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Abstract: For the speciation of Cr(V) intermediates formed during the intracellular reduction of Cr(VI) to be
understood, the intramolecular competition between 1,2-diol and 2-hydroxy acid coordination to Cr(V) as a
function of pH has been studied in quinic acid complexes. The Cr(V)-2-hydroxy acid complex, K[Cr(O)-
(qahk)2]-H20 (gaH = 1R,3R,4R 5R-1,3,4,5-tetrahydroxycyclohexanecarboxylic at)dhas been isolated and
characterized. In aqueous solutions at pH valgds0, K[Cr(O)(qah),]-H-O gives two EPR signalgit, =
1.9787,Aiso = 17.2 x 107% cm™L; giso = 1.9791,Aiso = 16.4 x 1074 cm™1). The relative intensities of the
signals are independent of [ggHICr(V)], and of increasing [gak] and [Cr(V)] at constant [gakl/[Cr(V)]

and pH values. These signals are consistent with those found with well-characterized Cr(V)-2-hydroxy acid
complexes and are assigned to two geometric isomers of the [@QJtqakt),] ~ linkage isomer. Both the
2-hydroxy acid Q',07) andwic-diol (cis-O30% trans©O* 0% groups of gald are viable Cr(V) donors. In the
reduction of Cr(VI) by GSH in the presence of an excess ofsgdlit EPR spectra are similar to that of
K[Cr(O)(qahs)2]-H20 at low pH values €4.0). At intermediate pH values (pH-%.5) additional signals
appear @iso = 1.9791,giso = 1.9794 giso = 1.9799), which have EPR spectral data consistent with the presence
of Cr(V)-ga linkage isomers, featuring one of each donor typg @-hydroxy acid; 1x diol). By using EPR
spectral simulation, we deduced that ttis-diol linkage isomer, [Cr(O)D!,07-gaHs)(03,0%*gaHh)]?, is an

order of magnitude more thermodynamically stable to intramolecular ligand exchange comparetaoshe

diol linkage isomer, [Cr(O)D,07-qaks)(O%0°-qaH)]?~. At pH values>7.5, the Cr(V)-ga EPR spectra reveal

two triplets @iso = 1.9800,giso = 1.9802), which are ascribed to geometric isomers of a bis-diol Cr(V)-ga
complex, [Cr(O)Q3,0*qgaH,);]3". The concentration of th&ransdiol isomer, [Cr(O)0*0%-qaH,),]3, is
predicted to be negligible. This assignment is supported by the similarity of the EPR spectral data with those
formed in the Cr(VI) reduction by GSH in the presence of the related polyold&i®4; transO*,05) ligand,
shikimic acid (R 4R,5R-3,4,5-trihydroxycyclohexenecarboxylic acld), which does not possess a 2-hydroxy
acid moiety. The relative intensities of the EPR signals of the Cr(V)-sa spegies (1.9800,giso = 1.9801),
ascribed to geometric isomers of [Cr(Of{O*saH)]3~, are independent of increasing pH and of [glat

pH values>4.0. The results show that 2-hydroxy acid ligands are favored with respect to 1,2-diols for stabilizing
Cr(V) at low pH values relevant to phagocytosis of insoluble chromates{#} but the opposite is the case
when soluble chromates are taken up by the cells atpH4. Both classes of ligands compete effectively for
complexation of Cr(V) compared to glutathione at all pH values studied.

Introduction or with isolated nucle?;? but in the presence of reducing agents,
. - . . it causes a wide variety of DNA lesions, including Cr-DNA
Occupa’glonal exposure to Qr(_\/l) in industries such as stal.nless adduct$10-13 DNA—DNA cross-linksi415DNA—protein cross-
steel welding and glgctroplaﬂhg; of great concern, due to its links,”916 apyrimidinic/apurinic (AP) site$/20 and oxidative
known carcinogenicity toward humafsVhile it is undisputed
that Cr(VI) is carcinogenié, there exists a healthy debate (7) Fornace, J., A. J.; Seres, D. S.; Lechner, J. F.; Harris, Chem-
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damagé?! Selected genotoxic effects of Cr(VI) observed in vivo otides?” suggesting that theis-diol group of the ribonucleotide
include chromosomal aberrations and the formation of micro- is involved in coordination. A recent study used EPR spectros-
nuclei, sister-chromatid exchanges, DNA strand breaks, and un-copy to examine the metabolism of Cr(VI) in rats and assigned

scheduled DNA synthes#3 Following the discovery of a long-

the EPR signal to a Cr(V)-diol species formed with NAESP,

lived EPR-active Cr(V) species, formed upon the reduction of which was consistent with the results from in vitro experiments

Cr(VI) by microsomes in the presence of NADPHattention

involving the reduction of Cr(VI) by NADPH and microsons.

became focused on the possible role(s) played by Cr(V) speciesThe definitive assignment of the species as a Cr(V)-NADP
in Cr(VI)-induced carcinogenesis. This led to the formation of species, however, is questionable, on the basis of similar
the uptake-reduction model of Cr(VI)-induced carcinogenesis, and'H ai, values observed in EPR spectra formed upon the
which postulates that Cr(VI) enters the cell via the nonspecific reduction of Cr(VI) by GSH, in the presence miglucose?’41
anion-transport channels and is then reduced intracellularly, More recently, the species formed between Cr(V) eisdand

yielding species that are reactive toward genetic mat&righe

trans-1,2-cyclohexanediol have been examined using EPR

reactive intermediates implicated include the following: Cr(VI) spectroscopy, in an attempt to better understand the species
esters, Cr(V) or Cr(IV) species, and radical species (hydroxyl formed between Cr(V) and-glucose?” Because of their

and thiyl)24 Chromium(VI) may be reduced enzymaticafyr

potential biological relevance, Cr(V)-sugar complexes have been

by small molecular weight redox-active molecules, such as the focus of several studies and have been characterized by

ascorbat@? glutathione (GSH¥® hydroxy acids, or nucleo-
tides?6:27

Extensive studies on the readily synthesize#, relatively
stable Cr(V)-2-hydroxy acid complexes, [Cr(O)(ehba)ehba
= 2-ethyl-2-hydroxybutanoatof?) and [Cr(O)(hmba]~ (hmba
= 2-hydroxy-2-methylbutanoato{?),3°-32 have illustrated that

electrochemisti?43and EPR941.4447 and electronic absorption
spectroscopie® The effect upon Cr(V) speciation of different
intracellular pH values present in phagocytic cells has yet to
be thoroughly investigated. The Cr(V) species formed at normal
physiological pH values (pH7.4) are likely to be significantly
different from those formed at lower (or higher) pH values. The

[Cr(O)(ehbay] ~ induces cleavage of negatively supercoiled plas- study of Cr(V) speciation at low pH values has relevance with

mid DNA (pUC9)-32and is mutagenic with V79 Chinese ham-

ster lung cells in the micronucleus as$ayhe Cr(V)-2-hydroxy

respect to phagocytosis of insoluble chromates, where the pH
of the vacuole becomes more acidic (pH—5).48

acid complexes are useful models for understanding the chem- The naturally occurringert-2-hydroxy acid, quinic acidl(

istry in vivo between Cr(V) and naturally occurring intracellular

1R,3R,4R 5R-1,3,4,5-tetrahydroxycyclohexanecarboxylic acid,

2-hydroxy acids, such as, lactic and citric acids, and the oxidized gaH) is an ideal ligand to study the effect of pH upon Cr(V)

forms of sugars (aldonic, aldaric, and uronic acids).
Several studies have also examined Cr(V)-diol speciafiof,

which is important because Cr(V) species are formed by the
Cr(VI) oxidation of ribonucleotides but not deoxyribonucle-
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speciation with biologically relevant donor groups. The poly-
hydroxy-substituted cyclohexane ring well represents carbohy-
drates and inositols. Other functional groups ubiquitous in nature
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are diol groups (e.g., ascorbic acid, riboseglucose, and
derivatives) and 2-hydroxy acids (e.g., citric, malic, and lactic
acids). These different functional groups can be mimicked by
different regions of gakl which has atert-2-hydroxy acid
moiety in addition to &is-diol (03,0% and atrans-diol (O*,05)
group. All of these functional groups are potential chelates for
Cr(V). Therefore, this ligand enables intramolecular competition
experiments to be conducted with regard to different functional
groups fert-2-hydroxy acid versusvic-diol) and different
orientations within the same functional growis{ versusrans

diol). A thorough understanding of the signature EPR spectra
of the individual complexes formed between Cr(V) and these
model ligands is important in terms of providing a basis for the
interpretation of likely Cr(V) complexes formed in vivo and
has important implications with respect to the better understand-
ing of Cr(VI)-induced carcinogenesis.

Experimental Section

Chemicals. Quinic acid (gal, ICN Biomedicals), shikimic acid
(saH, Sigma, 99%), glutathione (GSH, Aldrich, 96%), hmbaH
(Aldrich, 98%), ehbakl (Aldrich, 98%), K:Cr,O; (Merck, GR), Na-
Cr,07-2H,0 (Merck, GR), Na(CH),AsO,-H,0 (Aldrich, 98%), metha-
nol (Ajax, AR Grade), acetone (BDH, AR grade), and dimethyl
sulfoxide (DMSO, Sigma, 99.5%) were used as received. All aqueous
solutions were prepared using distilled water.

Syntheses. Caution: NaCr,0; is carcinogenié and Cr(V)-2-
hydroxy acid complexes are mutagénand potential carcinogens.
These substances should be handled with due cameidiag skin
contact and inhalation of dust.

(A) K[Cr(O)(gaH 3)2]*H20. Finely ground anhydrous iCr,O;
(0.411 g, 1.40 mmol) was added to a solution of g&H609 g, 8.37
mmol) in methanol (500 mL), and the mixture was stirred for 2 h. The
red—brown solution was filtered through a sintered-glass filter to
remove unreacted4Cr,O;, and the volume of the filtrate was reduced
to 85 mL via rotary evaporation (external bati35 °C) at which point
a finely divided red-brown powder appeared. The reaction solution
was left at—22 °C overnight. The regtbrown product was filtered,
and the solid was washed with diethyl ether X225 mL) under a
nitrogen atmosphere. Yield: 0.241 g (18.3%). Anal. calcd faH&O: 4
CrK: C, 33.27%; H, 4.39%; Cr, 10.29%; K, 7.74%. Found: C, 33.11%;
H, 4.10%; Cr, 10.60%; K, 7.31%. FTIR (KBr matrix): 3300 (s, br),
2950 (w), 1684 (s), 1677 (s), 1444 (w), 1419 (w), 1336 (w), 1288 (m),
1263 (m), 1241 (m), 1157 (w), 1118 (m), 1070 (m), 1050 (m), 993 (s),
962 (w), 846 (w), 816 (m), 824 (m), 752 (w), 696 (m), 638 (m), 574
(w), 532 (w) cnTt. UV/Vis (DMSO): 4, nm (€, M~* cm™) 436 sh
(662), 554 (248)uerr = 2.10ug. CD (DMSO): A, nm (A¢, deg M
m~1) 338 (—0.8), 373 (1.2), 437 (+9.8), 553 26.9).

(B) Na[Cr(O)(hmba);]-H,O and Na[Cr(O)(ehba)]-H,O were
synthesized in acetone according to the literature métra were
microanalytically pure. The aqueous electronic absorption spectra of
the complexes were also in agreement with previously reported@fata.

Physical Measurements.Electronic absorption spectra were ob-
tained on a Hewlett-Packard 8452A UV/vis diode array spectrometer.
Fourier transform infrared spectra were recorded (DRIFTS protocol)
on a Biorad FTS-40 FTIR spectrometer. Circular dichroism spectra
were collected on a Jasco J-710C spectrometer, calibrated with NH
(+)-10-camphorsulfonate (JASCO Standard, 0.06% w/v in water).
Analysis for K was undertaken by flame photometry (Corning 400
Flame meter) using KCI as the calibration standard. Magnetic suscep-
tibility measurements were obtained using a Sherwood Scientific
Magnetic Susceptibility Balance, which had been calibrated withufNH
Fe(SQ)2-6H,0O (Merck).

EPR Spectroscopic MeasurementsSolution X-band EPR spectra
(~9.6 GHz) at room temperature were recorded as the first derivative
of absorption in quartz flat cells (Wilmad) using a Bruker ESP300
spectrometer linked to a Hewlett-Packard 5352B microwave frequency
counter and a Bruker ERO35M NMR gaussmeter. Typically, spectra
were a total of 510 scans and were acquired using the following
conditions: modulation frequency 100 kHz, modulation amplitude
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= 0.34 G, time constant 1.28 ms, conversion time 5.12 ms, and
microwave power= 0.2 and 20 mW for the central Cr signal (sweep
width = 15 G) and®Cr-hyperfine satellites (sweep width 75 G),
respectively. Second-order corrections were applied to ob¥@inAi,
values. The spectra were converted into DOS format using Bruker
software, and the files were imported into WINEPRNd WinSIM°

for graphics and simulation purposes, respectively. A Bruker EMX 081
EPR spectrometer (X-band) linked to an EMX 032T field controller,
and a Bruker EMX 035M gaussmeter was used for acquiring spectra
of solid samples. The samples-30 mg) were packed in quartz
cylindrical tubes (Wilmad, i.d= 1 mm, o.d.= 3 mm), and spectra
(total of 5 scans, sweep widts 300 G, remaining conditions as
described above) were collected at a power of 2 mW.

EPR Simulation. EPR spectra were simulated using the program
PEST WinSIM® The simulation procedure requires the input of the
“g shift” (from center field, equivalent tgis, value), line width,*H-
superhyperfine coupling constantsl(aiso), and the number of equiva-
lent protons Keg) for each hyperfine coupling constant. The simplex
algorithm was used for spectral optimizations, and the line shape was
set to 100% Lorentian in all cases. A simulation was deemed successful
when the parameters for each unique Cr(V) species were found to be
consistent within all simulations, with maximum deviations in the
and 'H as, values being+0.0001 units andt0.02 x 104 cm?,
respectively. Values folH a, were included only where th#H aiso
value is greater than the LW (line width) of the species, since the signal
was not significantly affected where thE ai, value was<0.5 LW.
Simulations were not undertaken of tH€r-hyperfine satellites.

General Procedure for EPR MeasurementsSpectra were obtained
from aqueous solutions of K[Cr(O)(qa}-H20, or from reaction
solutions of Cr(V)-ga or -sa species generated by the reduction of Cr-
(VI) by GSH in the presence of excess gabt saH, respectively.
Spectra were acquired &t-4 min after mixing the solutions. Aqueous
stock solutions (0.1, 0.2 M) of GSH were prepared at the start of each
series of experiments and were kept on ice between use. For experiments
requiring conditions of a constant pH value, the gaitbck solution
either was self-buffering (qatjaHs, pH ~4.0) or was prepared in
cacodylate buffer (pH 6.4), using NaOH for pH adjustment in both
instances. The pH values of bulk solutions (10 mL) were measured
using an Activon pH meter (Model 210) with an Activon calomel pH
probe (AEP 321). For small volumes{ mL), the pH values were
measured using a HANNA microcomputer pH meter (HI 9023) with a
micro pH probe (HI 1083B).

EPR Spectra of K[Cr(O)(gaH3)2]-H20. Spectra were obtained from
aqueous solutions (1 mM) of K[Cr(O)(qaH]-H20 (pH 4.0) in the
presence of excess qakgats)/[Cr(V)] = 2, 5, 20). Two series (pH
= 4.0 or 6.4) of EPR spectra were acquired from aqueous solutions of
K[Cr(O)(gaHt)2]-H20 in the presence of gaHwvhere the pH value and
the [gaH)/[Cr(V)] were kept constanf[gaHs]/[Cr(V)] = 2 (2:1, 4:2,
10:5, 20:10). The temperature dependence of the aqueous EPR spectra
of K[Cr(O)(gaht)2]-H20 (2 mM) was examined at 12, 17, 23, 31, 40,
or 46°C.

EPR Spectra of the Cr(VI)/GSH Reaction in the Presence of
Excess gaH or saHs. Spectra were obtained from solutions of Cr-
(VI), GSH, and gallor saH, where the final concentrations of reactants
were 40, 2, and 100 mM, respectively. The pH values of the solutions
were adjusted using stock NaOH solutions, prior to making the final
reaction solution to volume. Although the system was unbuffered, the
variation in the pH values was negligible during the aging of the solution
or spectral acquisition. Spectra were obtained at the following pH
values: 2.71, 4.40, 5.45, 6.84, 7.52, 8.35, or 9.92 {sahd 2.45, 4.17,
5.08, 6.18, 7.28, 8.17, or 9.40 (ggHEPR spectra were also obtained
from aqueous solutions of Cr(VI), GSH, and salgH ~3.0), where
the final concentrations of reactants were 40, 2, and either 100, 250,
500, or 800 mM, respectively. Additional series of EPR spectra were
acquired from solutions of Cr(VI), GSH and sabr gaH; where the
[saHy)/[Cr(V)] or [gaHs]/[Cr(V)] was varied: [saH]/[Cr(V)] 2.5, 6.25,
12.5, 20 (pH 6.8) or [gak)[Cr(V)] 2.5, 10, 40, 80 (pH 6.9).

(49) WINEPR; Version 921201; Bruker-Franzen Analytic GmbH: Bre-
men, 1996.

(50) WinSIM EPR Calculations for MSWindows Version 0.96: Na-
tional Institute of Environmental Health Sciences, 1995.
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Results

K[Cr(O)(gaH 3)2]-H20. The complex was isolated as a finely
divided red-brown powder with a magnetic momentef =
2.10ug) indicating the presence of a single unpaired electron
as for the Cr(V) ion (&). Consistent with Na[Cr(O)(hmbd)
and Na[Cr(O)(ehba) (ueff = 2.05us),>* the magnetic moment
of K[Cr(O)(gahk)2]-H20, is slightly higher than the spin-only
value. The FTIR spectrum of K[Cr(O)(qaH]-H.O shows a
strong, sharp peak at 993 ci characteristic ofc—o of Cr-
(V)-2-hydroxy acid complexe®. The electronic absorption
spectrum of K[Cr(O)(qak)2]-H20 in DMSO is similar to that
of Na[Cr(O)(hmbag]-H20 (Amax ~550 nm) and also shows the
definitive signature for Cr(V)-2-hydroxy acid complexesiat
~800 nm € ~20 Mt cm1).51 Despite many attempts, crystals
of K[Cr(O)(gaH)2]-H20 suitable for X-ray structural analysis

have not been obtained as yet. It is possible that the complex
may exist in the solid state as more than one geometric isomer

as has been observed for similar complexes in sol&#é#The
XAFS structure of [Cr(O)(gak),]~ is also consistent with a
bis(2-hydroxy acid) coordination mod&>*The solid-state EPR
spectra of the Cr(V)-2-hydroxy acid complexes, K[Cr(O)-
(gahkk)2]-H20, Na[Cr(O)(hmba)-H,O and Na[Cr(O)(ehbal)r
H,0, exhibit a single broad signal (Figure 1, upper graphic)
with comparableyis, values (Table 1). The signal line widths
vary among the spectra, in the following order of highest to
lowest: K[Cr(O)(qaH)2]-H.O > Na[Cr(O)(hmbay]-H,O > Na-
[Cr(O)(ehbay]-H20.

Solution EPR Spectra of [Cr(O)(L)2]~ (L = gaHs, hmba,
ehba) in Water. The central Cr signal of the EPR spectrum of
an aqueous solution of K[Cr(O)(qa}]-H20 shows two sym-
metrical signals withgiso = 1.9787 andyiso = 1.9791 (Figure
1, middle graphic). The EPR spectra of the structurally
analogous complexes, Na[Cr(O)(hmfai,O and Na[Cr(O)-
(ehba)]-H20, show singletsdiso = 1.9785 andjiso = 1.9784,
respectively), which are unsymmetric in the second-derivative

plots. The presence of more than one species in the aqueous
EPR spectra of all the complexes is unambiguously established

from the 53Cr-hyperfine satellite region, where two resolvable
sets of signals are observed (Figure 1, lower graphic).Afke
values of the two resolved species are very similar among K[Cr-
(O)(gah)2]-H20, Na[Cr(O)(hmba)-H20, and Na[Cr(O)(ehbgl}
H,O (Table 1). The possibility of the multiple species in the
case of Na[Cr(O)(hmbg)H,O (hmba has a chiral carbon)
arising from chiral species, Na[Cr(B}hmba}]-H,O or Na-
[Cr(O)(S-hmba}]-H»0, is discounted, since very similar spectra
are obtained from solutions of Na[Cr(O)(hmgaj,O and the
achiral complex, Na[Cr(O)(ehbg)H,O. The two signals ob-
served in the aqueous solution EPR spectra of Na[Cr(G])(L)
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Figure 1. Room temperature X-band EPR spectr@ °C) of K[Cr-
(O)(gaHs)2]-H20 (solid line), Na[Cr(O)(hmba)-H,O (dashed line), and
Na[Cr(O)(ehba)-H.O (dotted line) in the solid state (upper graphic,
central Cr signal) and in aqueous solution (middle graphic, central Cr
signal; lower graphic®Cr-hyperfine signals), presented as (a) first-
and (b) second-derivative plots.

spectra on [gak] shows that all of the species present are bis

Hz0O (L = hmba, ehba) have been assigned as being due tochelate complexes.

geometric isomerZ-53and it is expected that geometric isomers
are similarly observed for K[Cr(O)(qah]-H20.

[qaHs)/[Cr(V)] Dependence on K[Cr(O)(gaH3),]-H20 Spe-
ciation at pH 4.0. The possibility of the two signals in the
aqueous EPR spectra of K[Cr(O)(ggh-H.O being due to

[Cr(V)] Dependence on K[Cr(O)(gaHs)2]-H20 Speciation
at Constant [gaHs]/[Cr(V)] and pH 4.0 or 6.4. A small
increase in the height of the signalgyd, = 1.9787 compared
to that atgiso = 1.9791 was apparent as the total concentration
is increased (Figure S2); however, this was due to the

mono-chelate and bis-chelate Cr(V)-ga species was addressedoncentration-dependent line broadening. Two independent

by examining the effect of [qadli at constant pH (4.Gt 0.1,
Figure S1, Supporting Information). The independence of the

(51) Farrell, R. P.; Lay, P. AComments Inorg. Chemi992 13, 133—
175.

(52) Bramley, R.; Ji, J.-Y.; Judd, R. J.; Lay, P. lorg. Chem.199Q
29, 3089-3094.

(53) Branca, M.; DessiA.; Micera, G.; Sanna, Dinorg. Chem.1993
32, 578-581.

(54) Codd, R.; Levina, A.; Zhang, L.; Hambley, T. W.; Lay, P.lAorg.
Chem, submitted for publication.

simulation procedure$§(1) the concentration of each species
was frozen (50%) and the line width was allowed to vary; (2)
the concentrations of the species were varied, while the line
widths (0.43 G) were kept constant) showed that the relative
intensities of the two signals were independent of increasing
[gaHs)/[Cr(V)], where both the [gak}/[Cr(V)] and the pH value
were constants. A similar invariance in the ratio of the EPR
signals (Figure S3) was obtained at pH 6.4. Therefore, the
possibility that different EPR signals for K[Cr(O)(gak] -H-0



7868 J. Am. Chem. Soc., Vol. 121, No. 34, 1999

Codd and Lay

Table 1. EPR Spectroscopic Parametayss, Aiso, and Line Widths (LW), for K[Cr(O)(gak)z]-H20, Na[Cr(O)(ehba]-H-O, and

Na[Cr(O)(hmbag]-H-O in Aqueous Solution and in the Solid State

solution
species | species I solid
complex Giso LWa (G) Ais® Giso LWa(G) Asd Giso LWa(G)
[Cr(O)(ehba)]~ 1.9784 0.78 17.2 1.9784 0.78 16.1 1.9783 7.8
[Cr(O)(hmba)]~ 1.9785 0.91 17.4 1.9784 0.9 16.3 1.9790 14.6
[Cr(O)(qat)z] 1.9787 0.49 17.2 1.9791 0.45 16.4 1.9803 30.4

aLW = line width. ® As, units= 10~* cm™%. ¢ The gis, values and the line widths of the individual species are unable to be distinguished.

Temp (°C) a

ST
SGaaan:

1.979 1980 1979 1977

Y so g/so

Figure 2. X-band EPR spectra of K[Cr(O)(ga}d]-H20 in water as a
function of temperature®C), presented as (a) first- and (b) second-
derivative plots.

1982 1980 1977 1982

were due to mononuclear [Cr(O)(ggk]~ and polymeric [Cr-
(O)(u-gaH)}™ complexes was eliminated.

Temperature Dependence of K[Cr(O)(gaH),]-H.O Spe-
ciation in Water. The intensity of the signal ajis, = 1.9787
increased relative to that @, = 1.9791, with increasing
temperature (Figure 2). The linear plot of [8iso(1.9787)])/biso-
(2.9791)} versus 1IT (Figure S4) gavéAH® andAS’ values of
5.4 kJ mot? and 11.0 J K! mol™?, respectively. The small
values ofAH° andAS’ suggest that the coordination groups of
the two species are similar.

pH Dependence of Cr(V)-sa SpeciationThe EPR spectra
obtained upon the reduction of Cr(VI) by GSH in the presence
of excess saldexhibited (where the pH value 5.5) a triplet
with giso = 1.9801 andH aso = 0.95 x 104 cm™! (Figure 3).

pH

— expt a
b ——sim

835

7.52

6.84

545

440

._4/\/\/\.‘1
A
ad
i
-
e

._J\/\/\/\»\__.

1980 1978 1976 1982 1980 1978 1.976

giso Giso
Figure 3. Room temperature X-band EPR spectre2( °C) of the
Cr(V) intermediates in the reaction of Cr(VI) (40 mM) with GSH (2
mM) in the presence of saH100 mM) in water at pH 2.71, 4.40,

5.45, 6.84, 7.52, 8.35, or 9.92, presented as (a) first- (expt and sim)
and (b) second-derivative plots.

1.982

metric, which suggests the presence of more than one species.
It is possible, for example, that the species giving rise to the
triplet exists as more than one geometric isomer. Tes,
value (0.95x 10~* cm™1) suggests that the dominant Cr(V)-sa
species involves coordination to this-diol (3,4-) group of the
ligand, by analogy with EPR spectral simulation of Cr@i3-
1,2-cyclohexanediol complexe$ ais, = ~0.9 x 104 cm™1).37
Since sald has two pairs obic-diol groups (3,4- and 4,5-), the
possibility of the presence of other linkage isomers cannot be
discounted, although a somewhat more complicated EPR

There is very little change in the spectra upon increasing the spectrum would be expected if alternative linkage isomers were

pH values from 6.84 to 9.92. THECr-hyperfine satellites are
well resolved (Figure S5) withso = 16.6 x 104 cm% The
Oiso andAig Values agree closely to the expected valups €
1.9800,Aiso = 16.5 x 1074 cm™Y) for a five-coordinate oxo-
Cr(V) species with four alcoholato dond¥sAt pH values<
4.5, an additional broad signal is observedjat~1.9792. As

present in significant concentrations.

[saH4)/[Cr(VI)] Dependence on Cr(V) Speciation at Con-
stant pH Values. The possibility of an equilibrium existing
between mono- and bis-chelate Cr(V)-sa species was eliminated
by the lack of change in the spectrum with increasing [§aH
[Cr(V)], at pH 6.8 (Figure S6). The slight asymmetry of the

the pH increases, the relative concentration of this signal central Cr signal is well simulated assuming the presence of

decreases, compared to the signals at highgvalues. The

two triplets, @iso (i) = 1.9800,'H aiso = 0.94 x 10* cm™4,

second-derivative plots of the spectra of both the central Cr rel. concn= 45.05%;gis, (ii) = 1.9801,'H aiso = 0.97 x 10°*

signal (Figure 3) and th&Cr-hyperfine region (Figure S5) show
that the triplet signal (at pH values 5.5) is slightly unsym-

cm™L, rel. concn= 54.95%) in which theyis, values differ by
0.0001 units. At pH values: 5.5 a broad shoulder appears in
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Figure 4. Room temperature~20 °C) X-band EPR spectra of the 245
Cr(V) intermediates in the reaction of Cr(VI) (40 mM) with GSH (2 -
mM) in the presence of saH{100, 250, 500, or 800 mM), presented
as (a) first- (expt and sim) and (b) second-derivative plots; ratio of 1982 1980 1.978 1976 1982 1980 1978 1976
[saH)/[Cr(VI)] (pH) = 2.5 (2.94), 6.25 (2.97), 12.5 (2.97), or 20 (3.01). 9 g,

IS0

the Cr(V)-sa spectra, centeredyat = 1.9792 (Figure 3), which  rigyre 5. Room temperature~20 °C) X-band EPR spectra of the
was further investigated by varying [sgHCr(VI)] at constant Cr(V) intermediates in the reaction of Cr(V1) (40 mM) with GSH (2
pH (Figure 4). In this case, the intensity of the signal at the mM) in the presence of qaH100 mM) at pH 2.45, 4.17, 5.08, 6.18,
lower giso Value increases, relative to that of the signalgiat 6.91, 7.12, 8.17, or 9.40; presented as (a) first- (expt and sim) and (b)
= 1.9800 andgiso = 1.9801. Since the relative concentration second-derivative plots.
of the signal agis, = 1.9792 increases with increasing [s&H
compared to the bis-chelate Cr(V)-sa species, the former signal
must be due to species which have a ligand-to-metal rafio
Equilibrium Constants for Speciation of Cr(V)-sa Com-
plexes.The spectra were simulated as two triplets, representing
the purported geometric isomers of [Cr(O¥(O*saH}]®~ and
one doubletdiso = 1.9792,'H a;5o = 0.82 x 107* cm™1). The

an aqueous solution of K[Cr(O)(gaH]-H20. As the pH value
increases, additional signals are observagiatalues~1.9794.

At pH 9.40, a broad triplet appears@, = 1.9801, similar to
that observed for the Cr(V)-sa species. Concomitant with the
appearance of new signals with increasing pH values, the relative
intensity of the signal atjs, = 1.9787 decreases. The signals

! appearing at intermediate pH values (between pH 5.1 and 7.3)
pH and [sak] dependence of the Cr(V)-sa system fit the may be due to bis-chelate Cr(V)-ga species with donation

equilibrium shown in eq 1, where A bis-chelate Cr(V)-sa : . : .

. Lo : ; AT occurring via one 2-hydroxy acid group and one diol group. A
Species (trianionic) an_d B- tris-sa Cr(V) species (dianionic). onor segtl of this type v)\//ould{)e expgectez to yield a Cr(\?) spgcies
The ligand concentration depeSgdence study was cond_ucted ag/ith a highergis, value, compared to a bis(2-hydroxy acid) Cr-
pH values< pK, of sath (.4'01)’ and therefore, only a first- (V) species'! Additional minor signals appeared when the pH
order dependence on [HHis expected.

value was> 6 (Figure 5). These signalgi{, = 1.9751, 1.9762,

K, B] 1.9768, and 1.9776) are just perceptible at pH 6.18 and increase
A+saH+H"=B; K, =——F (1) in intensity at pH 6.91. The minor signals are more clearly
[AllsaH,J[H "] observed in the second-derivative plot of th€r-hyperfine
region of the EPR spectrum at pH 6.18 (Figure S8).
A plot of [BJ/([A][H *]) versus [saH] is linear with a slope of Ligand Exchange and Geometric Isomerization Equilib-

K1 and an intercept close to the origin (Figure S7). The values riym Constants in the Cr(V)-gaH, System. The spectra
of K; for the formation of the putative tris-sa Cr(V) species optained at pH values between 2.45 and 7.28 were simulated
(giso = 1.9792) are on the order of § 10° M~? (Table S1). 35 the linkage isomers [Cr(@t,07-gaks)z]~, [Cr(O)(OL0"-
Values forK; calculated at pH 2.71 from eq 1 were of a gaH;)(030%gaHy)]?-, and [Cr(O)OL,0"-gaHy) (0% 05-gaH)]?~
magnitude similar to that obtained above. It is pOSSible that the and two geometric isomers of each |inkage isomer. At pH 817,
putative tris-sa Cr(V) species exists as more than one geometricthese species were assumed to be present together with the bis-
isomer, although for the simulation, the species was treated asgjo| linkage isomer, [Cr(OXD3,0%qaHb)2]3~ (as two geometric
a single isomer. o isomers). At pH 9.40 the spectrum was simulated as two triplets,
pH Dependence of Cr(V)-ga SpeciationAt low pH values  representing the two geometric isomers of [Cr@)Q*-
(2.45, 4.17), the EPR spectra of the Cr(VI)/GSH reaction in gaH),]3~. The inclusion of the alternative bis-diol linkage
the presence of gaH{Figure 5, central signal, and Figure S8, jsomers, [Cr(O)03,0%gah)(0%05-gaH)]3~ and [Cr(O)O*,05-
53Cr-hyperfine satellites) are the same as those observed fromgamy),]3-, did not improve the fit to the experimental data.
(55) Lamy, I.; Seywert, M.; Cromer, M.; Scharff, J.#al. Chim. Acta Therefore, the latter two I!nkage ispmgrs may .be present only
1985 176, 201-212. in very small concentrations, which is consistent with the




7870 J. Am. Chem. Soc., Vol. 121, No. 34, 1999

Codd and Lay

Table 2. Values of the Observed and CalculafeBPR Spectroscopic Parametegs,, *H aiso, andAiso, for Cr(V)-ga Linkage Isomers (Two
Geometric Isomers per Linkage Isomer) Generated from the Cr(VI)/GSH/RaHction

Jiso H ajs? Aiso (10_4 cm‘l)

species expt calc [Pof Hegl® expt calc
[Cr(O)(0,07-qatk)2]~ 1.9787 1.9783 17.2 16.7
[Cr(0)(0,07-qakk)] 1.9791 1.9783 16.4 16.7
[Cr(0)(0*,07-gakt)(0°,0*-qath)]* 1.9791 1.9791 0.83[1] 1624 16.6
[Cr(0)(0*,07-gakt)(03,0*qath)] > 1.9794 1.9791 0.85 [1] 1624 16.6
[Cr(0)(0*,07-gakt)(O*,0%-qath)]* 1.9794 1.9791 16%4 16.6
[Cr(0)(0,07-gakt)(O*,0%-qath)] > 1.9799 1.9791 16% 16.6
[Cr(O)(03 0*qath)2]3~ 1.9800 1.9800 0.84 [2] ND 16.5
[Cr(0)(03,0%qgaH),]*~ 1.9802 1.9800 0.85 [2] ND 16.5

alH g, units= 10~* cm~L. ® Number of magnetically equivalent protorisThe A, value for each individual mixed-linkage isomer is unable to
be distinguishedd ND = not determined. Th&°Cr-hyperfine signals were too weak to allow accurate determinatiofs@balues.

Table 3. Values of the Equilibrium Constantk;,? for the Formation of Cr(V)-ga Linkage Isomers (Two Geometric Isomers per Linkage

Isomer) from the Cr(VI)/GSH/qafReaction

A Oiso B Giso KZ (M)
[Cr(0)(0,0-qakk);] - 1.9787 [Cr(O)(0*,0%-qaH)(03 0% -gaHy)]*~ 1.9791 1.2x 1077
[Cr(O)(0%,07-qat)2] 1.9787 [Cr(0)(0Y,0-qats) (08 0% -gaH )] >~ 1.9794 2.1x 1077
[Cr(0)(0,0-gatk)z] ™ 1.9787 [Cr(0)(0,0-gaks) (04, 0%-qaH)]>~ 1.9794 4.6x 1078
[Cr(O)(0%,07-qat)2] 1.9787 [Cr(O)(0%,0-qaH) (0%, 0°%-qaHy)]> 1.9799 4.0x 10°8

aFrom eq 2K, = ([D][H *])/[C] and a plot of [D]/[C] vs 1/[H"] will yield a straight line of slopeéK, and intercept= 0. P The relative concentrations
of the purported geometric isomers of [Cr(O}(O’-qahs),]~ are equal. Therefore, for the calculation of equilibrium constants, the concentration

of either isomer diso = 1.9787 or 1.9791) can be used.

Relative Concentration (%)

Figure 6. Relative concentrations of Cr(V)-ga linkage isomers as
determined from EPR spectral simulatidrgenerated from reactions
of Cr(VI) with GSH in the presence of qgHas a function of pH. Two
geometric isomers have been included per linkage isomer. Legend:
[Cr(O)(0,0"-gakk).]~ (giso = 1.9787);0 [Cr(0)(0*,0"™-qaH)z] ~ (giso

= 1.9791);m [Cr(0)(O",0"-qaH;)(0%0*gak)]*™ (giso = 1.9791);,0
[Cr(0)(0",0"-gak;)(0°,0*gak)]* (giso = 1.9794);a [Cr(O)(0*,0"-
gah)(0%,0°-gaH)]? (giso = 1.9794); 2 [Cr(0)(C,0™-gak)(04,05-
gaH)]*” (giso = 1.9799);| [Cr(O)(O®,0%gakb)2]* (giso = 1.9800);—
[Cr(O)(C%0"gat)2]* (giso = 1.9802).

predominance of the [Cr(QQ¢,0%saH}]3~ linkage isomer

[Cr(0)(0%,07-qaHs)(0%,0°%-gaHy)]?~ (two geometric isomers:
D3, D4) (Figure 59)

K2 .. _[DIH"
C=D+H" K,= cl 2)

s v, _[EIHT
D=E+H"; K;= D] (3)

The slope of the line represers and is on the order of 10
and 108 M for [Cr(O)(0%,0"-qaHs)(03,0%qgaH,)]?~ and [Cr-
(0)(0,07-gaHs)(0*,0%-gaHb)]?-, respectively (Table 3). In both
instances, the intercept is 0 within experimental error, as
expected from such simple equilibria. The equilibrium constants,
K3, for the formation of isomers of [Cr(QQ8,0%-qat)5]3~ [E]
(eq 3) are on the order of 1®M. These values, however, should
be treated with caution, since the plot of [E]/[D] versus 1H
only has two data points.

[gaHs]/[Cr(VI)] Dependence on Cr(V) Speciation at pH
6.9. The effect of the ligand-to-metal ratio on the speciation of
Cr(V)-ga complexes was examined by varying [gHICr(VI1)]
at pH 6.91. The relative signal intensity due to [Cr{@)Q’-
gahs)2]~ appears to increase relative to the other signals with
increasing [qakl/[Cr(VI)], which indicates the presence of an
equilibrium between mono- and bis-chelate Cr(V)-ga species
(Figure S10). The relative changes in the signal intensities as a
function of ligand-to-metal ratio, however, are very small, as
shown by EPR spectral simulation.

Discussion

found in the Cr(V)-sa system. The EPR parameters of the species Quinic acid features &ert-2-hydroxy acid group, and two
proposed for the Cr(V)-ga system are given in Table 2, and the Pairs ofvic-diol groups orientated inis-(3,4-) andrans-(4,5-)
relative concentrations of the species as a function of pH are fashion. The energetically favored conformation of gzs-the
shown in Figure 6. The equilibrium constants for the formation C€hair conformation (as shown), where the 1-OH group is in the

of the 2-hydroxy acid-diol Cr(V)-ga mixed-linkage isomers can
be deduced from a plot of [D]/[C] versus 1/{Haccording to
eq 2, where G= [Cr(O)(0,0"-qat),] ~ and D= [Cr(O)(0%,07-
gahs)(03,0%qaH)]?~ (two geometric isomers: ) D,) or

axial position®® The conformation of shikimic acid is similar
to that of qaH, with the difference being a single point of

(56) Corse, J.; Lundin, R. E.; Sondheimer, E.; Waiss, A. C., Jr.
Phytochemistry1966 5, 767—776.
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unsaturation [C(L)yC(2)] in the cyclohexane ring. Stabilization
of Cr(V) by saH, is most likely to involve the 3,4- and 4,5-diol
regions of the molecule, although chelation via the carboxylato
group is also possible.

K[Cr(O)(gqaH 3)2]-H20. The isolation of this complex and
its aqueous chemistry has wide reaching implications for
understanding competition between the coordination of cyclic-
diol (e.g., carbohydrates) and 2-hydroxy acid groups to transition
metal ions in vivo. It has been proposed, on the basis of EPR
spectra of Cr(V)-sugar complexes that, due to the bulk of
carbohydrates, only mono-chelate Cr(V)-carbohydrate com-
plexes can be formet:46-47The isolation of K[Cr(O)(qak),]

H,O with the carbohydrate-like ligand, ggHllustrates that this
is not necessarily the case. Also, extensive EPR spectroscopic
experiments of the species formed between Cr(V)mgtucose
have shown that bis-chelate Cr(%)glucose complexes are
readily formed in the presence of excess ligéfith.In addition

to the 2-hydroxy acid coordination mode exhibited by gaH
[Cr(O)(gahs)s]~, the vic-diol groups of the ligand are also
potential chelates, giving rise to six potential Cr(V)-ga linkage
isomers (Il —VIII ). The mixed-valence trinuclear vanadium
complex, (NH)A{[VY(O)lolV"(O)l(u-qatp)z} -H20, for ex-
ample, featurekcoordinated via both the 2-hydroxy acid moiety
and the 3-OH group’

[Cr(O)(gaH m)s]"~ Speciation.The two EPR signals of K[Cr-
(O)(gaHs)2]H20 atgiso = 1.9787 andyiso = 1.9791 are due to
different species of the bis-(2-hydroxy acid) linkage isomer. This
is established by the pH, [Cr(V)] and [Cr(V)]/[gaHdepend-
encies, and the distin&so values Ao (Illa) = 17.2 x 1074
cm L Ago (Illb) = 16.4 x 1074 cm™Y). The A, values are
similar to those observed in the EPR spectra from aqueous
solutions of Na[Cr(O)(ehbalyH20 (Aiso = 17.2x 104 cm™%;

Aso = 16.1 x 107* cm™1) and Na[Cr(O)(hmba)-HO (Aso =
17.4x 104 cm™L; Ao = 16.3x 1074 cm™1), which have been
assigned previously to the presence of more than one geometric
isomer per Cr(V)-2-hydroxy acid complé%>3 The presence

of a maximum of three geometric isomers for Cr(V)-2-hydroxy
acid complexes arises from the interchange of the alcoholato
and/or the carboxylato donors about the distorted trigonal
bipyramid>2 The possibility of an equilibrium existing between
mononuclear and polymeric species, where coordination features
gaH bridging two Cr(V) ions via the 2-hydroxy acid group
(0,07 and either the 4,5-@,0°) (IX) or 3,4- (0%,0% diol
groups K) were eliminated due to the EPR spectral invariance
upon changing the concentrations of gaéhd Cr(V) at a
constant [gqakl/[Cr(V)] ratio and a constant pH value.

Linkage Isomerism in [Cr(O)(qaH m)2]". The six different
linkage isomers of [Cr(O)(qak)2]", involving 2-hydroxy acid
(0,07 and/or diol 03,0% O*0°) chelation (Il —VIII ), would
give rise to EPR signals with distingis, and 1H a;s, values.
The complexes featuring coordination to one 2-hydroxy acid
and one diol group, or to two diol groups, are most likely to be
dianionic and trianionic, respectively, since the uncoordinated
carboxylic acid group would be deprotonated at the pH values
studied. The Cr(V) and the isoelectronic V(IV) ions show a
marked preference for binding tos- rather thantrans-diol
groups of sugars and 1,2-cyclohexanediéf>°Also, the EPR
spectral multiplicity of bis-chelate complexes formed between
Cr(V) and either cis- otrans-cyclic-diol ligands will exhibit a

triplet and singlet, respectively, arising from the orientation of
the ring protons of the coordinated diol groups with respect to
the basal plane of the complékOn the basis of this, the EPR
spectra of [Cr(O)D!,0’-gakk),]~ (Ill), [Cr(O)(O,0"-qaHs)-
(©3,0%gaH)]>” (IV), and [Cr(O)0*,07-gaHs) (0%, 0%-qaH)]*~

(V) would exhibit a singlet, a doublet, and a singlet, respectively.
Also, the concentration of relative tolV would be expected

to be small. As an alternative to the simulation of the EPR sig-
nals of K[Cr(O)(gaH),]-H20 in water as two geometric isomers,
a singlet ¢iso = 1.9787, rel. concra= 24.4%), a doubletgjso =
1.9788,1H aj5o = 0.79 x 1074 cm4, rel. concn= 59.8%) and

a singlet ¢iso = 1.9790, rel. concr 15.8%) could be used. In
such an analysis, thgs, values for the putativé/ andV iso-

(57) Codd, R.; Hambley, T. W.; Lay, P. Anorg. Chem1995 34, 877— mers are higher than that fdil , which is to be expected on
882. _ ) the basis of an empirically derived set of EPR parameters for
63&%8) Micera, G.; DessiA.; Sanna, Dinorg. Chem-199 35, 63497 specific donors? The trend in theiso values is also consistent

(59) Branca, M.; Micera, G.; DelssA.; Sanna, DJ. Inorg. Biochem. with the highergis, value observed for [Cr(O)(ehba)(ed)ed
1992 45, 169-177. = 1,2-ethanediolatof2)) compared to [Cr(O)(ehbg) .36 How-
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ever, such linkage isomerism for K[Cr(O)(ggk]-H-0 at pH
< 5.0 is not consistent with the experimental results, which

dependence of the geometric isomers of [Cr(O)#aH is
similar to those of V(IV)-lactic or glycolic acid complexes. At

would result in a pH dependence of the ratio of signals due to near neutral pH values, two signals were observed in the EPR
different degrees of ligand deprotonation in the linkage isomers. spectrum of an aqueous solution of V(IV) and lactic acid, which
Therefore, the two signals at these low pH values must be duewere found to be independent of the pH value and both the

to geometric isomers. The relative concentrations of the geo-

metric isomers of Na[Cr(O)(hmbg)H,O were estimated from
the relative ratios of the high fieRfCr-hyperfine satellite signals
as 70:30 Aiso=17.4x 10%cm™ L Ago=16.3x 10 4cm™).
The simulation of the central signal of the EPR spectrum of
Na[Cr(O)(hmbay]-H,0, using this ratio as a guide, “resolves”
the broad central signal into two species wifl, = 1.9784
(Aiso = 17.4 x 10* cm™1) andgiso = 1.9786 Ao = 16.3 x
1074 cm™1). Therefore, in the case of K[Cr(O)(qa}-H20,

ligand and V(IV) concentratiorfé. The ratio was found to vary,
however, as a function of temperature. The study concluded
that the most likely explanation for the two species was the
presence of two geometric isomé?Pg here are parallels between
the V(IV)-lactic acid study and the current work in that the
species with the highegis, value has the lowels, value. The
similar trends in temperature dependence that exist between two
systems, where in one case ((V(IV)-lactic acid) no linkage
isomerism is possible, are consistent with other evidence for

thegiso vValues are separated by 0.0004 units compared to 0.0002geometric isomerization.

units for Na[Cr(O)(hmbg]-H»O. In the latter case, the separa-
tion of thegso Values of the species is insufficient to effect un-

At higher pH values ¥5), new signals appear withH ajso
values ranging between 0.80 1074 and 0.95x 1074 cm™1,

ambiguous resolution of the central EPR signal. This may be which is in good agreement with tfel a;s, values observed in
due to exchange broadening, and detailed studies at higher frethe EPR spectra of complexes formed between Cr(V) and
quency (Q-band) would be required to establish whether the adenosine (0.75< 104 cm1)38 or rhamnose (0.84< 1074

differences imgso values have a kinetic or thermodynamic origin.
The similarity in results obtained by the reduction of Cr(VI)
by GSH in the presence of gatind the spectra of [Cr(O)-
(gaHs)2]~ at low pH values shows that qaghis an effective
competitor for Cr(V), since Cr(V)-GSH complexes give distinct
EPR signals diso = 1.996, giso = 1.986)1! The temperature

cm™1),4” where complexation occurs via thés-diol group of

the sugar. Additional evidence in support of the linkage
isomerism processes is the pH dependence of the equilibria and
the similarity of the spectra of the higls, value signals for

(60) Reeder, R. R.; Rieger, P. Hhorg. Chem.1971, 10, 1258-1264.
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gaHs and the species generated for gakdhich can only form
1,2-diolato complexes.

Linkage Isomerism in [Cr(O)(saH)2]3~. The giso and Aso
values of the salfcomplexes are typical of five-coordinate oxo-
Cr(V) species with four alcoholato dondtsThis ligand can
form three linkage isomers with Cr(V), by virtue of the two
pairs of vic-diol groups KI —XIIl ). Since the'H ai, value is

Xar
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Figure 7. Predicted EPR spectra and relative concentrations of the

similar to that observed for the bis-chelate species formed individual Cr(V) linkage (Il =VI) and geometric (a, b) isomers

between Cr(V) andis-1,2-cyclohexanedid¥ the dominant Cr-
(V)-sa linkage isomer is also likely to featupis-diol (3,4-)
coordination XI). The dominance of [Cr(O§f2,0%saH)}]3" is

an excellent example of the preference for Cr(V) to bindise
rather thartrans-diol groups. This has been illustrated previously
on several occasions for Cr(¥3:% and also for V(IV)-diol
binding>° Binding via the 4,5-diol group is evident in Cr(V)-

ga species, which indicates that the donor properties of the 3,4-

diol in saH; may be either sterically or electronically enhanced,
compared to qatd

Cis vs Trans Binding in Cr(V)-Diol Complexes and
Deconvolution of EPR Spectra.ln the Cr(V)-ga system, the
concentration ofV would be expected to be greater than that

of V, based on the intramolecular competition experiments using

saH;, which established a clear preference ¢& rather than
trans-diol binding to Cr(V). This is borne out by the equilibrium
constant for the formation dV being 10 times the value for
V. The equilibrium constant for the formation of the bis-chelate
complex formed between V(V) ands-1,2-cyclohexanediol is
also 10 times greater than that for ttrans-analogué! The
marked dominance of the binding of Cr(V) tis- rather than
trans-diol groups is easily rationalized, since the torsion angle
of the chelate ring (6C—C—0) in a cisgeometry can
accommodate a reduction in the angle siz&6@°), which
facilitates coordination. The same angle itrans-diol arrange-
ment cannot be less than®6{ his affect has been described in
relation to the coordination of the isoelectronic V(IV) ion with
sugars? The linkage isomersy , V, andVI, would be predicted

to yield a doublet, a singlet, and a triplet, respectively, where
the EPR spectral multiplicity is a function of the number and
orientation (cis- or trans-) of the ring protons of the coordinated
diol group. In accordance with the preference shown by Cr(V)

(61) Tracey, A. S.; Gresser, M. lhorg. Chem.1988 27, 2695-2702.

postulated to form in the reduction of Cr(VI) (40 mM) by GSH (2
mM) in the presence of qaH100 mM) at pH 7.28 and 8.17. The
lowest graphic shows the spectrum of the sum of all the predicted
spectra for the individual species (sim) and the experimentally observed
spectrum (expt).

towardcis- rather thartrans-diol binding, the concentration of
the alternative bis-diol linkage isomerg|l and VIl , would

be expected to be small, compared/ia The presence oIl

or VIl is not required to obtain a good fit between the observed
and simulated EPR spectra.

At pH values between 5.0 and 8.0, the predominant Cr(V)-
ga linkage isomers feature mixed-binding modes, with 2-hy-
droxy acid and diol donors. The Cr(V)-ga EPR spectra have
been deconvoluted into the spectra predicted for the individual
linkage isomers (Figure 7). Notably, thgs, values of the
purported geometric isomers ¥f differ only by 0.0001 units.
The differences in theys, values (Agiso) of the purported
geometric isomers for each Cr(V)-qga linkage isomer were 0.0004
for Il , 0.0003 forlV, and 0.0005 foi/. These differences in
Oiso Values are more significant than that noted for the geometric
isomers ofVl (0.0002). This indicates that the changes to the
electronic structure of geometric isomers of Cr(V) complexes
with mixed-donor types (i.ebis-(2-hydroxy acid), 2-hydroxy
acid-diol) are greater than for the case where the donor types
are similar (i.e., bis-diol).

Minor Species at Low gis, Values. The formation of the
additional signal atgiso ~1.9792 in the Cr(VI)/GSH/saH
reaction is pH-dependent, as opposed to the formation of the
bis-diol Cr(V)-sa species, which is invariant of pH (at pH values
>5.5). Thegiso value is too high to support the presence of six-
coordinate oxo-Cr(V) complexéd.The signal is broad, with a
discernible shoulder, which was simulated as havihy
superhyperfine coupling arising from diol coordination. An oxo-
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Cr(V) complex featuring one diol group and two monodentate binding modes would not be observed between Cr(V) and,saH
carboxylato donors, [Cr(OJ{’-saH)2(03,0%saH)F~ (XIV), is since the ligand does not have a 1-OH group. The calculated
consistent with the dependence (relative to the bis complexes)giso value for a six-coordinate oxo-Cr(V) species with five
of the signal on both pH (at pH values4.01) and ligand alcoholato donorsgfso = 1.9759) is in reasonable agreement
concentration (at pH values3.8). Monodentate carboxylato  with the observedis, values. The high negative charges of these
coordination has been observed previously in species formedspecies are also consistent with their appearance at high pH
between Cr(V) and acetic act@83 It should be noted that the  values.

formation ofXIV from XI is dependent upon thekg value of The possibility of 3,4,5-triol binding is unlikely because the
saH,. If saH, was deprotonated (i.eat pH values>4.01)7> an model of this structure is quite strainétlAlso, the signals at

alternative structurV would also be consistent with the ligand  |ow g, values are not observed in the sasystem, in which

the 3,4,5-triol coordination mode is also possible. On the basis
of molecular models, the 1,3,4-triol bound Cr(V)-ga complex
(XVI) is the least straine®. The ligand in this structure is in a
half-boat conformation and has one five-membered and one six-
membered chelate ring. Although in the 1,3,5-triol Cr(V)
complex KVII ) the ligand remains in the energetically favored
conformation, the structure is somewhat strained, most probably
due to the presence of two six-membered chelate rings. Of the
three structureVIIl is the most strained and is quite unlikely
to be formed in significant amounts.

1H-Superhyperfine Coupling. The lack of structural data
for Cr(V)-diol complexes can be addressed by examining
analogous structures formed between V(V) and cyclic diols.
Recently, the structures of two V(V) complexes wibccis-
diol ligands have been solved by X-ray crystallograptff.The
complexes formed between V(V) and either metby#,6-
benzylidenea-p-mannopyranoside (MBMB) or adenosin®
are dinuclear, with the V(V) ions bridged by an alcoholato donor
from the sugar ring. Complexes between V(V) and the 2-hy-
droxy acids, hmballand ehbal] also have this structural
motif.57.68The distorted-TBP coordination sphere of V(V)-ehba
and -hmba dinuclear complexes is similar to that of the

OH mononuclear Cr(V) complexes with the same ligaffefs.
Therefore, it is reasonable to assume that complexes formed
between either V(V) or Cr(V) and cyclic diols would have

O
,0/ o similar structures. Two analyses have been used to assess the
spatial relationship between the ring protons of the coordinated
XV diol groups and the V(V) nuclei. First, the distance between

the proton and the ligand plane has been determined, where
concentration dependence data. The latter structure gives goodhe ligand plane is defined as the plane containing the donating
agreement between the observed and calcutatgg values diol O atoms (2), the second-shell C atoms (2), and the V(V)
(1.9792 and 1.9791, respectively). The formation XV, atom. Second, the dihedral angle,-B-0-V, has been
however, would be independent of pH (at pH valueK, calculated. These results (Table S2; refer to V(V) and Cu(ll)
value of salj), which is not the case here. structures for clarification of the atom labeling schemes) show
The minor signals produced upon the reduction of Cr(VI) by that, in complexes formed between V(V) acid-cyclic diols,
GSH in the presence of excess gait high pH values (pH  one proton essentially lies in the ligand plane, while the other
6.18 and 6.91) are not observed in the Cr(VI)/GSH/sad proton lies perpendicular to the ligand plane. Therefore, the two
action. Therefore, it is unlikely that the species solely feature protons ofcis-cyclic diols are oriented quite differently with
ancillary donors, such as aqua or hydroxo groups. Similar signalsrespect to the metal ion and would experience different degrees
were observed in Cr(Vp-glucose studies and were attributed ~Of orbital overlap with the metal orbital containing the unpaired
to Cr(V) species formed with glucose oxidation prod#ts. electron. In the case dfans-diol binding, the ring-protons lie
is possible that the minor Cr(V)-ga species contain oxidized above and below the ligand plane, resulting in limited overlap.
ligand, since the same oxidation of sgat C(1) is not possible ~ This scenario is well illustrated by the X-ray crystal structure
due to the unsaturation in the cyclohexane ring. Coordination of the polymeric complex formed between Cu(ll) and gaH, in
to oxidized ligand, however, is inconsistent with the fact that Which the ligand is coordinated via the 2-hydroxy adi#,0")
Cr(VI) is a stronger oxidant at acidic pH valu#sThe relative (64 Coch oo Mol Models O Svet Thinit
: H H H H ochranes O XTOor olecular Models: roit system an ni
concentrations of Fhes_e minor S|gnaI$ are mdependgnt of Ilgandsystemonord’ UK., 1973.
concentration, which is consistent with the responsible species ~ (65) zhang, B.; zhang, S.; Wang, K. Chem. Soc., Dalton Trans996
being a bis-chelate, but the lagé, values of the species suggest 32?7*)3263. o
iX- i - i iy 66) Angus-Dunne, S. J.; Batchelor, R. J.; Tracey, A. S.; Einstein, F.
the pdr_esence of six coor(?clnate 0X0 ﬁr)(V()j_speé_id%qsh&blehsni 3 4. W- B. J. Am. Chem. S0d995 117, 5292-5296.
coordinate species may feature triol binding via either the 1,3,4- (67) Judd, R. J., Ph.D. Thesis, The University of Sydney, 1992.

(XVI), 1,3,5- XVII'), or 1,4,5- KVIII ) triol groups. These (68) Hambley, T. W.; Judd, R. J.; Lay, P. Morg. Chem.1992 31,
343-345.

(69) Judd, R. J.; Hambley, T. W.; Lay, P. A.Chem. Soc., Dalton Trans.
1989 2205-2210.

(62) Kon, H.J. Inorg. Nucl. Chem1963 25, 933-944.
(63) Farrell, R. P., Ph.D. Thesis, The University of Sydney, 1993.
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and thetransdiol (O%0° region’® As predicted, the ring
protons lie well above [H(5i)] and below [H(4i)] the ligand
plane, which is similarly reflected in the dihedraH&—0O—

multiplicity is a function of the number of protons and the rate
of the fluxional behaviof>36 as revealed from ENDOR
spectroscopic studies at low temperattfre.

Cu angles (Table S2). Recent studies of the EPR spectra of

species formed between Cr(V) and cis-tens-1,2-cyclohex-
anediol have shown that the proton lying in the ligand plane
couples to a greater extent with the unpaired electron on the
Cr(V) ion, compared to the proton lying perpendicular to the
ligand plan€’” This seems reasonable since the overlap between
the protons orbital and the Cr(V) orbitals containing the
unpaired electron density will be maximized when the Gt
O—Cr dihedral angle is closer to°0Oas in cis-cyclic diols,
compared tarans-cyclic diols, where the same angle approaches
90’ (Table S2). Itis for these reasons that the EPR spectrum of
the species formed between Cr(V) and sgidlds a triplet rather
than a quintet, since only one proton per ligand is in the plane
of the unpaired electron density of the Cr(V) ion. In contrast to
cyclic-diol ligands, the protons of linear diols are magnetically
equivalent due to rapid Berry twists, and therefore, the spectral

(70) Bkouche-Waksman, Acta Crystallogr., Sect. @994 50, 62—64.

Conclusions

There is no doubt that small-molecule reductants, such as
ascorbate and GSH, play an important role in intracellular Cr-
(VI) metabolism’>"2What has been over-looked, perhaps due
to the unfavorable kinetics of Cr(VI) reduction by alkoxide-
containing moleculestis the importance of Cr(V)-diol species
with respect to Cr(VI) metabolism. The results obtained here
clearly establish that the reduction of Cr(VI) by GSH, in the
presence of an excess of diol-containing ligands, yield long-
lived EPR-active Cr(V)-diol species at physiological pH values.
The nature of the Cr(V)-diol species found here is also consistent
with those observed in the ligand-exchange reaction between
Na[Cr(O)(ehba)-H,O andb-glucose?” where there is a marked

(71) Standeven, A. M.; Wetterhahn, K. Earcinogenesisl992 13,
1319-1324.
(72) Zhang, L.; Lay, P. AJ. Am. Chem. S0d996 118 12624-12637.
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preference for coordination to donors disposed in a cis rather or sugar-like molecules. Indeed, ascorbate has been used as a
than a trans fashion. At pH valuesl, the 2-hydroxy acid mode  Cr(VI)-detoxifying agent in skin preparations (1% ascorbic acid

of binding between Cr(V) and gatpredominates, which has in poly(ethylene glycol)) for sufferers of Cr(VI)-induced der-
relevance in terms of the local acidic cellular environment matitis and in the protective masks of workers exposed to
following phagocytosis. During phagocytosis, the vesicles chromic acid mist34

experience a drastic decrease in pH. Over a 20 min period, for

example, the pH value of a phagocytic cell dropped from 6.70  Acknowledgment. The authors are grateful for an Australian

(t = 2 min) to <5 (t = 22.5 min)?® This has important  Postgraduate Research Scholarship (R.C.) and an Australian
implications with respect to the cellular uptake of water- Research Council (ARC) Grant (P.A.L.) and ARC RIEFP Grants
insoluble carcinogens and has particular relevance to intracellularfor EPR and CD spectrometers. We thank the Australian

Cr(VI) metabolism on two accountdFirst, the redox potential  National University Microanalytical Service for microanalyses
of Cr(VI) is higher at acidic pH values than at neutral pH. (C, H, and Cr).
Second, Cr(V)-2-hydroxy acid complexes, which have been
implicated as possible intermediates in Cr(Vl)-induced carcino-  sypporting Information Available: Values ofKy, for the
genesis, are considerably more stable in this pH region, cr(vI)/GSH/saH reaction and of selected molecular geometry
compared to near neutral pH valtsBy contrast, the diol-  parameters of V(V)- or Cu(ll)-cyclic diol complexes (with
binding mode is preferred at normal physiological pH values stryctures) are presented in Table S1 and Table S2, respectively.
(~7.4) relevant to the intra- and intercellular environments The EPR spectra of the Cr(VI)/GSH/gatéaction as a function
encountered by soluble Cr(VI) compounds. The Cr(V)-diol ¢ [gaHs] at pH 4.0 (Figure S1), at pH 6.4 (Figure S3), and at
species are remarkably stable, with increases in the EPR signabH 4.0, where [qak)/[Cr(V)] is constant (Figure S2), are
(at pH 6.91) observedtd h after the initiation of the reaction jncluded. The plot of Irk vs 1/T for the aqueous speciation of
(data not shown). The relevance of Cr(V)-diol complexes with [cr(0)(qaH),]~ is given in Figure S4. Th&3Cr hyperfine
respect to Cr(VI) metabolism is highlighted by the results of a gjgnals in the Cr(VI)/GSH/saHreaction (pH 6.84) or the Cr-
recent in vivo EPR study of the Cr(V) species formed in fats,  (v))/GSH/qaH reaction (pH 4.17 and 6.18) are given in Figures
where the EPR signals hagg, and!H ais, values very similar S5 and S8, respectively. The EPR spectra of the fsaH
to those of the species described in the current work and aregependence of the Cr(VI)/GSH/saktaction (pH 6.80) and the
likely to be bis-chelate Cr(V)-diol complexes. It is becoming plot of [BJ/([AI[H *]) vs [saHy] (pH 3.0) are given in Figures
more apparent that diol ligands play an important role in the gg and S7, respectively. The plot of [D)/[C] vs 1/fHfor the
stabilization of Cr(V) species. It may be more appropriate 10 cr(v|)/GSH/qaH reaction is given in Figure S9. The EPR
think of the small-molecule Cr(VI) reducing agents, such as gpecira of the Cr(V) intermediates in the Cr(VI)/GSH/gaH
GSH and ascorbate, as detoxifying agents, where the ultimateeaction with increasing [qaiCr(V1)] at pH 6.90 are presented
genotoxic agents are species formed between Cr(V) and sugary Figure S10. This material is available free of charge via the
(73) Farrell, R. P.; Costa, M. I€omprehensie Toxicology Sipes, |. Internet at http://pubs.acs.org.
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