the inset of Fig. 7 and 8, and the dependence of these rate constants
on [H*] is given by eqns. (7) and (8):

kany = kao[H']? @)
ks = ksy + kso[H']? (8)

withky, = (5.7£0.1) x 107" M*s L ks; =(3.2£02) x 103 M s,
ks;y=(1.5+0.1)x 102 M35

The values of kq, k4 and ks obtained at 350 nm were used to
simulate the kinetic traces at 420-440 nm and several [H*], and
excellent fits to the experimental data were obtained using eqn. (2)

(Fig 5(b)).

The values of kg, k, and ks and their dependencies with [H*] and
[Galur] were independently confirmed by following the redox reac-
tion by EPR spectroscopy. The growth and decay of the CrV EPR
signal was monitored in 0.025-0.50 M HCIO,, with higher modula-
tion amplitude (4 G) and [Cr"'], than those used in the qualitative
experiments described above (Fig. 5(c)). The higher values were
required in order to obtain good intensity/noise ratios and hence ac-
curate measurements of signal areas. The EPR data could be fitted
to the expression (eqn. (9)) derived from Scheme 2 for the total CrV
present in the mixture at any time.

Agpr = keha[CrVT UL (e — € 2)/(2ks — ks) +
(e — e M)/(ks = ka)}/(ks = 2ke) ©)

where the parameter U depends on the EPR spectrometer acquisi-
tion conditions (gain, power, modulation, efc.). When the substrate
to CrV' ratio was higher than 30: 1, the values at 20 °C of kg, &, and ks
calculated by eqn. (9) were the same (within the experimental error)
as those obtained from the spectrophotometric data, using eqn. (2) or
calculated from eqns. (4)—(8) corrected for the temperature change.
Even at pH 1.61, the kinetic profiles could be fitted by eqn. (9), for
Galur: CrV' ratios >30: 1. When the Galur: CrV' ratio was <20: 1, the
rate constants deviated from the expected values. A probable expla-
nation is that, when there is only a small excess of Galur over Cr!, the
concentration of Galar in the reaction mixture approaches or exceeds
that of Galur as the reaction proceeds, thus competing with Galur for
reaction with Cr¥!. This results in overall rate constants that are differ-
ent from those obtained with a large excess of Galur, when to a good
approximation it is the only active reductant in the mixture.

The electronic and EPR spectra show that the final Cr species
in the reaction mixture is Cr''. However, Kinetic traces at 570 nm
indicate that at this wavelength, the absorbance grows to intensi-
ties higher than that expected for Cr'! and then decay to the value
expected for Cr'"". The higher intensity of the Cr'!! band may be due
either to the presence of underlying absorption due to intermedi-
ate Cr¥ (or Cr'V) species or to the presence of an intermediate Cr!!
complex, which then decomposes to the final product. For a set of
experiments performed in 0.63 M HCIO, and Galur: Cr¥! ratios of
60-120: 1, the absorbance vs. time curves at 570 nm could be fit-
ted adequately if the absorption of a CrV intermediate species was
considered besides that of Cr'"". Thus, the total absorbance at 570 nm
(As70) at any time is given by eqn. (10).

A570 = SV[CI-V] + glll[crlll] (10)

Combining eqn. (10) with rate expressions derived from Scheme 2
for [CrV] and [Cr'"] present in the reaction mixture, we get:

A0 = gM[CrVT {[1 — €26 — Jg(e 246 — o) ]/(ky — 2ke) +
(Y — MK CrYo[(e 2 — e 51)/(ks — 2kg) —
(e — e ) /(ks — ky)1}/(ky — 2ke) an
The best fits of experimental data were obtained with
V=79 M cm'and e =21 M cm™,>* and a typical fit is shown
in Fig. 5(d). Values of kg, k4 and ks calculated at this wavelength are
consistent with those obtained by using either eqns. (2) or (9). These
results indicate that the intermediate CrY species should be respon-
sible for the growth and decay of the absorbance at 570 nm. Besides,
the kinetics profiles simulated with the parameters calculated by
either eqns. (2), (9) or (11) show that the time of maximum intensity
(fmax) 0f the 437% is very close to the time calculated for [CrV],,, in the
reaction mixture (up to 25% of the total chromium in the solution)
and is coincident with the experimental #,,,, observed by EPR under
the same reaction conditions.

Discussion
Characterization of Cr¥—Galur species

EPR spectroscopy is the most sensitive method for characterising
CrY complexes in solution. The values of the spectral parameters,
Ziso and 4, together with the any proton shfs, are useful for de-
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termining the nature of the bonding of the sugar molecules to the
CrV centre.>!44048 An empirical relationship between the nature and
number of donor groups and the EPR spectral parameters of Cr"
complexes has been established,>*” and five-coordinated Cr" spe-
cies have higher g;;, and lower **Cr 4, values than the correspond-
ing six-coordinated species.’>*4° Assignment of the structures of
the new oxo—Cr¥(Galur) species in the solutions in the present ex-
periments have, therefore, been made on the basis of the isotropic
EPR parameters (g;, and 4, values) and the proton shfs from the
ligand.>#

Itis known that the five-membered CrV chelates are favoured*!-¢-!
and, in addition, Galur is well suited for stabilization of five-mem-
bered CrY chelates since it possesses 2-hydroxycarboxylato and
vic-diolato sites for potential chelation.

For the reaction of CrV!' with Galur, at any [H*] between 1.0 M
HCIO, and pH 5, and ligand to metal ratios >20: 1 (Fig. 1(b)), the
EPR spectra of the intermediate CrY species consist of two trip-
lets with gi,; =1.9786 and gi,, = 1.9784 and one doublet with
Zisos = 1.9785; the *Cr 4;,, = 17.2(1) x 10* cm™' for each species.
The gy, and 4, values correspond to those calculated for five-
coordinated oxo—Cr" complexes with two carboxylato and two
alcoholato donor groups.*’

The shfs of the signals with g;,,, and g, is that expected for two
equivalent carbinolic protons coupled to the CrV electronic spin.
In order to yield the most favoured five-membered Cr¥ chelates,
these carbinolic protons must belong to the a-hydroxocarboxylate
donor site of two bidentate Galur molecules bound to CrY, giving
[CrYO(0°,0%-galactofuranuronate),] . The formation of such a Cr"
bischelate is only possible with Galur bound to Cr" in the furanosic
form. However, in the pH range 2—8, Galur exists in aqueous solu-
tion as an equilibrium between the pyranosic and furanosic isomers,
in about 9: 1 ratio, with the B-anomer being the most stable one.>
Thus, the furanosic form which is the less stable in aqueous solution
is the one preferred in complexation. This finding is similar to that
found in NMR studies of MoO*— and WO*—Galur systems where
the pronounced high frequency shifts for the nuclei at positions 5
and 6 provided evidence for complexation involving the carboxyl-
ate and the adjacent carbinol group as the major species in solu-
tion.”>*3 The different shfs constants for the two triplets indicate that
they correspond to the two geometric isomers of the Cr¥ bischelate
([Cr(O)(03,0¢%-galactofuranuronate),]” (I and II in Fig. 9).

The doublet shfs for the species with gi,; indicates that, in this
oxo—Cr¥(Galur), complex, only one carbinolic proton is coupled to
the CrV electronic spin. This can be assigned to the Cr" bischelate

1 T
2 /Oo . OH "
—Cr==
o7 r - o.,0H o
9) o, ©
HO 0—Cr =0 OH
OH
o
o /5 OH (o] HO
0
H
OH | I
OH T
o o0 o0—<°
HO &,,“C,Qo OH
o -0
HO
o)
OH
OH
I}
+ +
1 Wow ]
o o o O\-C-'/
e Cr 2O OH OH /,r\
\ o) o lw
w w o) 0
HO Ho
OH O o
v \

Fig. 9 Structures of Cr¥ complexes with Galur.

[Cr(O)(Orine,0%-galactopyranuronate)(O?®,0%-galactofuranuronate) |~
(IIT), with one Galur molecule acting as a bidentate ligand through
the a-hydroxocarboxylate moiety of the furanosic form and the
second bound to the CrY at the carboxylato group and the ring oxy-
gen atom of the pyranosic form. This kind of coordination for the
pyranosic form of Galur has also been proposed as an explanation
for a minor species in its complexation of MoO**.%3

Assignment of the EPR signals to Cr¥ monochelates was ruled
out on the basis of the effect of the ligand concentration on the
signal at constant pH. The independence of the spectra on [Galur]
confirms that all the three species have a CrY coordination sphere
saturated with respect to the alduronic acid (i.e. CrV(Galur),).

The fact that the EPR spectra are composed of the same three
species when either very large (1200-7000: 1) Galur to Cr"! ratios
are used or upon addition of Galur to an equimolar glutathione—Cr"!
mixture, eliminates the possibility of one of the three CrY species
being formed by chelation to the oxidation product. This was also
confirmed by experiments where Cr¥ was generated by reaction of
glutathione with Cr'! and then stabilised by addition of Galar at pH
4.5. This reaction mixture yielded two triplets with g, = 1.9780
and 1.9785, corresponding to the two geometric isomers of
[CrYO(0',0*-Galar)], with g;, and/or shfs different from those
observed for the CrV'-Galur system.

In 0.5 and 0.75 M HCIO, and 10:1 ligand:Cr"' ratio,
([Cr'1]y = 2 mM), one additional signal with g, = 1.972 appeared
along with the signal centred at g, = 1.9785. Although the shfs of
this new signal was not resolved, its gj, value and the dependence
of its intensity on pH, [Galur]: [Cr¥'] ratio and [CrV'], affords some
information on its nature. First, the low gi,, value suggests a six-co-
ordinated oxo—Cr" species, possibly [Cr(O)(0O?,0°%-Galur)(H,0);]*
(IV) or [Cr(0)(Orine,0°-Galur)(H,0),]* (V), since the calculated g,
value for a six-coordinated oxo—Cr" species with one 2-hydroxocar-
boxylato donor and three water molecules (1.971) is in reasonable
agreement with the observed g;, value. Furthermore, the fact that
the signal was observed at low [Galur] to [Cr¥'] ratio favours its as-
signment to an oxo—Cr" monochelate, whilst the positive charge is
consistent with its appearance at high [H*].

For the reaction of excess of Galur with Cr'! at pH 7.5, the Cr"
EPR signal appears at g, = 1.9793, a value higher than observed
at lower pH. This g, value corresponds to those calculated for
five-coordinated oxo—CrY complexes with four alcoholato donor
groups.*’ It is known that, at this pH, a-hydroxy acids are not able to
stabilise Cr¥ toward disproportionation, whereas linear vic-diols or
cyclic cis-diols produce Cr¥diolate, complexes that are more stable
in solution.>*® As expected, at pH 7.5, lactic acid, an a-hydroxy acid
with no vic-diolato groups, did not produce any Cr¥—lactic acid EPR
signal when it was added to a glutathione—Cr"' mixture. Several
molecules possessing both the vic-diol (or cyclic cis-diol) and 2-
hydroxycarboxylate groups yield exclusively the Cr¥(diolate), com-
plexes at pH 7.5, whilst the CrV(2-hydroxycarboxylate), chelates are
the major species formed at pH < 5. The shift of the Cr¥—Galur EPR
signal toward higher g;,, values at pH 7.5 implies the formation of a
CrY complex where the vic-diol groups of Galur participates in the
bonding to CrY. Given the marked preference of the CrO3* ion for
binding to cis- rather than trans-diolato groups of cyclic diols, the
Cr¥ species formed at pH 7.5 in the reaction of Galur with Cr¥' can
be assigned to [Cr(O)(cis-03,0%galactopyranuronate),|.'* Similar
behaviour was observed with the galactonic acid (Gala)-CrY and
Cr¥—quinic acid systems, where at pH 7.5, Cr¥ bonding to the cy-
clic-cis-diolato groups is preferred.?’-

The lack of chelation at any vic-diolate group of Galur when
pH <5, differentiates its ability to stabilise CrY from that of
galactose' and its derivatives: methyl galactopyranoside,'*
lactose and melibiose,'> all molecules that have been found to
form oxo—CrV¥(diolato), species [Cr(O)(cis-O,0-saccharide),]
(giso = 1.9800-1.9795 and 4;,, = 16.5 x 10* cm™!) at any pH. The
[Cr(O)(cis-0,0-saccharide),]|  species are extremely stable and at
pH 3-5 remain in solution for several months, whereas in this pH
range, the Galur—CrV species grow and decay over much shorter
periods, similar to those of [Cr(O)(a-hydroxy acid),].!



The reduction of Cr¥! by Galur is strongly dependent on pH. Al-
though the reaction is slow at pH > 1, Cr"!is rapidly consumed when
the [H'] > 0.1 M. For this reason, the 0.2—1.0 M [H'] range was
chosen to study the kinetics of this reaction. The time-dependent
UV/vis spectra of the reaction mixture show that the absorbance
at 350 nm and 420470 nm decays with time, while absorbance
at 570 nm increases, without an isosbestic point (Fig. 10). The
lack of an isosbestic point indicates that there are two or more
competing reactions at any time and that in the reduction of Cr"!
to Cr'!! intermediate chromium species are present in appreciable
concentrations.
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Fig. 10 Time evolution of the UV/vis spectra from a mixture of Galur
(0.30 M) and Cr¥' (6.0 x 1073 M) over a period of 1 h; [HCIO,] = 0.20 M;
T =33 °C. Spectra recorded every 2 min; first spectrum taken 11 min after
the reaction started.

Thus, the kinetic traces demonstrate that the reduction of Cr¥! by
Galur is more complex than the reaction with neutral monosaccha-
rides and glycosides.'*!> The kinetic data for reactions of Cr¥! with
aldoses,'* alditols,** aldonic acids?’?’ and methyl glycosides'> could
be fitted with two consecutive first-order steps, but with Galur, the
presence of two different chromium intermediates is required to fit
the experimental data. These two intermediates have absorbance
extinction coefficients similar to those of characterised Cr'V and
Cr¥ compounds.>!%4>5 Formation of Cr¥ and/or Cr'V intermediates
by the redox reaction of Cr"! with the substrate has been observed
previously for a number of substrates.>!!5¢57 The fact that CrO,*" is
detected in the reaction of Galur with Cr"! together with the obser-
vation of relatively long lived Cr¥ species in the EPR experiments,
indicate that both Cr'V and CrY intermediate species are formed in
this reaction. Therefore, the time dependence of the reaction absorp-
tion data at several wavelengths can be fitted with the sequence pro-
posed in Scheme 2. Besides, the curves for EPR area vs. time can be
fitted with eqn. (9) and the first-order rate constants obtained from
these measurements, for Galur: Cr¥! ratios >30:1, in 0.025-0.5 M
HCIO,, agree perfectly with those calculated from the electronic
spectroscopy data.

By taking account of (a) the kinetic results, (b) the polymerisation
of acrylonitrile added to the reaction mixture, (c) the detection of an
intermediate Cr'! ester at high pH, (d) the detection of CrV species
by EPR, (e) the absence of an isosbestic point, (f) the observation
of CrO,**, and (g) the formation of Galar as the only organic reac-
tion product, we are now able to propose a possible mechanism for
the reaction of Galur with CrV%. This is presented in the following
paragraphs.

At the [H'] and [Cr¥"] used in the kinetics studies, Cr¥!' exists
as HCrO, ;> it is proposed that this species is the reactive form of
Cr¥L, which is also in agreement with the first-order dependence of
the reaction rate on [Cr"']. The oxidation of alcohols by Cr"!is pre-
ceded by the formation of a chromate ester.>**! The observation of
the absorbance bands characteristic of chromate oxy-esters around
360 and 387 nm 2 min after mixing Galur and Cr"! under condi-
tions where the redox reaction is slow, indicates that at least two

intermediate Cr¥' complexes are formed rapidly prior to the redox
steps. Thus, the first step of the mechanism proposed in Scheme 3
is the formation of the Galur—CrY' monochelates VI-VIII, which
is also consistent with the saturation kinetics observed for k; with
[Galur]. Several coordination modes are possible for the CrV'-Galur
species, but the complex with the anomeric hydroxyl group bound
to Cr¥! (VIII) is the only redox active intermediate, since the oxida-
tion of Galur occurs only at this position. Complex VIII must also
be in rapid equilibrium with any other linkage isomer (VI, VII)
because the absorbance bands around 360 and 387 nm from the
esters decay with the same rate. The slow step proposed in Scheme
3 for the Cr¥! consumption involves the intramolecular two-electron
transfer within the active CrV'—Galur species (VIII) to yield Cr'Y and
Galar (eqn. (13)). The conversion of intermediate VIII into Cr'v
and Galar requires two protons, so that the redox reaction should
be favoured in acid medium, such as observed. The rate law for the
CrV! consumption derived from eqns. (12) and (13) in Scheme 3
is given by eqn. (18), where [Cr¥']; refers to the total [Cr"'] in the
reaction mixture.
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Scheme 3 Proposed mechanism of the Galur oxidation by Cr! in acidic
media; w = OH,.

—d[CrV")/dt = ke, KV [H P [Galur][CrV'] /(1 + KV [Galur]) (18)

Eqn. (18) agrees perfectly with the experimental rate law (eqns. (3)
and (4)).

The kinetic data indicate that Cr'v formed in eqn. (13) can further
oxidize Galur through two competitive slow steps to yield the redox
products. The &'V determined from the fit of the experimental ab-
sorption data suggests the formation of a Cr'V(Galur), bischelate.*
Therefore, in the scheme, it is proposed that Cr'V reacts with Galur
to form a Cr'V(Galur), bischelate (K'), which can yield the redox
products directly (k,) or in the presence of additional Galur through
an acid catalysed step (ky,). Two different redox products are pro-
posed to form through the two parallel steps of eqn. (14): Cr'! and
the Galur’ radical or Cr'"" and Galar. The first is supported by the
observed polymerisation of acrylonitrile when it is added to the
reaction mixture, while the second, by the formation of CrO,*’, the
product of the reaction of Cr"" with O,, which is taken as evidence of
the Cr'V formation.?>% If Cr'V(Galur), is considered to be the major
Cr'V species present in the mixture, the rate law for the disappear-
ance of Cr'¥ takes the form of eqn. (19), which is in total agreement
with the experimental rate law (eqns. (5) and (7)):
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—d[CrV)/dt = {ky, + kyo[H]*[Galur]?*} [CrV]; (19)

CrV can form by fast reaction of Cr"! with Cr¥! (eqn. (15)) — the
[Cr¥] used in the kinetic experiments is higher than used for the
detection of CrO,**, therefore Cr! can successfully compete with
O, for Cr'' — and, alternatively, by rapid reaction of the Galur" radi-
cal with Cr"! (eqn. (16)). The reaction of Galur” with Cr"! should be
very fast and prevents the detection of the organic radical in the EPR
measurements. The kinetic data indicate that Cr¥ formed in the fast
steps can further oxidize Galur through three competitive slow steps
to yield Cr'"' and Galar as the final redox products. Therefore, on the
basis of the EPR and kinetics results, in Scheme 3, it is proposed
that Cr¥ reacts with Galur to form an oxo—CrY(Galur) monochelate
(KY)) in rapid equilibrium with the oxo—Cr¥(Galur), bischelate
(KY,). These CrV intermediates yield the redox products in the pres-
ence of another Galur molecule, directly (ks, and 4s.) or through an
acid catalysed step (ks,). The Cr¥(Galur) and CrV(Galur), complexes
in eqn. (17) represent several linkage isomers — the structure of the
major ones (I-V) was discussed above — but the selectivity of the
oxidation of Galur requires that the complex with the anomeric
hydroxyl group bound to Cr" should be the redox active CrV spe-
cies. The fact that Galur is oxidised at a higher rate than any of the
aldoses (either pyranoses or furanoses), which are also oxidised at
the hemiacetalic position but form stable oxo—CrY(diolate), species
at pH > 1, suggests that the redox active CrV species could be of
the type [CrV(O)(0',0°-Galur)(0° 05-Galur)]~, with C1-O and the
carboxylate bound to CrY. If Cr¥(Galur), bischelates are considered
to be the major CrV species present in the mixture, oxo—CrV bisch-
elates are the major Cr¥ species observed by EPR spectroscopy for
Galur: Cr"! ratios >30:1 at pH <5, and oxo—Cr¥(Galur) mono-
chelates are only observed as minor species when the Galur: CrY!
ratio < 10 and [H*] > 0.25 M, the rate law for the disappearance of
CrV takes the form of eqn. (20), which is in total agreement with the
experimental rate law (eqns. (6) and (8)):

=d[CrV)/dt = {ks/KY; + (ksp[H]> + kso)[Galur]}[CrV]r  (20)

The first term in the rate law represents the relative redox vs.
substitution rate of the (Galur)CrY monochelate. From eqn. (6) the
value of ks,/KY, (ksp) is 4 X 107 s7!, meaning that the (Galur)Cr
monochelate yields the redox products more than 103-times slower
than reacts with Galur to form the CrY(Galur), bischelate. The
excess of Galur over CrV in all the experiments also favours the
bischelate formation. The redox reaction can still occur at low [H*],
through the acid independent paths (ks, and £s.), such as observed in
the EPR measurements.

Experimental

Materials

o-D-Galacturonic acid monohydrate (Sigma, 98%, mp 161-162 °C),
galactaric acid (Sigma, 95.8%), lactic acid (Baker, 88% aqueous
solution), L-(+)-tartaric acid (Sigma ultra, 99.5%), glutathione (re-
duced form, Sigma, 98-100%), potassium dichromate (Mallinck-
rodt), sodium chromate (Merck), **Cr,O; (Atomic Energy Research
Establishment, Harwell, England, 95%), perchloric acid (A.C.S.
Baker), acrylonitrile (Aldrich, 99%), acrylamide (Sigma, >99%),
sodium hydroxide (Cicarelli, p.a.) were used without further pu-
rification. Water was deionised (purite Select Analyst HP, Thame
Oxon, UK) or doubly distilled over KMnO,.

4-(2-Hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)
buffer (Sigma ultra, >99.5%) was added to adjust the pH value of
the solution to 7.5. Galactaric acid (Galar) solutions of pH 45 were
obtained by dissolving Galar at pH 8 and then acidifying by slow
addition of HCIO, to the desired pH.

For experiments performed in the 1-5 pH range, the pH of the
solutions was adjusted by addition of 0.5 M HC1O, or 1.0 M NaOH.
In experiments performed at constant ionic strength (/ = 1.0 M) and
different hydrogen ion concentrations, mixtures of sodium per-
chlorate solutions and perchloric acid solutions were used. Sodium
perchlorate solutions were prepared from sodium hydroxide and

perchloric acid solutions. The concentration of stock solutions of
perchloric acid was determined by titration employing standard
analytical methods.

CAUTION. Cr'"" compounds are human carcinogens, and Cr”
complexes are mutagenic and potential carcinogens.” Contact with
skin and inhalation must be avoided. Acrylonitrile is a carcinogen
and must be handled in a well-ventilated fume hood.*

Methods

Product analysis. Under the conditions used in the kinetic mea-
surements (excess of Galur over Cr''), Galar was identified as the
only reaction product by HPLC. The chromatograms were obtained
on a KNK-500 A chromatograph provided with a 7125 HPLC pump.
The separation was carried out on a Supelcogel C-610H HPLC col-
umn (300 x 7.8 mm, Bio-Rad Laboratories) using 0.1% v/v H;PO,
as eluent and a flow rate of 0.4 mL min™!, at 30 °C. The effluent was
monitored with a UV detector (115 UV Gilson, 4 =210 nm). The
[H*] of the standard and the reaction mixture samples was adjusted
to 0.1 M by addition of HCIO, and the samples then filtered through
a 0.2 um membrane prior to the injection into the chromatographic
system.

Standard solutions of Galur and Galar were prepared individually
in 0.10 M HCIO, and the chromatographic retention times deter-
mined separately. Two peaks at =624 and 753 s were detected
in reaction mixtures containing 30- to 100-times excess of Galur
over Cr¥'in 0.10 M HCIO,, in addition to the peak from Galur at
t =859 s. The retention times of these new peaks are coincident
with those of a standard solution of Galar. Furthermore, co-chro-
matography of a CrV!+ Galur reaction mixture with added Galar
resulted in the increase of the peaks at 624 and 753 s. Reaction mix-
tures with Galur: CrV! ratios lower than 30: 1 yielded more complex
chromatograms because of further oxidation of Galur.

For the Galur to Cr"! ratios used in the kinetic studies (higher
than 30: 1), neither carbon dioxide nor formic acid was detected as
a reaction product.

Galacturonic acid stability. The stability of Galur under con-
ditions used in the kinetic studies was checked by monitoring the
optical rotation changes using the sodium D line on an JENA po-
larimeter with thermostated 20 cm tubes. Previously thermostated
reactant solutions were transferred into the cell immediately after
mixing and the optical rotation was recorded at different time in-
tervals after the preparation of the solutions. The specific rotation
found at different times [a]*’, =+97.2+0.5 (¢=10 g/100 mL,
aqueous solution, = 5 min), [a]*’, = +50.5 £ 0.5 (¢ = 10 g/100 mL,
aqueous solution or 1.0 M HCIO,, ¢ = 24 h) are consistent with lit-
erature values.®! Equilibrated a/f-D-galacturonic acid solutions
were used in the kinetic measurements.

The stability of Galur was also monitored by HPLC. Chromato-
grams recorded after incubation of the standard sample in 2.0 M
HCIO, (higher than the highest [H*] used in the kinetic measure-
ments) at 40 °C during 48 h, were identical to those of the freshly
prepared sample.

Polymerisation test. Polymerisation of acrylonitrile was in-
vestigated during the reaction of Galur with Cr'! as a test for free
radical generation. In a typical experiment, 0.5 mL of acrylonitrile
was added to a solution of K,Cr,0; (2.4 mg, 8 x 1073 mmol) and
monohydrate Galur (25.5 mg, 0.12 mmol) in 3 mL 0of 0.63 M HCIO,
at 40 °C. After a few minutes, a white precipitate appeared. Control
experiments (without K,Cr,0; or reductant present) did not produce
the precipitate. Possible reactions of Cr¥ and Cr'V with acrylonitrile
were tested with Na[Cr¥O(ehba),] and [Cr'VO(ehbaH),].#** No pre-
cipitation occurred on mixing the Cr¥ or Cr'Y complexes with acry-
lonitrile under the conditions used in the Cr¥! + Galur reaction.

Spectrophotometric measurements. Kinetic measurements
were made by monitoring absorbance changes on a Jasco V-530
spectrophotometer with fully thermostated cell compartments. The



reactions were followed under pseudo-first-order conditions, using
at least a 30-fold excess of Galur over Cr¥!. Reactant solutions were
thermostated prior to the experiment and transferred into a cell of
1 cm path length immediately after mixing. Measurements were
made at 33 °C unless stated otherwise.

Disappearance of Cr¥! was followed by monitoring the absor-
bance at 350 nm until at least 80% conversion. In most experiments
the initial concentration of Cr"! was 6 x 10# M whilst the Galur
concentration was varied from 0.03 to 0.30 M. The observed rate
constants (kg, k4 and ks), were deduced from multiple determinations
and were within +10% of each other. The rate constants obtained at
350 nm were used to fit the absorbance changes at 420-440 nm. The
goodness of fits at these wavelengths were used to corroborate the
rate expressions used to obtain the rate constants at 350 nm.

At the end of the reaction of 8.0 x 10 M Cr"! with excess Galur
in 0.20-1.00 M HCIO, at 33 °C, two d—d bands at A, =415 and
570 nm, attributable to the octahedral *A,, — *T), and *A,, — T,
transitions of Cr'! in O, symmetry,®> were observed in the electronic
absorption spectrum. The formation of Cr'"" at 33 °C was monitored
by following changes in the 570 nm absorption band. In these
experiments, the [Cr¥!], was kept constant at 8 x 10> M and the
[Galur] was varied between 0.48 and 0.94 M, in 0.63 M HCIO,. Rate
constants obtained at this wavelength are in agreement with those
calculated from data at 350 nm for these experimental conditions.

The possible formation of Cr!! was examined by periodic scan-
ning of solutions of Galur (0.114 M), Cr'!' (1.6 x 10> mM) and
0.40 M HCIO, in air-saturated ([O,] = 0.26 mM) and oxygen satu-
rated ([O,] = 1.26 mM) solutions. Under these conditions, the band
at 350 nm decreased in intensity over a period of 20 min, while new
bands at 290 and 249 nm appeared. The new bands were attributed
to CrO,*, formed as a long-lived intermediate.

Chromate esters were investigated by UV/vis spectrophotom-
etry in the 350-400 nm region in which they show characteristic
absorption bands. Reactions were performed at pH 6.5 (HEPES
buffer), a pH where the redox reaction is slow enough to enable the
observation of the ester formation. The instrument was zeroed to
an arrangement of the reference and sample beams passing through
matched cuvettes, both containing 6 x 10™* M Cr"! at pH 6.5. The
solution in the sample cell was replaced with the reaction solution
containing 6 x 10* M Cr"! and 0.03—0.06 M Galur at pH =6.5,
I=2.0Mand T=27 °C. Spectra obtained within 30 min after mix-
ing revealed two distinct absorptions at 360 and 387 nm.

EPR measurements. The EPR spectra were obtained with a
Bruker ESP 300 E computer controlled spectrometer operating
at X-band frequencies (~9 GHz). Microwave generation was by
means of a klystron (ER041MR) and frequencies were measured
with a built-in frequency-counter. Spectra were recorded as first
derivatives of the microwave absorption in 1024 points at ambi-
ent temperature (20 =1 °C) using 8 mW microwave power and
100 kHz modulation frequency. Various modulation amplitudes
are indicated individually in the text. g-Values were determined
by reference to diphenylpicrylhydrazyl (DPPH) (g = 2.0036) as an
external standard.

All of the EPR spectra were simulated using the PEST WinSIM
program® assuming 100% Lorentzian line shapes. The spectral
parameters for each CrV species were similar in all simulations,
with maximum deviations of £0.0001 in the g, values. Values
for a;,("H) were included in the simulations only when they were
greater than the line width of the Cr" species.
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