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ABSTRACT

This review describes the characterization of Cr¥ complexes formed with O-donor chelate ligands employing
solution EPR spectroscopy. The discussion is particularly focused on Cr¥ complexes formed with neutral and
acid saccharides, although Cr’ complexes of 2-hydroxyacids and 1,2-diols are also described. The review
emphasizes the pH dependence of the Cr¥ speciation and the intramolecular competition of different functional
groups and different orientations within the same functional group of saccharides for binding Cr".

INTRODUCTION

CrVis a potential hazard both in a biological and an ecological context [1,2]. The observation of
Cr¥ intermediates in the selective oxidation of organic substrates by Cr' and their implication in the
mechanism of Cr-induced cancers [3-5] has generated a considerable amount of interest in the chem-
istry and biochemistry of this Cr oxidation state [6-9]. The reduction of Cr¥ occurs with a wide variety
of biological reductants [10-15]. The major coordination sites involved in Cr binding are hydroxo,
alcoholato, carboxylato, and thiolato donors groups [2,14]. Five-membered, O-donor, chelate ligands,
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such as 1,2-diols and 2-hydroxy acids, are effective as non-enzymatic reductants and chelates for high
Cr oxidation states [1,14,16]. The Cr" speciation is pH dependent and the dependence of the forma-
tion of Cr¥ complexes with different ligands types is likely to be important with respect to their bio-
logical activities. In particular, the knowledge of the Cr" speciation at low pH values has relevance with
respect to phagocytosis of insoluble chromates, where the pH of the vacuole becomes more acidic
(pH = 4-5), and to the transport of Cr¥ in soils [1-3]. The interaction with soil components facilitates
the transport of chromium from chemical dumps to the environment through the formation of solu-
ble and stable hypervalent chromium species contributing to the environmental pollution [3]. Carbo-
hydrates constitute 5-20% (average 10%) of soil organic matter and they constitute more than 50%
of dry matter in plants [17]. Because of their potential biological relevance, it is important to know the
ability of saccharides to reduce or stabilize hypervalent Cr.

This review is centered mainly in the studies conducted in our research group and our resuits
are discussed in the context of our own research and those of other laboratories. The review describes
the Cr¥ species formed by reaction of Cr* with diols, 2-hydroxyacids, alditols (ald-ol), aldoses (ald),
deoxyaldoses (dald), glycosides (gly), disaccharides, aldonic (alda) and uronic acids, at room tempera-
ture, as well as Cr" species generated (a) in the reaction of Cr” with cysteine (cys) or glutathione (GSH)
stabilized by the presence of excess of saccharide, and (b) in the ligand-exchange reaction between
the saccharide and [Cr'O(ehba),]".

2. CHARACTERIZATION OF CRY BOUND TO O-DONORS CHELATE LIGANDS
2.1 EPR spectroscopy of Cr'

The most common mean of characterizing Cr complexes in solution is EPR spectroscopy, where
strong isotropic signals are observed at room temperature in X-band spectra. Typical Cr' EPR spectra
exhibit a single narrow signal (1-5 G) centered at g, ~ 1.98 with four weak 53Cr (9.55% abundance,
| = 3/2) hyperfine peaks. In the case of Cr'-alcohol species, the central signal can be further split by
superhyperfine (shf) coupling with the carbinolic hydrogen atoms ("H ai ~ 0.4 — 1.0x10* cm™). An
empirical relationship between the nature and number of donor groups and the EPR spectral param-
eters of Cr¥ complexes has been established [18]. Five-co-ordinate Cr¥ species show higher gis, and
lower >3Cr A, values than the corresponding in six-co-ordinate species [18-20]. The assignment of
the structures of new oxo-Cr" species in solution can then be made according to the isotropic EPR
parameters (g, and A, values) and the shf pattern of the signal [21-22]. The criteria for assigning the
structures of the species described below rely on a number of independent observations. These in-
clude: a.- the [substrate] and [H'] dependences of the EPR signals resulting from the ligand-exchange
reactions of Na[Cr'O(ehba)s] or from chelation of Cr¥ generated in the reaction of Cr" with GSH or
cys; b.- the [H*], [ligand] and [Cr"'] dependences of the EPR signal intensities for the cr’ complexes
formed during the Cr' + substrate reaction and c.- empirical correlations between the known struc-
ture of Cr¥ complexes and their EPR parameters. Together they provide evidence for the structure of
the Cr¥ complexes corresponding to the EPR signal.

2.2 Alditols

Polyols usually form weak complexes with metal cations. However, in order to compete with water
molecules for the occupancy of the first co-ordination sphere of a metal cation, these acyclic ligands
must posses some pre-organization and contain particular spatial arrangements of the ligating groups
[23]. The threo arrangement of two vicinal hydroxy groups is particularly suitable for the complexation
of hypervalent metal cations, which reinforces the CrO* preference to form five-membered Cr" chelate
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rings [24-26). The redox and complexation chemistry of Cr'alditol systems has been recently exam-
ined [27]. When an excess of alditol over Cr"' is used, the secondary OH groups of the substrate are
inert to oxidation and alditols are selectively oxidized by Cr"' at the primary OH group to yield the
aldonic acid as the only oxidation product. The reaction involves a ¢ = ¢r¥ = ¢ reduction path
and the relative rate of the Cr'/Cr¥ and Cr¥/Cr" steps depends of the [H*]. At [H*] > 0.1M the crVicrY
step is rate determining, while at pH > 1 the rate of the Cr'/Cr" reduction is the slow step.
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FIGURE 1. X-band EPR signal of solutions of glc-ol and cr'. (@) glc-ol:Cr' = 10:1, pH = 5, mod. ampl.
=0.4G; (b) glc-ol:Cr' = 20:1, pH = 2, mod. ampl. = 0.4 G; (¢) glc-ol:Cr" = 10:1, [H*1 = 0.1
M, mod. ampl. 1.01 G. T = 25°C, frequency = 9.7815 GHz. [Cr] = 2.5 x 10° M.

Cr' generated by redox reaction of Cr" with the alditol, is stabilized by the excess substrate or by the
oxidation product (alda) and an estimation of the crY species formed in the reaction can be made at
different pH, [Cr*'] and [ald-ol], according to the shf pattern and the isotropic EPR parameters [27].
The gic and Ai, values reveal that five- and six-co-ordinate oxo-Cr¥ complexes are formed depending
on the [H*]. At pH > 2, only five-co-ordinate Cr' species form (g, = 1.9799, A, = 16.5x10% cm™),
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intramolecular redox reactions are very slow and the Cr’ complexes remain in solution several days to
weeks (Figure 1-a).

It is known that in Cr¥-diolato complexes formed with linear diols all the protons are equivalent
in isotropic EPR spectra [28-29]. The shf structure of the EPR signal at gis, 1.9799 (quintet) indicates
that the five-coordinate oxo-Cr’ complexes formed with excess ald-ol involve metal binding to four
secondary alcoholate donors, belonging to the vic-diolate donor sites of two bidentate ald-ol bound
to CrV ([CrO(0, O-ald-ol), ], type A complex, Figure 2). Itis interesting to note that the more stable oxo-
Cr complexes do not involve Cr' coordinated to the primary hydroxyl group. Besides [CrO(O, O-ald-
ol),]', a second type of oxo-Cr” bis-chelate (g, 1.9787) appears at pH 1-2 (Figure 1-b). The spectroscopic
EPR parameters correspond to oxo-Cr¥ species formed with the oxidation product (alda), with co-
ordination occurring via the 1-carboxylate-2-hydroxy donor groups, [CrO(O’,0%-alda),] (type B com-
plex, Fig. 2)). At [H"] 2 0.1 M, positively charged six-co-ordinate Cr¥ monochelates (gio = 1.9719, Ao
= 20.0, type C complex, Figure 2) form and are the dominant Cr” species in solution (Figure 1-c).

2.3. Cyclic diols

The EPR studies of cyclic diol-Cr¥ complexes reveal that the multiplicity of the EPR signal of Cr"-
diolate complexes is dependent upon whether the ligand is cyclically strained or not. The EPR shf
pattern of Cr'-cyclic diols systems was examined for the Cr'-diolato, complexes formed by reduction
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FIGURE 2. Cr’ species formed in the reaction between Cr' and alditols.
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of Cr* by GSH in the presence of cis- or trans-1,2-cyclohexanediol [2,30]. It was observed that the
strain of the six-member ring imparts inequality to the magnetic environment of the protons in the
second co-ordination sphere. Trans-1,2-cyclohexanediol affords a singlet corresponding to [CrO(trans-
1,2-cyclohexanediolato),] (gIso 1.9800), while the cis isomer affords two triplets correspondlng to the
two geometnc isomers of [Cr (O)(cis-1,2- cyclohexaneudolato)z] each with two equwalent Heq cou-
pled to the CrY electronic spin (gis, 1.9799, "H ai, 0.97x10 em™; gigo 1.9796, 'H a,, 0.89x10™ cm )
(Figure 3) [30]. The different EPR shf pattern is explained considering that when protons lay in the cr-
ligand plane there is a maximal overlap between the proton orbital and the Cr orbital containing the
unpaired eIectron density [21]. In the EPR spectral simulations, values for 'H ai, are included only
where the 'H ai, value is greater than the LW (line width) of the Cr¥ species, since the signal is not
significantly affected where the 'H aj,, value is < LW. Consequently, the singlet observed for the trans-
isomer means that the two carbinolic protons are very weakly coupled to the Cr¥ electronic spin
resulting in a H ai < LW.
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FIGURE 3. X-band EPR spectra of mixtures of (a) GSH:Cr':trans-1,2-cyclohexanediol = 1:1:10000,
frequency = 9.7743 GHz., mod. ampl. = 0.4 G; (b) GSH:Cr":cis-1,2-cyclohexanediol =
1:1:10000, frequency = 9.7739 GHz., mod. ampl. = 0.2 G. [Cr'=0.25 mM, pH 7.5.

The study of Cr¥-diolato complexes formed by reduction of Cr* by GSH in the presence of cis-
or trans-1,2-cyclopentanediol extends the analysis of the EPR shf pattern to Cr'-diolate species formed
between Cr” and five-membered ring 1,2-diols {22]. Unlike Cr complexes formed with cis- and trans-
1,2-cyclohexanediol, 1,2-cyclopentanediols afford [CrO(cis-1,2-cyclopentanediolate),]” and [CrO(trans-
1,2- cyclopentanedlolate) I with indistinguishable EPR spectral patterns (Figure 4) corresponding to
two Cr¥ components split by non equivalent carblnohc protons coupled to the Cr" electronic spm one
Cr¥ component (gi, 1.9803/4, Ao 15.9x10* cm™) with two “pseudo-equatorial” protons (H ai
0.84, 0.81x10™ cm™' (cis-diolate) and 0.84, 0.76x10“ cm™ (trans-diolate)) and two protons disposed
at angles in between the “pseudo-axial/equatorial” orientations, and a second CrY species (gio 1.9798/
99, Aix, 15.9x10™ cm™") with two “pseudo-axial” protons ('H aig, 0.41, < LW (cis-diolate) and 0.47,<
LW (trans-diolate)), and two protons protruding at intermediate angles. Low modulation amplitude
and very large (5000 times) excess of diol over Cr" are required for the shf pattern of the EPR signal of
the Cr'-1,2-pentanediol species resolves [22].
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FIGURE 4. X-band EPR spectra of mixtures of (a) GSH:Cr":trans-1,2-cyclopentanediol= 1:1:5000,
[C] = 1.0 mM, frequency = 9.7620 GHz., mod. ampl. = 0.4 G; (b) GSH:Cr"cis-1,2-
cyclopentanediol = 1:1:5000, [ = 0.5 mM, frequency = 9.7634 GHz., mod. ampl. =
04 aG.

It results evident that the [Cr¥(O)1,2-cyclohexanediolate),] system differentiates the axially
and equatorially disposed carbinolic protons, and consequently, the resulting shf coupling corresponds
to the maximal and minimal values expected for the 'H coupled to the CrY electronic spin; while the
strained bi-cycle arising from the two fused five-membered rings in [crox ,2-cyclopentanediolato),]’
yields isotropic EPR spectra corresponding to the average conformations of two geometric isomers in
which all the carbinolic protons are non equivalent.

For either the 1,2-cyc|opentanedioI/CrV or 1,2-cyclohexanediol/Cr" systems, it was found that cro®
shows a marked preference for binding to the cis- rather than the trans-diot groups of the cyclic diol
[22,30].

2.4. Methyl glycosides

The preference of CrO** for binding cis- rather than trans-diol groups was confirmed by experi-
ments where Cr’ was generated by reaction of Cr' with cys in the presence of excess of methyl
glycoside and in the ligand-exchange reaction of the glycosides with [Cr'O(ehba),] [31-32]. It was
observed that at pH 5.5 and 7.5 an EPR signal appears when excess methyl D-galactopyranoside
(gal1Me) or methyl D-mannopyranoside (man1Me) is added to a cys:Cr”' equimolar mixture but not
upon addition of excess methyl D-glucopyranoside (glc1Me) or methyl D-xilopyranoside (xil1Me). The
potential binding modes in these cyclic glycosides to afford five-membered CrY species are the 2,3-cis-
and 3,4-trans-diolato moieties in man1Me, the 2,3-trans and 3,4-cis-diolate moieties in gal1Me, the
2,3-trans and 3,4-trans-diolato moieties in glctMe and the 2,3-trans-diolate moieties in xil1Me. The
observation of the EPR signal only for man1Me and gal1Me evidences the higher ability of the cis vs
the trans-diolate for binding Cr". This result was taken as the base for the interpretation of the EPR
spectral features of man1Me and gal 1Me/C r¥ mixtures in terms of Cr'-diolate species involving mainly
binding through 0%,03-man1Me and 0% 0% gal1Me. The contribution to the EPR signals from other
species, involving 0, 0%man1Me and 0%,0%-gal1Me, was considered to be small or negligible.

A low intensity EPR singlet at gi, 1.9792 is observed at the early stages of the ligand-exchange
reactions of [Cr'O(ehba),]” with xil1Me and glc1Me in HEPES buffer (pH 7.5) with the g, value and
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multiplicity expected for [CrYO(ehba)(trans-0,0-sugar)]” (geaic 1.9791) [32]. With time, this singlet is
replaced by another weak singlet at gis, 1.9799 due to [CrVO(trans-0,0-gly1Me),] (gealc 1.9800). The
relatively poor ability of the trans-diolato groups to bind Cr¥ means the disproportionation of
[Cr'O(ehba),] (which is fast at pH 7.5) [9] occurs much faster than the ligand-exchange reaction with
the result that the [Cr'O(ehba),]” EPR signal quickly disappears and only a very weak [cr'o(o,o-
gly1Me),] signal is observed in the final spectrum. Similarly, the [CrYO(0,0-gly1Me),] EPR signal is
not observed for the Cr'/cys reaction in the presence of excess xil1Me or glc1Me because the cys/Cr
redox reaction [33] is much faster than the Cr'-cys ligand-exchange reactions with these glycosides.
From these results it was concluded that kinetic control favors the formation of Cr¥-diolato species of
cis- over trans-diolato moieties of six-membered sugar rings {32].

The Cr¥cys reaction in the presence of excess o-maniMe or a(B)-gal1Me, at pH 5.5 or 7.5,
affords two EPR triplets (shown in Figure 5-a) at giso1 1.9802 and giss; 1.9800/1 (Ao 16.53)x10“ cm’
1 ~50:50 Giso1/Tiso2 ratio). The giso and Aig, values and the shf splitting —the triplet means that two (one
from each chelate ring) carbinolic protons are coupled to the CrY electronic spin- are consistent with
the presence of the two geometrical isomers of [Cr(O)(cis-O,0-gly1Me),] (I-H with man1Me and lll-IV
with gal1Me, Figure 6).32 The formation of [Cr(O)(cis-O,0-gly1Me),]” was found to be faster at pH 5.5
than at pH 7.5, and it was interpreted as the consequence of the faster generation of CrY from the
redox reaction between cys and Cr"' at the lower pH value [33].

Figure S5-b,c show the EPR spectra taken at the beginning of the ligand-exchange reaction of
the methyl glycoside. At pH 7.5, the rapid ligand-exchange reaction of [CrO(ehba),] with excess o-
man1Me or a(B)-gal1Me affords the two geometric isomers of [CrVO(cis-0,0-gly1Me),]” as the final
cr¥ species observed in the EPR spectra in @ ~50:50 Giso1/9isoz ratio. At pH 5.5, ligand-exchange reac-
tions of [CrO(ehba),]” with excess o-man1Me or a(B)-gal1Me are not complete and after 2 h >50% of
the total Cr¥ is [CrO(ehba),]’, while oxo-Cr¥-diolate, species represent ~5% of total CrY. Afact attrib-
uted, in part, to the lower reactivity of [CrO(ehba),]” toward disproportionation and ligand exchange
at the lower pH values.
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FIGURE 5. X-band EPR spectra of mixtures of (a) cys:CrV': amaniMe = 1:1:100, pH 5.5; t = 120
min: (b) [Cr'O(ehba),]:aman1Me = 1:100, pH 5.5, t = 3 min; (c) [Cr'O(ehba),]:aman1Me
= 1:100, pH 7.5, t = 3 min. T = 25°C, frequency = 9.67 GHz, mod. ampl. = 0.2 G.
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Under more acidic conditions (pH < 1), gly1Me reduces both Cr* and Cr¥. Complexation of Cr"
takes place prior to the redox paths, but the distribution of Cr¥ species is rather different than at pH >
5.5. In the reaction of a-man1Me with Cr*', at pH < 1 and a 10:1 o-man1Me:Cr ratio, the EPR
spectrum is composed of a triplet at giso1 1.9800, a doublet at gisp> 1.9798, and three signals with no
shf structure at g3 1.9788, Gisos 1.9746 and gios 1.9716 [31]. The intensity of signals at gies and
Oisos, relative to those of the giso1, Giso2 @Nd Giso3 Signals, increases with higher [H*] and at [H*] > 0.3 M
the signal at gis is the dominant one and is attributed to six-coordinate [CrO(0%, 0%-man1Me)(OH,)s]*
monochelates (g = 1.9724). Among the six-co-ordinate complexes, V (Figure 6) is proposed to be
the precursor of the redox steps. The results show that the formation of positively charged Cr'-
monochelates are favored in acid medium and low glycoside:Cr"' ratios, while the formation of ani-
onic Cr¥-bis-chelates are favored at the higher pH and larger egcoside:CrVI ratios.

2.5. Hydroxy acids

The relatively stable Cr¥-2-hydroxycarboxylato complexes (Na[Cr'O(ehba),] (ehba = 2-ethyl-2-
hydroxybutanoate(2-)) and K[Cr'O(hmba),] (hmba = 2-hydroxy-2-methylbutanoate(2-)) were the first
studied as model compounds of Cr’ biological activity [34-35]. K[CrO(hmbay),] and Na[CrO(ehba),]
have been isolated and their structure determined by X-ray diffraction [36-38]. These complexes have
distorted trigonal bipyramidal coordination geometry, with carboxylate and alcoholate donors oc-
cupying the axial and equatorial sites, and the remaining equatorial site occupied by an oxo ligand.
The stability of these complexes in agqueous solution ranges from minutes to days depending of the
pH but they are very stable in aprotic solvents. EPR and 'H ENDOR studies revealed the presence of
more than one geometrical isomer of these complexes in solution ([Crowo’, Oz-hmba)zl': Qiso 1.9785,
Aiso 17.4x10° cm™'; giso 1.9785, Ao 16.3x10™ cm™. [CrO(0’, O%-ehba),]”: i 1.9784, Ao 17.2x10™
cm™; g 1.9784, A, 16.1x10™ cm™)."%%* Cr¥-hmba, intermediate complexes are also formed in the
Cr'' + hmba reaction in 0.25 - 1.0 M acid solutions, where they rapidly decay to the redox products [40].

K{CrO(ga);]¢H,0 (ga = 1R,3R,4R,5R-1,3,4,5-tetrahydroxycyclohexane carboxylic acid) has been
isolated and the analysis of the XAFS data shows a coordination geometry analogous to that of
K[CrO(hmba),} and Na[CrO(ehba),] [41]. In aqueous solutions of pH < 4.0, K[CrO(qga),]eH,0 gives two
EPR signals (gio 1.9787, A 17.2x107% cm™: gio 1.9791, Ay, 16.4x10™ cm™) which are consistent
with those found for K[CrO(hmba),] and Na[CrO(ehba),] and are assigned to the two geometrical
isomers of the [CrO(0’, O7-qa)2]' linkage isomer [21]. At pH 5.0-7.5, solution EPR spectroscopic studies
show that quinic acid is able to coordinate Cr" by either the 2-hydroxyacid and/or the diolate moieties.
in this pH range, three additional signals appear (gi, 1.9791, 1.9794 and 1.9799) which have EPR
spectral data consistent with the presence of [CrO(0’,07-qa)(0?, 0%-ga)]” and [CrO(0',07-ga)(0* O-
ga)], with [CrO(O’,07-qa)(O’, 0%-qa)] being the major species in solution in this pH range. At pH
values > 7.5, the Crv—qa EPR spectra show two triplets (gis, 1.9800 and gis, 1.9802) which are ascribed
to the geometric isomers of the bis-diol Cr'-ga complex, [CrO(0°, 0*-qga),]". This assignment was sup-
ported by the similarity of the EPR spectral data with those formed in the reduction of Cr' by GSH in
the presence of shikimic acid (sa, 3R,4R,5R-3,4,5-trihydroxycyclohexenecarboxylic acid) which does
not possess a 2-hydroxyacid moie‘(y.21 At pH > 5.5, the EPR spectra reveal that two Cr¥-sa species
forms with gi, 1.9800 and 1.9801, ascribed to the two geometric isomers of [CrO@° 0%-sa),l, with
no alternative linkage isomers present in significant concentrations.

The redox reaction of lactic acid (la) with Cr¥ involves Cr¥ as a redox intermediate [42]. At pH
4.5, the EPR spectra (Figure 7) show two triplets (gio 1.9787, 'H ais 0.52x10* cm™; gis 1.9783, 'H aigo
0.60x10™ cm™") with spectral parameters consistent with those expected for the two geometrical
isomers of [CrO(0’, Oz-la)z]'[43].

Naturally occurring acid saccharides are relevant ligands well suited for stabilization of Cr¥since
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they posses the possibility of 2-hydroxycarboxylato and vic-diolato potential chelate sites for cr. it
was found that five coordinated oxo-Cr’ complexes are formed in the oxidation of galactonic acid
(gala) by Cr*' [44]. The redox reaction occurs through Cr¥'—Cr" and Cr''—»Cr'—Cr" paths. The rate of
reduction of both Cr" and Cr" is first order on [gala] and is catalyzed by protons. Cr¥is formed in a
rapid step by reaction of Cr' with the CO," radical generated in the reaction. The EPR spectra show
that several intermediate [Cr(O)(gala),] linkage isomers are formed in rapid pre-equilibria before the
redox steps. In the 2-6 pH range, the EPR signals are composed of one triplet (gis, 1.9781) and one
double triplet (gis, 1.9788), which have EPR spectral data consistent with the presence of [Croxo’,0*
gala),] (VI Figure 8) and [Cr(O)(OZ("), 03(5)-gala)(07, Oz-gala)]' (VII). The relative proportion of the sig-
nals depends on the pH, but is independent of the reaction time. At pH 6-8, [CrOX0*®, 0*®-gala)(0’, O*-
gala)]” is still present, but the major species corresponds to [CrOx0*®, 03(5)-gala)2]' (VI giso 1.9795,
quintet). At pH 7.4, the last complex represents the 92% of the total Cr¥ in the reaction mixture.
These results show that at the higher pH, the Cr'-diolate binding mode is preferred over the Cr-2-
hydroxyacid coordination mode, such as observed for the Cr'/qa system.

OMe oMe | OMe on I
0 e} R
o o, I fm\‘o o o o, 1 F\“.\o
R O/ No R R O/ No o)
OH OH OH OMe
I 1
- -
OH on ! OH R
MeO. o}
MeO. o, ? RS OMe © O,% 8 \“\WO o
ol !
o /N
o) o Mo 0 0 0 OMe
R R R OH
m v
om 7
MeO OH
w Q W
~¢
a2
0" ~o
v

R = CH,OH, w = water

FIGURE 6. Oxo-Cr’ chelates formed with gly1Me.
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FIGURE 7. X-band EPR spectra of a mixture of la and Cr¥'. T=25°C, pH=4.5 mod. ampl. = 0.4 G,
frequency = 9.3759 GHz. [Cr''] = 4.8 x 107 M. la:Cr"" = 7000:1.

Cr¥ was observed in the reaction between gluconic acid (glca) and Cr" {44,45]. In aqueous
solutions of pH 2 - 6, the ¢ oxidation of glca affords only one Cr¥ species with EPR spectral param-
eters attributable to [CHO)O*®, 0*“-glca)(0’,0°-glca)] [44].

R O, ﬂ \0 6—1- R Ru =

T T I I

O O 0] R o R
VI A\ 11 VIII

FIGURE 8. Five-coordinated oxo-Cr” bis-chelates formed in the reaction between C"and gala.R =
C4HoO4. R = CO,, R” = C3H;03 0r R’ = C30,4H, R” = CH,OH, for the Cr'-0% 0’-gala and
Cr'-0* 0°-gala coordination modes.

EPR spectroscopy was used to monitor the oxidation of D-ribonic acid (riba) by cMat [H] >
0.1M.%* The EPR spectra consist of a single detectable sharp signal at gy, 1.978, attributable to
[C(O)O', 0%-riba),]". At this [H'], the CrY signal grows and decays rapidly with time to yield the broad
c sugnal (giso 1.981) as the ultimate fate of chromium i |n this reaction.

In the reaction of 4-hydroxybutyric acid with ¢, ¢r¥ is not observed [47], a result which
reinforces the fact that the 2-hydroxy-1-carboxylato moiety is the best suited to stabilize cr by form-
ing five-membered chelates.
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2.6. Aldohexoses

In acid medium, aldohexoses are selectively oxidized by Cr"' at the C1-OH hemiacetalic func-
tion yielding the aldonic acid (and/or the aldonolactone) and Cr’* as final products when an excess of
sugar over Cr' is used {48-52]. The redox reaction occurs through Cr*'—»Cr¥—Cr" and Cr'»Cr'—cr"
paths [49-51]. In 0.75 M [H*], D-glucose (glc), D-allose (allo), D-mannose (man) and D-galactose (gal)
are oxidized at comparable rate by Cr" and CrY, specially at high [ald] [49]. The observed rate con-
stants for the reduction of Cr' and Cr” by the aldoses (ks and ks) depend on [H*]. When the excess of
sugar over Cr' is large, ks < ks at high [H*], but the relative values of the kinetic parameters reverse (ks
< kg) at high pH. At pH > 2, the Cr” reduction rate becomes extremely slow and Cr¥ species generated
in the Cr¥ + ald reaction remain in solution for long time [18, 49, 52]. The EPR spectra show that a
mixture of five-co-ordinate oxo-Cr" bis-chelates (i = 1.979, Aio 16.4(3)x10™* cm™") are formed, and
the relative proportion of each species in the reaction mixture depends on the reaction extent for each
particular sugar [49]. For the glc + Cr reaction, the EPR spectra show one triplet at g, 1.9789 and
one quartet at gy, 1.9793, with spectral parameters consistent with those expected for [Cro©O',0%
glca)(cis-O', Oz-glc)]'and [CrO(cis-O’,Oz-gIc)(OZG), 03(4)-glca]'. The man + Cr" reaction affords one tri-
plet at gis, 1.9791 and one quartet at gi, 1.9795, which can be assigned to [CrO(cis-0'@,0%°-
man)(Q’,0?-mana)]” and [CrO(cis-0'?,0°®-man)(0?, 0*-mana] (mana = D-mannonic acid). Allo yields
two triplets at 1.9794 ([CrO(cis-O’(2'3),02(3'4)-allo)2]') and 1.9785 ([CrO(O’, Oz-alloa)Z]’; alloa = D-allonic
acid). In the gal +Cr" system, the two main species present in solution are [CrO(cis-O°,0%-gal)(0*?,0*®-
gala)]” (quartet at g5, 1.9789) and [CrO(OZM), 03(5)-ga|a)2]' (quintet at gis, 1.9796). The observation of
mixed Cr'-ald-alda and/or Cr'-alda, species with the open-chain alda bound to CrY via the vic-diolate
for glc, gal and man, but not for allo (the only observed binding mode for alloa is via the 2-hydroxy-
1-carboxylato moiety- was taken as a point of evidence for the preferential CrY chelation of threo- vs
erythro-diolate moiety.

At [H*] 2 0.1 M, the reaction of Cr¥ with excess aldose affords two or three new EPR signals
(giso 1.974, 1.971 and 1.966) besides the signal at g 1.979 [49,51]. The gi, values of the new species
are consistent with those expected for six-coordinated oxo-Cr’ complexes. The relative intensity of the
CrVEPR signals depends on the [H'], but is independent of the ald:Cr¥ ratio employed, and, at [H*] >
0.75 M, the six-coordinated species are the major ones. The six- and five-coordinated oxo-Cr" species
decay at essentially the same rate, which means that these complexes are in rapid equilibrium and
react at the same rate to yield the redox reactions. Scheme 1 summarizes the observed Cr'-sugar
redox and complexation chemistry. The proposed first step in the scheme is the formation of a six-
coordinated oxo-Cr¥ which can yield either the redox products or the Cr" bis-chelates depending of
the [H*]. When the [H*] is high, the redox reaction —-which is acid catalyzed- is faster than complexation
by a second molecule of the aldose; but as the [H*] decreases, complexation competes favorably with
the redox reaction and five-coordinated Cr" bis-chelates form and stabilize.

) ald ald :
CrY' +ald® — [Crl(0)(alda)]’ [Cr'(O)ald)(alda)] =—= [Cr (ald),]”
alda
ald ald || alda
" + 2alda [Cr'(O)(alda)]

Scheme 1. Redox and complexation chemistry of Cr¥ in the Cr*/aldose reaction
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Five- and six-coordinated oxo-Cr" species are also formed in 50 - 100 % acetic acid solutions of
L-rhamnose and Cr"' (10:1 ratio), with g, 1.978 and 1.973, respectively [53]. In aqueous solutions,
the five-coordinated oxo-Cr” species are observed at Giso = 1.977 (Ao 16.4x10* cm™) and prevail at
pH 3-7 [51]. The six-coordinated oxo-Cr” species have g, = 1.970 and dominate the EPR spectra at
pH < 1.

The reduction of Cr"' by a-D-glucose and B-D-glucose was studied in dimethylsulfoxide in the
presence of pyridinium p-toluensulphonate, a medium where mutarotation is slower than the redox
reaction [48]. The two anomers reduce Cr* and Cr" by formation of an intermediate Cr"' (and Cr¥)
ester precursor of the slow redox step. The equilibrium constant for the formation of the intermediate
chromic ester and the rate of the redox steps are different for each anomer. o=D-glucose forms the
Cr'-glc ester with a higher equilibrium constant than 8-D-glucose, but the electron-transfer within
this complex is slower than for the -anomer. The difference is attributed to the better chelating ability
of the 1,2-cis-diolate moiety of the a-anomer. The EPR spectra show that the a-anomer forms several
five-co-ordinate Cr" bis-chelates with g, 1.9820 (A, 15.9x10* cm™), 1.9785 and 1.9756, while 8-D-
glucose affords a mixture of six-co-ordinate Cr¥ monochelate (gi, 1.9700) and five-coordinated Cr"
bis-chelates (gis, 1.9820, Aig, 15.8x10™ cm™', 1.9789 and 1.9767). The fact that the six-coordinated
oxo-Cr¥ monochelates are observed only when the B-anomer is used was interpreted as evidence for
the binding of the trans-1,2-diolate moiety of the B-anomer vs the cis-1,2-diolate moiety of the a-
anomer. The last affords a bis-chelate easier than the former because of the enhanced ability of the
cis-1,2-diolate to bind Cr”.

Complex EPR signals have been obtained from the ligand-exchange reaction between
[CrO(ehba),] and glc [18]. The resulting Cr'-glc solutions have been analyzed by using Q-, X- and S-
band EPR spectroscopies and partially or fully deuterated glc. The Q-band EPR spectra of Cr'/*Hs-glc-
C solutions were shown to contain at least six Cr¥ species [54].

2.7. Disaccharides

The observation of long lived lactose/Cr" species generated by direct reaction of Cr"' with
lactose in milk contaminated with chromates pointed out the capability of these compounds to stabi-
lize Cr¥ [55]. Further work revealed that disaccharides form stable hypervalent chromium chelates at
pH > 2, while at higher [H*] their oxidation by Cr'/Cr" is favoured [56]. When excess disaccharide over
Cr'is used, the oxidation occurs selectively at the hemiacetalyc C'OH group, with first-order kinetics
on both [Cr*'] and [disaccharide] [56]. The redox and complexation chemistry observed for the disac-
charide-Cr" systems parallels that of aldoses. However, the glycoside moiety can retard the redox rate
of the aglycone when additional binding to Cr" by the glycoside moiety is possible. In the case of
maltose (mal), this effect reduce the observed rate constant to one half of the value obtained for glc
[56]. The relative ability of four disaccharides to reduce Cr", melibiose (mel) > lactose (lac) > cellobiose
(cel) > mal, was attributed to the increasing stability of the intermediate disaccharide-Cr"' chelates
formed with mel through mal. EPR spectroscopy was used to determine the Cr¥ species formed in the
reaction of Cr* with mel, lac, cel and mal or in the reaction of Cr¥ with GSH in the presence of excess
disaccharide, in the 5-7 pH range [56]. The EPR spectral features of disaccharide/Cr¥ mixtures were
interpreted in terms of Cr'-diolato species involving mainly Cr¥ binding through the cis-O',0%-diolato
of mal and cel and the cis-O0',0%diolato and cis-O*,0%-diolato of lac and mel.

n 0.2 M HCIO, the EPR spectra of the reaction between lac and cr¥' show three signals at giso
1.9797, 1.9743 and 1.9715 (Figure 9-a). The signal at gi, 1.9715 is attributed to the positively charged
six-co-ordinate oxo-Cr’ monochelate [Cr(O)(cis-O, O-lac)(H,0)3]" monochelate (IX, Figure 10) and that
at g, 1.9743 to the [Cr{O)O',0*-lactobionato)(H,0)3]* complex (X). The positive charge of these
species is consistent with their appearance at high [H*], and coordination to the oxidized ligand agrees
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(a)

I 1 ! I
1.980 1.975 1.970

(b)

experimental
------------- simulated

I ! I 4 1
1.9825 1.9800 1.9775
giSO

FIGURE 9. X-band EPR spectra of mixtures of (a) Cr'lac = 1:33, [H*] = 0.20 M; t = 6 min, mod.
ampl. =4 G; (b) Cr:lac=1:19,pH=5.0, t=24 h, mod. ampl. = 0.4 G, /=1.0M, T=20
°C, frequency = 9.7 GHz.

with the fact that Cr¥' is a stronger oxidant in more acidic medium. Only the signal at gi, 1.9797
persists at higher pH and could be deconvoluted into two triplets at giso1 1.9800 and gisoz 1.9794 (Ao
(16.5(3)x10™ cm™’, ~50:50 Gis01/gisoz ratio) (Figure 10-b). These EPR spectral parameters are consistent
with those expected for any of the three linkage isomers of the [Cr(O)(cis-O, O-lac),] (XI - Xill). In the
reaction of Cr¥' with mal, the EPR spectra consist of two triplets at gi, 1.9795 and 1.9794, which are
attributed to the two geometric isomers of the [CrO)O', Oz-mal)z]‘ (XII), with mal bound to cr¥ via
the 1,2-cis diolate moiety. The EPR spectra of Cel/Cr¥' reaction mixtures consist.of one triplet at g
1.9793, which corresponds to the [Cr(O)O',0%Cel),]” chelate (XI). In the reaction of Cr" with mel,
the EPR spectra show two triplets at gio1 1.9802 and gio2 1.9798 (~50:50 Giso1/Giso2 ratio), corre-
sponding to different linkage isomers of the five-coordinated oxo-Cr¥ complex [Cr(O)O, O-mel), ] (XI
= XI).

Species X1 — XIIl are also formed when Cr" is generated by reaction of Cr''with GSH (1:1 ratio)
at pH = 5.0 and stabilized by the presence of 10-times excess disaccharide over cr¥' [56). This result
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evidences that Cr' species observed at this pH effectively correspond to Cr" chelates formed with the
disaccharide and not with the oxidized product (aldobicnic acid).

The fact that only Cr'-disaccharide species are formed in the Cr*/disaccharide reaction at pH 3-
7, indicates that the disaccharides are better chelating agents for Cr” than aldoses. The latter are
poorer complexation agents than the corresponding aldonic acids so that Cr¥-ald-alda and Cr¥alda,
bis-chelates are the major species observed in the EPR spectra of the Cr*/aldose reaction mixtures.

2.8. Aldopentoses

The biological relevance of the interaction of Cr” with diolate groups of furanoses was first
pointed out in a work where it was shown that Cr¥ complexation occurred with single ribonucleotide
units but not with the analogous deoxyribonuclectides [57]. This suggested that the cis-diolate group
of the ribose unit was involved in the Cr” coordination. Cr" species formed with ribonucleotides and
with D-ribose 5’-monophosphate have been characterized and yield EPR spectroscopic parameters
(Giso = 1.979 and Ay, = 16.3x10™ cm™') indicative of Cr'-diolato binding [58]. The redox chemistry of
the D-ribose (rib)/Cr"' system has been studied [59]. It was found that the reduction of Cr*' by rib is six-
times higher than that of allo -the aldohexose with the same configuration of C2 and C3-. The fact
that the furanose ring favors oxidation vs complexation processes was interpreted as the consequence
of the influence of the strain-induced instability of the chromate ester on the redox rate. This effect is
enhanced in the reaction between Cr” and the furanose, and can be evidenced when the observed
rate constants for the reduction of Cr" (ks) and Cr"' (ke) by the aldose are compared for the pyranose
and furanose forms. In the chromic oxidation of aldohexoses (pyranose form) in 0.75 M HCIQ,, ks are
no more than 10-times higher than kg [49]; whereas for rib, ks > 100 kg [59]. The higher Kow/Kcomptexation
ratio for the rib/Cr" system, means that intramolecular electron transfer paths are faster within the
less stable hypervalent chromium intermediate complexes.

The reaction of Cr" with an excess of rib, in the 4-6 pH range, yields an EPR spectrum domi-
nated by a single detectable signal (g, = 1.9787, A, 15.7x10°* cm™), corresponding to five-coordi-
nated oxo-Cr¥ complexes. In this pH range, Cr' remains in solution several days. At low modulation
amplitude, the shf pattern partially resolves, and the Cr¥ EPR spectrum results to be a composite of
several Cr" species. Based on the EPR shf spectral pattern derived for the cyclopentanediol/Cr" system
the spectra can be deconvoluted into three signals with spectroscopic EPR parameters consistent with
the presence of the [CH(OXO"?, 0?@-rib)(O", O-riba)] (g, 1.9791 and 1.9792) and [Cr(O)(O’, O%-riba),]
(giso 1.9785) [59].

In [HCIO4] 2 0.1 M, the EPR spectra of the reaction of Cr¥' with excess rib show that six-
coordinated oxo-Cr¥ monochelates (gi, 1.9711) form besides the five-coordinated oxo-Cr" species at
Oiso 1.9787 (Figure 11) [59], and they are the major Cr” species in 0.15-1.0 M HCIO,4. Unlike that
observed for pyranoses, the two Cr¥ signals decay at different rates, and these rates increase with
decreasing pH. Probably, the two types of complexes -five- and six-coordinated observed in the rib/
CrV reaction are formed independently and yield the final Cr" by two parallel paths.

2.9. 2-Deoxyaldoses

The study of the reaction of 2-deoxyaldoses with Cr*' show that the lack of the C,-OH group
favors the redox reactions and reduce the capability of the aldose for binding hypervalent Cr [60,61].
The reaction of 2-deoxy-D-glucose (2dglc) and Cr" results in the formation of two Cr¥ species
with giso 1.9781 and 1.9754 in a 2.6 ratio independently of the pH and [2dglc] [61]. The two species
disappear at comparable rates, meaning that these Cr’ intermediates are in rapid equilibrium com-
pared to the time-scale of their subsequent reduction to Cr". The spectroscopic EPR parameters indi-
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FIGURE 10. Oxo-Cr’ mono- and bis-chelates formed in the reaction between Cr* and disaccharides.
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cate the signals can be assigned to Cr¥ bis- and mono-chelates formed with the substrate: [Cr(O)(O3, o*-
2dglc)(0-2dglc)(H20)] (Geare 1.9783) and [Cr(O)(O'-2dglc)(H0)3] (geaic 1.9756).

2-acetamido-2-deoxy-D-glucose is oxidized by Cr” to the aldonic acid and the reaction is pro-
posed to occur by a reaction path involving Cr¥. However, Cr” intermediates could not be detected by
EPR in the 0.15 — 1.0 M [H*] used in the kinetic measurements [62].

The reaction of Cr¥ with an excess of 2-deoxy-D-ribose (2drib), in the 4-7 pH range, yields only
one Cr' intermediate species, probably [Cr(O)(2drib)2driba)]’, with gis, 1.9791 and Ais, 16.6x1 0*cem
' 5% At pH 2, a minor signal with gis, 1.9735 appears, and when the [H*] > 0.1 M a third signal at giso
1.9707 is observed (Figure 12) [59]. The gis, values of the two signals at higher field correspond to six-
coordinated oxo-Cr’ complexes. The relative proportions of the three species depend essentially on
the acidity. The two (or three) signals decay at comparable rates, and these rates increase with de-
creasing pH, such as observed for 2dglc.

2.10. Uronic acids

The redox reaction between Cr" and galacturonic acid has been studied and relatively long-
lived Cr" intermediates were found by EPR spectroscopy [26,43]. Galacturonic acid is oxidized by cr
to mucic acid, when an excess of substrate over Cr"' is used. The reaction is catalyzed by acid and
proceeds through a Cr" —Cr'—Cr" path [43]. When a large excess of galacturonic acid over c'is
used (2000-7000 : 1), in the 1-6 pH range, the EPR signal is a composite of at least three five-coordi-
nated oxo-Cr" species, with g, 1.9786, 1.9785 and 1.9784 and Aj, = 17.2x1 0% cm’ (Figure 13). The
EPR spectral parameters are indicative of the presence of three different isomers of [Cr(O)O°,0°-
galacturonate),]’, with Cr¥ bound to the carboxylato and alcoholate donor groups of the ligand [43].

pH=2
pH=4-5
L N 1 n | L 1 "t J
3520 3540 3560 3580 3600

G

FIGURE 12. X-band EPR spectra of a mixture of 2drib and Cr (10:1 mole ratio) at different [H*]. T =
20°C, mod. ampl. = 8 G, frequency = 9.84 GHz.
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FIGURE 13. X-band EPR spectra of a mixture of Cr":galacturonic acid = 1:7000, pH 1.0, mod. ampl.
=0.3G,/=1.0M, T=20°C, frequency = 9.7746 GHz.

3. Conclusions

The above results show that saccharides are effective complexation agents for Cr¥, affording
very stable Cr'-bis-chelates over a large range of pH values. Strong acid conditions ((H*] >0.1M) are
required to favor the redox reaction between the saccharide and Cr" over the complexation by a
second molecule of the substrate. The EPR spectroscopic studies of Cr'-cyclic saccharides systems
show that, when cis- and trans-diol groups are present in the saccharide, Cr" prefers to bind the cis-
diolato moieties, with very small to negligible proportion of species with Cr¥ bound to the trans-diol
groups. The 2-hydroxyacid donor groups are favored with respect to 1,2-diols for stabilizing cr' at
low pH values (= 4), but the opposite is the case at pH = 7. At neutral pH, the CrY-2-hydroxycarboxylato
complexes rapidly decompose by disproportionation, while Cr" species formed via the vic-diolate
moiety of saccharides are very stable and stay in solution for long time. Both the 2-hydroxycarboxylato
and the vic-diolate moieties of saccharides compete effectively for complexation of Cr’ compared to
GSH or cys at all the pH values studied.
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