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Structures of the complexes [Cr'O(ehba),]~, [CrVO(ehbaH),]°, and [Cr'(ehbaH),(OH,),]* (ehbaH, = 2-ethyl-2-
hydroxybutanoic acid) in frozen aqueous solutions (10 K, [Cr] = 10 mM, 1.0 M ehbaH,/ehbaH, pH 3.5) have been
determined by single- and multiple-scattering fitting of X-ray absorption fine structure (XAFS) data. An optimal set
of fitting parameters has been determined from the XAFS calculations for a compound with known crystal structure,
Na[Cr'O(ehba),] (solid, 10 K). The structure of the Cr(V) complex [CrVO(ehba),]~ does not change in solution in
the presence of excess ligand. Contrary to the earlier suggestions made from the kinetic data (Ghosh, M. C,;
Gould, E. S. J. Chem. Soc., Chem. Commun. 1992, 195-196), the structure of the Cr(IV) complex (generated by
the Cr(VI) + As(lll) + ehbaH, reaction) is close to that of the Cr(V) complex (five-coordinate, distorted trigonal
bipyramidal) and different from that of the Cr(lll) complex (six-coordinate, octahedral). For both Cr(V) and Cr(IV)
complexes, some disorder in the position of the oxo group is observed, which is consistent with but not definitive
for the presence of geometric isomers. The structure of the Cr(IV) complex differs from that of Cr(V) by protonation
of alcoholato groups of the ligands, which leads to significant elongation of the corresponding Cr—0 bonds (2.0 vs
1.8 A). This is reflected in the different chemical properties reported previously for the Cr(IV) and Cr(V) complexes,
including their reactivities toward DNA and other biomolecules in relation to Cr-induced carcinogenicity.

Introduction biomoleculeg':>7%14 These complexes are likely to mimic
Recent interest in the aqueous solution chemistry of Cr- the Cr(V/IV) complexes of biological 2-hydroxycarboxylates,
(V/IV) 15 is primarily due to the proposed roles of these Such as citrate or lactate, that could be formed during the

highly reactive oxidation states as DNA-damaging species intracellular reduction of Cr(VI}* Studies of redox reactions

in Cr(VI)-induced mutagenesis and carcinogenésRela- of well-characterized Cr(V/IV) complexes are also important
tively stable Cr(V/IV)-ehb& complexes are extensively used
as models for understanding the Cr(V/IV) reactions with
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XAS Studies of Cr(V/IV/III)—ehba Complexes

Table 1. XAS Experimental Settings

parameter SSRL (solutions) ANBF (solutions) ANBF (solids)
beam energy, GeV 3.0 25
beam current, mA 56100 2506-400
light source wiggler (eight periods) bending magnet
beamline 9-3 (focused) 20B (unfocused)

double crystal Si[220],
nondetuned

monochromator crystal

channel-cut Si[111], detuned by 50%

detection method fluorescence transmission
detector 30-element Ge array 10-element Ge array Na/He (1:1)-filled
(Canberra) (Canberra) ionization chambers

energy calibration
scan range and step size
(in parentheses), eV

sample thermostating continuous flow liquid

He, 10+ 1 K
sample form solution in D, ~0.05% (mass) Cr
sample cell lucite (2% 3 x 2 mm),

Mylar tape windows Kapton windows
no. of scans 2 scans at each of 6 spots

av scan time, min 30

polycarbonate (1& 10 x 2 mm),

2 scans at each of 5 spots

Cr foll, first inflection point of the edge assigned to 5989.0 eV
5770-5970 (10), 5976-6050 (0.25), 60567000

(2—6, 0.05 ALin k-space)

closed cycle He gas (Cryolndustries),

10+ 10r 293K
mixture with BNy10% (mass) Cr
Al (10 x 10 x 0.5 mm),
Kapton windows

1 scan at each of 2 spots

40

for understanding general mechanisms of electron transferexamined for the crystallographically characterized com-

in coordination compounds.

The Cr(V) complex Na[CfO(ehba)] has been isolated
from the reaction of Cr(VI) with ehbatHn acetoné, and
its crystal structure has been determif&By contrast, the

pound Na[CYO(ehba)].1"18

Experimental Section

Caution. Cr(VI) and As(Ill) compounds are human carcino-

Cr(IV)—ehba complex, which can be generated quantitatively gens2’:28 and Cr(V/IV) complexes are mutagenic and potentially

by the Cr(VI) + As(lll) + ehbahl reaction in aqueous
solutions (pH 2-4),'° is too unstable to be crystallizé#?*
Alternative structures of this complex, [&ehbaH)(OH),]°
(six-coordinate, octahedral) or [€O(ehbaH)]® (five-

coordinate, distorted trigonal bipyramidal), have been sug-

gested from UW-vis spectroscopic and electrochemical
studies!® 22 Direct determination of the Cr coordination
environment by XA%"?%is required to distinguish between
these possibilities.

Recently, a preliminary account of the first XAS study of
Cr(V/IV/IIT) —ehba complexes in frozen aqueous solutions
was reported, which led to determination of the first solution
structure of a Cr(IV) complex, [¢fO(ehbaH)]°.2¢ In the
current work, a detailed comparative XAS study of ehba

carcinogenic®® Contact with skin and inhalation must beaided.

Reagents.The following commercial reagents of analytical or
higher purity grade were used without purification: 2-ethyl-2-
hydroxybutanoic acid, acetone, BN, &%, NaCrO,-4H,0, CrO,,
and NaOH (all from Aldrich) and FeSEYH,O (Merck). Synthesis
of Na[CMO(ehba)]-H,O was performed by a literature methbd,
and its purity was confirmed by IR, UWis, and EPR spec-
troscopieg’-18

Sample Preparation and Data Collection.Solutions of Cr(IV)
were generated by the reaction of Cr(VI) (10 mM) with As(lll)
(0.10 M) and ehbaptehbaH (1.0 M, pH 3.5) at-4 °C1%21 The
reaction mixture was injected into the XAS cell and frozen in liquid
N, within 50 s after mixing of the reagents. At the time of freezing,
the yield of Cr(IV) was=92% [Cr(VI)]o (determined by UV-vis
spectroscop$t using an HP 8452A diode-array spectrophotometer).

complexes of the three oxidation states of Cr has beenA solution of Cr(V) was prepared by dissolving Naf@(ehba]

performed, using data of much higher quality compared with
those used in the preliminary wofkin addition, advantages
and limitations of XAS in the determination of three-

(10 mM) in ehbak/ehbaH (1.0 M, pH 3.5). The reaction of Na-
[CrYO(ehba)] (10 mM) with FeSQ (50 mM) in ehbak/ehbaH
(1.0 M, pH 3.5, reaction time-1 min at 20°C) led to the formation

dimensional structures of such metal complexes have beerPf @ Cr(ll)—ehba complex (proposed structure '[@ehbaH)-
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1999 2339-2340.

(OH,),] 1).2° The solutions of Cr(V) and Cr(lll) were stable for at
least 15 min at 20C (UV—vis spectroscopy) and were frozen in
liquid N, ~2 min after the preparation. Solid samples of Na[Gr
(ehba)] or CrO, were mixed with BN to obtain-10% (by weight)

Cr. Chromium K-edge spectra were recorded on beamline 9-3 at
the Stanford Synchrotron Radiation Laboratory (SSRL) or at the
Australian National Beamline Facility (ANBF, beamline 20B) at
the Photon Factory (Tsukuba, Japan). Experimental settings are

(27) IARC. Monographs on the &aluation of the Carcinogenic Risk of
Chemicals to Humans. Vol.49. Chromium, Nickel and Welding
International Agency on the Research of Cancer: Lyon, France, 1990;
see also references therein.
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129 and references therein.
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listed in Table 1. Data collection at low temperature (10 K) Chart 1.

minimized photodamage of the samples, improved the signal-to-
noise ratio, and maximized the MS contribution to the XAFS
spectrundt

XAS Data ProcessingAveraging, background subtraction, and
the calculations of theoretical XAFS spectra were performed using
the XFIT software packag®,including FEFF 4.08 and FEFF
6.084 algorithms (for SS and MS, respectively), as described
previously3! Conditions, restraints, and constraints, applied to the
calculations, are listed in Table S1 (Supporting Information). Fourier
filtering has been applied in MS XAFS calculations to reduce the
noise in the XAFS data at highvalues3? Variations of the Fourier
window parameters did not significantly affect the outcome of the
MS XAFS calculations (see the Results). Overdeterminacy of the
models used for both SS and MS XAFS calculations was checked
by the method of Binsted et &P taking into account the applied
restraints and constraints. In all MS XAFS calculations, the values
of bond lengths and bond angles within the ehba ligands were
restrained to be close-0.05 A, +5°) to those found in the crystal
structure of Na[CfO(ehba)].!® Release of these restraints led to
underdetermined models and to implausible distortions in the ligand
structures. DebyeWaller factors of similar atoms in the ehba
ligands were constrained to be equal, to decrease the number of
variables in the models. The random errors in the estimated XAFS
parameters, arising from the noise in the data, were determined by
Monte Carlo analysis within the XFIT softwafé Starting coor-
dinate sets used for MS XAFS calculations were obtained from
the crystal structures of Na[D(ehba)]*® or NH,V'VO(ehba)-
(ehbaH)J3¢ from the results of MM calculations for Na[@D-
(ehba)],%” or from the molecular models generated by HyperChem
software (based on electronic states of the atoms, no experimental
data involved}8 The corresponding models are shown in Chart 1.

MM Calculations. The energy-optimized structure of Naf@-
(ehba)] was determinedl using MOMEC softwaré? The force
field (Table S2 in the Supporting Information) was develdped

Levina et al.
Models Used for Initiation of MS XAFS Calculatiohs
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a See the text. The atom numbering corresponds to those used in Tables
S1 and S5S10 (Supporting Information).

of [CrVO(ehba)]~ compared well to the coordinates generated by

using both publisheé“force constants and those determined from Molecular-mechanics calculations of {Q(ehba)] ~ (the calculated
the IR data’ The starting coordinate set was obtained from the Pond lengths and angles were within 0.02 A aridr@spectively,

crystal structure of Na[CO(ehba)].® The force field partially

of those determined by X-ray crystallograpRy)wvhich indicates

constrained the metal-center geometry, which was necessary forthe validity of the force field used in the calculations. The
modeling the different coordination spheres of the geometrical Minimization function was based on the NewtdRaphson methot,

isomers of Cr(V)-2-hydroxyacid complexes (Table S3 in the
Supporting Information}? The X-ray crystal structure coordinates

(31) (a) Rich, A. M.; Armstrong, R. S.; Ellis, P. J.; Freeman, H. C.; Lay,
P. A.Inorg. Chem1998 37, 5743-5753. (b) Rich, A. M.; Armstrong,
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10836.
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12117-12125.
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R. S. U,; Bonin, A. M.Inorg. Chem.1992 31, 4906-4908.

(37) Codd, R. B.Sc.(Hons) Thesis, University of Sydney, Sydney, Australia,
1992.

(38) HyperChemVersion 5.1; Hypercube Inc.: Gainesville, FL, 1996.

(39) Hambley, T. WMOMEC 87. Program for Strain-Energy Minimiza-
tion; University of Sydney: Sydney, Australia, 1987.

(40) Hambley, T. WActa Crystallogr., Sect. B988 44B, 601-609.

(41) Aufder Heyde, T. P. E.; Nassimbeni, L. Rcta Crystallogr., Sect. B
1984 40B 582-590.

which was applied until the shift in the positional coordinates was
less than 0.001 A.

Results

Stability of Cr(V/IV/IIl) —ehba Complexes Under the

XAS Conditions. During the data collection at the SSRL,
some decomposition of the samples was evident from (i)
color changes in the irradiated spots of the frozen samples
(only for Cr(V); red coloration appeared, which is indicative
for Cr(I1Vv)),**2! (i) changes in U\~vis spectra of the
irradiated samples after thawing, compared to the initial
solutions (Figure 1), and (iii) changes in the XANES spectra
for two sequential scans taken at the same spot (Figure
Sla-c in the Supporting Information). The degree of
photodamage, measured from the changes in the edge energy,
decreased in the following order: Cr(\® Cr(IV) > Cr-

(N (Figure Sla-c). The increase in absorbance at 300
800 nm for the Cr(V) sample after irradiation (Figure 1) is
consistent with the formation of some Cr(IV) due to
photoreductiod??' The decrease in absorbance at-3600

(42) Bramley, R.; Ji, J.-Y.; Judd, R. J.; Lay, P.lhorg. Chem199Q 29,
3089-3094.
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Figure 2. Comparison of XANES spectra (a) or FT XAFS spectra (b) for
0t ) . ) the Cr(V/IV/IIl)—ehba complexes.
400 600 800
Wavelength, nm no significant photodamage of the samples occurtet).
Figure 1. UV-—vis spectra of solutions of the Cr(V/IV/Iiehba e_\greement with the results of preliminary Stug%md the
complexes (10 mM Cr, 1.0 M ehbakehbaH, pH 3.5~20°C) before (solid  literature data for Cr(lll) and Cr(V) complexés}*4sthe edge

lines) and after (dashed lines) the irradiation at the SSRL. energy and the intensity of pre-edge absorbance decrease in
) . the following order: Cr(V)> Cr(IV) > Cr(lll). The XANES
nm and increase in absorbance at 6800 nm for the Cr- spectra for the solid Na[®O(ehba)] and its aqueous
(IV) sample (Figure 1) are due to its partial disproportion- go|ytion (10 mM, in the presence of 1.0 M ligand) are
ation with the formation of Cr(V) and Cr(lIB®* The  practically identical (Figure 2a). Thus, the five-coordinate
increase in absorbance at 36800 nm for the Cr(lll) sample  strycture of the Cr(V) complex is retained in solution, even
in the presence of excess Fe(ll) is probably due to the jn the presence of a large excess of ligand. The XANES
photochemical reactions of Fe(lll/Il), as the specific absor- spectral features of Na[®®(ehba}] closely resemble those
bance of Cr(lll) at~600 nm did not change significantly  of another five-coordinate Cr(\A2-hydroxycarboxylato
(Figure 1). To minimize the influence of photodamage on complex, Na[CYO(ga}] (qa= quinato(2-) = 1(R),3(R),4-
the results of XAFS modeling, only the first scans at each (R) 5(R)-tetrahydroxycyclohexanecarboxylate(2?® The in-
spot were used to obtain the averaged spectra (for the datgensity of the pre-edge absorbance for both complexes was
collected at the SSRL). As reported previou¥l§; no significantly higher than that for a dimeric Cr(alaninato
evidence of photodamage was obtained for the data coIIecteohommeX, [C¥2(u-O)(O)z(Ala)(OMe)]2~, possessing six-
at the ANBF (Figure S1d), and averages of all scans were coordinate Cr(V) centerS. The spectra for solutions of the
used for data processing in this case. This was used tocr()v)—ehba complex, collected at the SSRL or at the ANBF
validate that the better quality SSRL data were not compro- are similar, except for the higher signal-to-noise ratio in the
mised by photodecomposition. Thus, the use of the brighter former (Figure S2 in the Supporting Information). The edge
and focused beam together with a 30-element detector at thqenergy and the intensity of the pre-edge peak for the Cr(1V)
SSRL (Table 1) significantly improves the signal-to-noise complex are similar to those of the stable Cr(IV) compound
ratio in the XAFS spectra of dilute solutions of Cr(V/IV/  cro, (Figure S3 in the Supporting Information). The edge
ll) (see below), but increases the photodamage of the features and the energies of pre-edge absorbance, however,
samples. are different, which is indicative of different coordination
XANES Spectra of Cr(V/IV/III) —ehba ComplexesThe
pre-edge and edge features for the complexes with different(44) E'!iznfi-t d ,ioinﬁr’n/ﬁ{dlwé;a't\g?sﬂgngeg?iJT';zls\)/lﬁsstg?' A.F.; Niles, D.
oxidation states of Cr are compared in Figure 2a; the energiesus) pilion, C. T.; Lay, P. A.; Cholewa, M.; Legge, G. J. F.: Bonin, A.
are given in Table 2. These energies are the same, within ~ M.; Collins, T. J; Kostka, K. L.; Shea-McCarthy, @hem. Res.
experimental error, as those for the XANES spectra of Cr- 5 T T A e 3 | Tumer. . Hambley, T. W.: Lay, P.
(V/IVIII) —ehba complexes, collected at the ANBF (where A. Inorg. Chem2001, 40, 5097-5105.
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Levina et al.
Table 2. Summary of XAS Results

parameter Cr(V) solfl(ANBF) Cr(V) solrP (SSRL) Cr(IV) sol? (SSRL) Cr(IV) solt (ANBF) Cr(lll) soln® (SSRL)
XANES®
pre-edge, eV 5992.5 5992.5 5991.5, 5992.7 5993 5990.7, 5992.7
edged eV 6004.5 6004.5 6003.7 6004.0 6003.0
XAFS®

0Xx0

X, 1.56 (1.557) 1.57 1.56 1.54

02, A2 0.0043 0.0022 0.0063 0.0025
ROH/RO™

X, A 1.80 (1.799§ 1.80 2.00" 2.02 1.99

02, A2 0.0044 0.0034 0.0010 0.0010 0.0010
RCO,~

X, A 1.89 (1.900) 1.90 1.90 1.91 1.90

02, A2 0.0015 0.0010 0.0020 0.0010 0.0010
H>O

X, A 1.97

o2, A2 0.0010
—AEy, eV 6.7 3.8 2.1 3.8 6.2
S? 0.89 0.90 0.89 0.92 0.92
Ni/p 1.2 1.2 1.1 1.0 1.2
R/ % 11 17 12 12.5 17

a|dentical results (within experimental error) were obtained at 10 or 298Ffozen solutions at 10 K.Figure 2a; energy values of two main pre-edge

peaks of Cr(1V) and Cr(lll) are giverf.Measured at 50% of the edge junfResults of MS fits of XAFS spectra; experimental and calculated spectra are
shown in Figure 3, and calculation details are given in Tables S1 ané85. The results were independent (within experimental error) of the initial model
used (models 1 and 2 for Cr(V) or Cr(IV), models -4 for Cr(lll), Chart 1). Definitions: X is the Cr-O bond lengthgi? are the DebyeWaller factors;

AEy = Ep — 6005 eV, whereg, is the threshold energy? is a scale factorNi/p is the determinancy parameter of the calculation (witéris the number

of independent observations apds the number of varied parametef8R is the goodness-of-fit parameter. Errors in the optimized values, arising from the
noise in the data (estimated by the Monte Carlo mefffoggre <0.005 A for X, <0.0003 R for ¢i2, <0.2 eV for AE,, and <0.01 for S2. Expected
systematic errors in th¥ values are 0.040.02 A3 fValues from the crystal structure of Na[(@(ehba)]'® are given in parenthesesDeprotonated.

h Protonated! SmallerR values correspond to a better fit; fits wikh < 20% are considered as go&d.

geometried? To our knowledge, no other XANES data for 21—24 in Table S4). For the Cr(lll) complex, the best SS

Cr(IV) complexes are available for comparison. XAFES fit (model 26 in Table S4) included six equal-&D
SS XAFS Fitting. Representative results of SS XAFS bonds (1.95 A); application of models with different-Gd
modeling of the first coordination shells in Cr(V/IV/IH) bonds lengths led to unreasonably ley# values (models

ehba complexes are given in Table S4 (Supporting Informa- 27—29 in Table S4). Thus, the differences in-€d bond
tion). Acceptable models were those possessing both lowlengths (if any) for the Cr(lll) complex are below the
goodness-of-fit values < 15%) and physically reasonable resolution limit of SS XAFS fitting 0.1 A for the XAFS
values of the fitting parameters: the threshold eneggy spectrum withkyax = 16)253t

the scale facto&?, and the DebyeWaller factorsoi? (the The results of SS XAFS modeling (Table S4) suggest that
acceptable ranges of these values are given in Tablé2S1). the structures of the first coordination shells in the Cr(V)
The models where the numbers of scatterers were includedand Cr(lIV) complexes are similar, and differ from that of
in the variables gave optimal coordination numbers close to the Cr(lll) complex. This suggestion is supported by
5 for both the Cr(V) and Cr(IV) complexes and close to 6 comparison of FT XAFS spectra of the Cr(V/IV/IIl) com-
for the Cr(lll) complex (models 1, 2, 9, 10, 17, 18, and 25 plexes (Figure 2b). A marked increase in the amplitude of
in Table S4). The best fit to the XAFS data for the Cr(V) the first FT peak for the Cr(lll) complex, compared to those
complex in both the solid state and in solution (models 4 of the Cr(V) and Cr(IV) complexes, indicates an increase in
and 12 in Table S4) included one short (1.55 A), two coordination numbet In summary, the results of SS XAFS
intermediate (1.80 A), and two long (1.90 A)-€® bonds, modeling, in agreement with the results of preliminary
corresponding to the oxo, alcoholato (deprotonated), andstudie$® and the literature daté;?° provided strong
carboxylato ligands, respectively, in the crystal structure of evidence that the complexes were YO(ehbay] ~, [Cr'VO-
Na[CMO(ehba)].18 The best fit for the Cr(IV) complex (ehbaH}]° and [Ct'(ehbaH)(OH,)2] .

(model 20 in Table S4) included, in addition to one oxo bond MM Calculations for [Cr YO(ehba)]~. Experimental
(1.55 A) and two carboxylato GrO bonds (1.88 A), two  evidence for the existence of several geometric isomers of
longer bonds (1.98 A) corresponding to Cr binding to the [CrVO(ehbaj]~ in solutions has been gained from EPR
protonated alcoholato group of ebh&H-or both the Cr(V) spectroscop$? The postulated isomers (models3.in Chart
and Cr(IV) complexes, application of models including six 1) are variants of a distorted trigonal bipyramid with different
Cr—0O bonds, while giving acceptabl® values, led to arrangements of carboxylato and alcoholato groups around
unreasonably highs? values (models 58, 13-16, and the Cr centet.Other isomers are possible, with the oxo group
occupying an axial position, but these are likely to be much

(47) Solid CrQ possesses a six-coordinate, rutile-type structure (Cotton,

F. A.; Wilkinson, G.; Murillo, C. A.; Bochmann, MAdvanced (48) Dooley, D. M.; Scott, R. A.; Knowles, P. F.; Colangelo, C. M.;
Inorganic Chemistry6th ed.; John Wiley and Sons: New York, 1999; McGuirl, M. A.; Brown, D. E.J. Am. Chem. S0d.998 120, 2599~
p 740). 2605.
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Table 3. Summary of MM Calculation Results for the Geometric
Isomers of [CYO(ehba)]~ 2

parameter model 1 model 2 model 3

total strain energy, kJ mot 34.8 32.0 36.4
energy contributions, kJ mol

bond-length deformations 4.59 4.61 4.56

valence-angle deformations 9.77 9.74 10.00

torsional deformations 0.59 0.41 0.69

nonbonded interactions 19.80 17.25 21.18

out-of-plane deformations 0.00 0.00 0.00

interligand plane angledeg 140.4 128.0 151.3

aDesignations of the models correspond to Chart 1. Force field

parameters, applied in the calculations, are listed in Tables S2 and S3,

Supporting Information? The angle between the plane defined by atoms
Cr0, 02, C6, C7, 03, and 010 and the plane defined by atoms Cr0, O4,
05, C8, C9, and O11 (Chart 19The values of total strain energy and
interligand plane angle for the optimized MM model of fO(ehba)]~
(without geometry constraints around the Cr atom) were 31.5 kJmol
and 125.2, respectivelyd The corresponding value in the crystal structure
of Na[CYO(ehba)] was 134.9.18

less stablé” The values of relative strain energies for the
three postulated isomers, calculated by the MM metl{od,
are summarized in Table 3. The lowest total strain energy
corresponded to an isomer with two alcoholato groups in
axial positions (model 2 in Chart 1), which is different from
that found in the crystal structure of Na[@(ehba)] (two
carboxylato groups in axial positions, model 1 in Chart?l).
The energetic preference for model 2 was confirmed in the
MM calculations with no angle constraints on the Cr center,
which produced a refined model very similar in energy (31.5
kJ mol?) and structure to model Z.The results of this
unrestrained calculation were used in MS XAFS modeling
for [CrVO(ehba)]~ and [CHVO(ehbaH)]° complexes (see
below). The isomer with one alcoholato group and one
carboxylato group in axial positions (model 3 in Chart 1)

was the least energetically favored one, as determined by

MM calculations (Table 3). A comparison of the components
of total strain energy for the three isomers (Table 3) showed
the greatest difference was in the torsional deformation (only
a very small component of the total energy) and the

nonbonded interaction energy. The lowest strain energy level
for model 2 is probably due to the largest distance between

the most sterically demanding groups: the oxo group and
the alkyl residued’ The increase in total strain energy
correlated well with the increase in the angle between the
two Cr—ligand planes (Table 3); similar correlations were
observed in MM calculations for other Cr(R-hydroxy-
carboxylato complexe¥. The small difference in strain
energy between the isomers-4 kJ mol?, Table 3)
compared to the total solvation energy of the ions in protic
solvents €100 kJ mof?)! is consistent with the existence
of an equilibrium between at least two geometric isomers
of [Cr¥O(ehba)]~ in aqueous solution&,

MS XAFS Fitting for Solid Na[Cr VO(ehba)]. The
results of MS XAFS fits of unknown structures may be
affected by subjective choice of initial models and fitting
parameters! Therefore, a detailed study of the influence of
these factors on the outcome of MS XAFS modeling was
performed using a substance with known crystal structure,
Na[CrO(ehba)].*® Variation of the fitting conditions (Table
S5, Supporting Information) led to changes in Rgalues,

a
Cr(Vv) (soIgd, ANBF)

Cr(IV) (solution, SSRL)
B 8} .

x(K)xK°
14

10

Cr(llly (solution, SSRL)

374 5
-1

k, A R, A
Figure 3. Experimental (solid lines) and calculated (dashed lines) XAFS
(a) or FT XAFS (b) of the Cr(V/IV/lIly-ehba complexes. For FT XAFS,
both experimental and calculated spectra are windowed; applied window
functions are shown in Figure S4, Supporting Information. The initial
structures, used in the calculations, correspond to model 2 (for Cr(V) or
Cr(lV)) or to model 4 (for Cr(lll)) in Chart 1.

2

0 1

but did not affect, within experimental errélrthe optimized
values of Cr-O bond lengths and of the fitting parameters
By, S? and 0i? (the values of the parameters and the
experimental errors are given in Table 2). All of the applied
models were overdetermineli(p > 1, Table S5); thus, the
optimization results were valid for comparison of different
models to determine the best fit to the d&&xperimental
and calculated XAFS and FT XAFS spectra for the best fit
(corresponding to row 2 in Table S5) are shown in Figure
3, and the corresponding FT window function is shown in
Figure S4 (Supporting Information).
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The ability of MS XAFS fittings to distinguish between donors). However, in this case release of the bond length
geometric isomers of Na[€O(ehba)] was tested. Three restraints did not improve thRe value, and the right values
independent structures of [@D(ehba)]~ were used to of the bond lengths were not achieved. Thus, unlike for the
initialize the MS XAFS calculations: (i) the crystal structure SS XAFS, the MS XAFS fitting clearly distinguishes
of the Na salt (corresponding to model 1 in Chart§)(ji) between the carboxylato and alcoholato donors irY @Gr
the energy-minimized structure, obtained from MM calcula- (ehba)]~. This feature is in agreement with the significant
tions?” and (iii) the structure generated by HyperChem MS contributions of the carboxylato groups due to a nearly
software (the latter two structures corresponded to model 2linear arrangement of the €0—0O vector (Table S7),
in Chart 1). Optimizations started from these models led to irrespective of the model.
nonequivalent three-dimensional structures (the initial and MS XAFS Modeling for the Solutions of Cr(V/IV/IIl) —
optimized values of bond lengths and angles are listed in ehba ComplexesApplication of the MS models, based on
Table S6, Supporting Information), but tievalues were the results of SS XAFS calculations, gave good fits for all
close for all models (rows 1 and 3 or 2, 4, and 5 in Table three oxidation states of Cr. Experimental and calculated
S3). Restraining bond angles between the ligands close toXAFS and FT XAFS spectra are shown in Figure 3 (the
those of the initial model§3” (£5°) led to significant applied window functions are shown in Figure S4); optimized
deterioration of the fitsK = 16% vs 11%; rows 1 and 2 or  values of C+-O bond lengths and the fitting parameters, as
3 and 4 in Table S5). When no such restraints were applied,well as theR values, are listed in Table 2, and initial and
the optimized values of bond angles between the oxo ligand optimized values of bond lengths and angles for different
and the ehba ligands were model-dependent and significantlymodels are listed in Tables S§10, Supporting Information.
different from the initial values, while the values of bond The results of MS XAFS modeling for the solution of
angles between and within the ehba ligands did not change[CrVO(ehba)]~ (Table S8) are similar to those for the solid
significantly during the optimizations (Table S6). Thus, the Na[CMO(ehba)] (Table S6): (i) calculations that started
best fits obtained from MS XAFS calculations, using from three independent models led to different three-
different starting models, did not lead to a unique three- dimensional structures with cloge values of the fits; the
dimensional structure; this is in agreement with the results main differences in the optimized structures were the values
obtained for the Cr(\A-quinato complexX® The calculations  of bond angles between the oxo ligand and the ehba ligands;
also did not show a significant preference toward one of the (ii) restraining the bond angles between the ligands deterio-
two geometric isomers (model 1 or 2 in Chart 1). However, rated the fits; (i) optimized GO bond lengths and?
the optimized values of the €0 bond lengths and bonding  values were model-independent. HighBr values were
parameters within the ehba chelates did not depend on theobtained for the fit of the XAFS spectrum of the solution
initial models and were in excellent agreement with those sample compared to that of the solid (Table 2), probably
found by X-ray crystallography (Table 2ldentical values  due to the increased noise in the solution XAFS compared
of metal-ligand bond lengths and Deby#&Valler factors, to that of the solid (Figure 3).
within experimental error, were determined for the spectra  For the data from solutions of [€0(ehbaH)]° (Table
of solid Na[C¥O(ehbay], collected at either 10 or 293 K S9), four independent models were used to initialize the MS
(Tables 2 and S6). Excluding Et groups of ehba ligands from XAFS calculations (for the data collected at the SSRL or
the calculations did not lead to significant changes inRhe  ANBF): (i) the crystal structure of Na[€O(ehba)], 8 (ii)
values (rows 9 and 10 vs row 1 in Table S5), but further the crystal structure of NV (ehba)(ehbaH)J (iii) the
limiting the model by excluding the carboxylato O atoms energy-optimized MM structure of Na[8D(ehba)],®” and
caused significant deterioration of the fit (row 11 vs row 1 (iv) the structure of [C¥ O(ehbaH)]°, generated by Hyper-
in Table S5). Further information on other changes to the Chem softwaré® Geometries of the initial structures cor-
models and the choice of final models for fitting the solution responded either to model i) or to model 2 (iii—iv) in
XAFS are detailed in the Supporting Information. Chart 1. All four models led to identical (within experimental

The ability of MS XAFS modeling to distinguish between error) optimized C+O bond lengths and:? values (Tables
the carboxylato and alcoholato donors in{Ofehba)]~ has 2 and S9). Some deterioration of the flR & 13.6%) was
been tested. This is particularly important since the difference observed for the calculation that started from the structure
in the lengths of the corresponding-6® bonds (0.1 A8 of the V(IV)—ehba complex, while the other three models
is on the resolution limit of SS XAFS calculatioffs?! led to closeR values (11.9-12.5%, Table S9). The optimized
Restraining the CrO bond lengths for the carboxylato and Cr—O bond lengths, 1.56 A (oxo), 1.90 A (carboxylato), and
alcoholato donors to be approximately equal (148%.05 2.00 A (protonated alcoholato), were the same for the data
A) for model 1 (Chart 1; bond angles between the ligands collected at the SSRL or at the ANBF, and corresponded,
were restrained) led to a significant deterioration of the fit within experimental error, to analogous bond lengths in the
(R = 19% vs 16%). When the bond length restraints were crystal structures of [CO(ehba)]~ and [VWWO(ehba)-
released, the GrO bond lengths returned to their correct (ehbaH)j.'83¢ Restraining the CG+rO bond lengths for the
values, and théR value returned to 16%. Deterioration of carboxylato and alcoholato donors to be approximately equal
the fit (20% vs 16%) was also caused by restraining the (1.95+ 0.05 A) led to significant deterioration of the fiR(
Cr—0 bonds in the “reversed order” (1.800.05 A for the = 20% vs 12% for the SSRL data). Release of the bond
carboxylato donors and 1.98 0.05 A for the alcoholato  length restraints led to the restoration of the initial values
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(1.90 A for the carboxylato donors and 2.00 A for the
alcoholato donors). Thus, as in the case of'[@Mehba)] -,
application of MS XAFS fitting allowed a clear distinction

between the two types of O donors within the ehba ligand,

which was not possible using the SS XAFS fitg! As for
the Cr(V) complex, the main differences in the optimized
structures of the Cr(IV) complex that were obtained with

The results of XAS data analyses for f@{ehba)]~ in
solution (most affected by photodamage, Figure S1) and for
the solid Na[CYO(ehba)] (negligible photodamage) were
the same, within experimental error, and corresponded to
the crystal structure of the Cr(V) complex (Table 2, Figures
2 and 3). The same results, within experimental error (Table
2, Figure S2), were obtained for the solutions of YO

the various starting models were in the bond angles between(ehbaH})]® when the spectra were collected at the SSRL

the oxo ligand and the ehba ligands (Table S9).

(significant photodamage, Figure S1b) or at the ANBF

Four independent models were used to initialize the MS (negligible photodamage, Figure S1d). Thus, the results of

XAFS calculations for the solution of [O(ehbaH)-
(OHy)]* (Table S10), corresponding to different geometric
isomers, including those with thas or trans positions of
H.0 ligands (models47 in Chart 1; four of the five possible

XAS data analysis (Table 2) were not significantly affected
by the sample photodamage, if appropriate precautions were
taken to reject affected data.

Solid-State and Solution Structures of [CV¥O(ehba)] .

isomers were considered); all models were generated byApplication of MS analyses to the XAFS spectra of Na-

HyperChem softwaré Calculations started from models

4—7 yielded nonequivalent three-dimensional structures;

however, theR values were close for all models (167
17.0%), and the optimized €0 bond lengths and? values

[CrVO(ehba)] (as well as [CVO(ehbaH)]% leads to a
definitive distinction between the carboxylato and alcoholato
donors, which is not possible using the SS XAFS calcula-
tions. According to the crystal structufesolid Na[CO-

were the same, within experimental error (Tables 2 and S10).(ehba)] possesses a distorted trigonal-bipyramidal geometry

The optimized CrO bond lengths, 1.97 A (D), 1.90 A

with carboxylato ligands in axial positions, corresponding

(carboxylato), and 1.98 A (protonated alcoholato), were in to model 1 in Chart 1. Multiple-scattering XAFS fittings for
excellent agreement with the corresponding bond lengths inthe powder sample of Na[@D(ehba)], as well as for its

[Cr'"(OHy)¢l3t (1.97 A, determined by MS XAFS analysf$),
and in a crystallographically characterized CrHtartrato
complex (1.91 A for the carboxylato donor and 1.98 A for
the protonated alcoholato doné?}However, the weaker MS
contributions evident in the FT of the XAFS compared to
those of Cr(V) and Cr(IV) makes the MS differentiation of
these different bond lengths less certain.

Discussion

Influence of Sample PhotodamagelLike Fe(lll) heme
proteins3! complexes of Cr in high oxidation states are
susceptible to photoreduction during the X-ray irradiation,
even at liquid He temperatures (10 K). Data of b¥is

frozen aqueous solution, reproduce well the-Cr bond
lengths and the bond angles between the ehba ligands, but
do not reproduce the bond angles between the oxo ligand
and the ehba ligands, found in the crystal structure (Tables
S6 and S8). There are two independent sites with slightly
different conformations in the crystal structure of this
complex!® but the bond lengths and angles in the first
coordination sphere are the same within the errors of XAFS
determinations. However, EPR studies showed that both
isomers were present on dissolution of the microcrystals. The
presence of two geometric isomers of YO(ehba)]~ on
dissolution is manifested by the splitting of outer signals due
to 5°Cr hyperfine coupling, since interconversions of such

spectroscopy (Figure 1) suggest that at least 90% of total Crisomers (Berry twists) are slow on the EPR time scale and

in the bulk solution samples of Cr(V/IV/Ilfyehba complexes
is retained in its initial oxidation state after the irradiation

occur over a matter of minutés?! If only one isomer were
present in the sample, only one peak would be observed on

by the focused X-ray beam at the SSRL. The degree of gissolution. The virtually identicadiso values in the EPR
photodamage cannot be assessed quantitatively from th@spectrum show that the donor (@) bond lengths in the

UV —vis spectroscopy data, as thawing and warming of the two geometric isomers are very close, whereas the signifi-
samples leads to two opposite effects: (i) additional reduction cantly differentAs, values demonstrate that the bond angles
of Cr(V/IV) species by trapped electrons and (ii) dilution of - myst be significantly different in the two geometric isomers.
photodamaged molecules from the irradiated spots by thet js not clear whether the MS fitting could come to a unique
bulk of the sample. Monitoring of the XANES (Figure S1)  solution for the G-Cr—O bond angles in the absence of
allowed the rejection of the affected scans, so that the datajsomers because of the weaker MS contributions involving
quality is not compromise#. However, this method also  these angles as compared to those in the @@rboxylato
does not allow a simple estimation of the degree of group (Table S7). As outlined earlier, the latter contributions
photodamage, as evident from the much smaller changes ingo enable MS to distinguish between the-@COR and
the pre-edge absorbance, compared with those at the edger—OR/Cr—OHR groups. The MS XAFS results are also
(Figure Sla,b). One possible reason for this is the formation consistent with the molecular mechanics calculations that
of thermodynamically unstable intermediates (e.9.M[Gf  showed a small energy difference among potential isomers
(ehba)]*~ in the reduction of [CfO(ehbay] 7). (Table 3). The similarities in the solution and solid-state
(49) Sakane, H.; Mims-Paz, A.; Daz-Moreno, S.; Maffiez, J. M.: XANES and XAFS spectra of [EO(ehba)]~ (Figures 2 and

Pappalardo, R. R.; ‘®ahez, M. E.J. Am. Chem. Socl998 120
10397-10401.

(50) Ortega, R. B.; Tapscott, R. E.; Campana, Clrierg. Chem.1982
21, 25172519.

(51) (a) Branca, M.; Micera, G.; Segre, U.; Degsi Inorg. Chem.1992
31, 2404-2408. (b) Branca, M.; De§sA.; Micera, G.; Sanna, D.
Inorg. Chem.1993 32, 578-581.
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3) confirm the deduction, made on the basis of EPR Scheme 1.
spectroscopy, that the five-coordinate structure of the Cr(V)

complex is retained in solutioffsand disprove the hypoth-

esi$? that, in the presence of excess ligand, a third ligand

molecule binds to [C1O(ehba)] ~ in a monodentate fashion,
leading to a six-coordinate octahedral structure.

Solution Structure of [CrVO(ehbaH)]o. Detailed MS
XAFS studies confirmed preliminary resufton the general
description of the solution structure of the Cr(IV) complex,
but did not confirm the previously found significant differ-
ences in the CrO(alcohol) bond lengths between the two
ehba ligandg® The latter result was probably an artifact of
the higher noise level and small&rrange in the XAFS
spectrum in the preliminary wot&(kmax = 11 compared to
14 in this work). The alternative structure of the complex,
[Cr'V(ehbaH)(OH),]°, proposed by Gould and co-workéfs,
is inconsistent with the results of SS XAFS calculations
(Table S4) and with a significant difference in FT XAFS
amplitude between the Cr(IVWehba complex and the six-
coordinate Cr(lll)-ehba species (Figure 2b). No structural
data on the Cr(IV) complexes with O donor ligands, similar
to [CrVO(ehbaH)]°, are available for comparison. The
lengths of the G=O and CrO(alcohol) bonds in this
complex (Table 2) are close to those for the=Cr (1.57 A)
and C—N (2.03 A) bonds in a crystallographically charac-
terized Cr(IV)-oxo—porphyrinato comple®3

The main difference in the structures of Cr(Fvjand Cr-

Levina et al.

Proposed Structures and Mechanism of Electron Transfer
in Cr(V/IV/Il) —ehba Complexes
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calculations. The reaction of [&®(ehba)]~ with Fe(ll) is
known to pass through Cr(I\¥Wehba intermediates, which
are rapidly reduced by excess Feffl)The XAFS spectro-
scopic studies of Cr(V/IV/lll)-ehba complexes confirmed
the results of electrochemical studies, showing that major
structural transformation occurs in the Cr(IV)/Cr(lll) redox
couple, not in the Cr(V)/Cr(IV) redox couple (Scheme?2).
Bond Valence Sum AnalysisA correlation between the
bond lengths and Cr oxidation states in the Cr complexes
with O donors has been recently establistfddetermination
of Cr—0 bond lengths in [CYO(ehbaH)]° and in [CH'-
(ehbaH)(OH,),]" by MS XAFS analysis, together with the

(V)—ehba complexes is the protonation of alcoholato ligands crystallographic and XAFS data for [D(ehba)]~ (Table

in the former complex, which makes the Cr(Fg@hbaH
complex more labile in solutions compared with its Cr(V)

2), allows a check of the applicability of this correlation to
the Cr(V/IV/IIl) —ehba redox series. The oxidation sta@®s (

counterpart. This feature explains the different chemical estimated as

properties of the Cr(IV) complex, compared with those of
the Cr(V) complex, including (i) the pH dependency of BV
vis spectra due to the formation of [©®(ehba)(ehbaH)]*3
(i) the easy loss of one ehba ligand with the formation of
monochelated Cr(I\A-ehba complexe¥;?(iii) the stronger
oxidizing power of the Cr(IV) comple® and (iv) the higher
rates of disproportionation compared to the Cr(V) com-
plex2°21The lower ability of Cr(IV), compared with Cr(V),
to deprotonate alcoholato ligands also explains why Cr(IV),
unlike Cr(V), is not stabilized by biologically important 1,2-
diolato ligands, such as carbohydrates and glycoprotéifis.
In neutral aqueous solutions, Cr(IV) is less likely than Cr-
(V) to cause oxidative cleavage of DNA and other
biomoleculeg:*?-14

Solution Structure of [Cr'"'(ehbaH)(OH,),]* and the
Mechanism of Electron Transfer in the Cr(V/IV/III) —
ehba Redox SeriesThe results of SS and MS XAFS fitting
for a Cr(lll) product, formed in the fast reaction of
[CrVO(ehba)]~ with excess Fe(ll) at pH 3.5, are in agreement
with the structure assigned from the YVis spectroscopic
and ion-exchange studiés.No strong preference was

determined for one of the possible geometric isomers over

the others (models 47 in Chart 1) from the XAFS

(52) Fanchiang, Y.-T.; Bose, R. N.; Gelerinter, E.; Gould, Elrfarg.
Chem.1985 24, 4679-4684.

(53) Groves, J. T.; Kruper, J. W. J.; Haushalter, R. C.; Butler, Wiridrg.
Chem.1982 21, 1363-1368.
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2= (exp(R — RI) (1)
whereRis a C—O bond lengthRy, = 1.724 A is an average
bond length of unit valence, aril= 0.37 is a correlation
coefficient®® were 4.42, 3.80, and 3.26 for the Cr{v)Cr-
(IV)—, and Cr(lll)y-ehba complexes, respectively. Thus,
application of the valence bond sum analysis to the Cr
ehba complexes, with the use of bond lengths determined
from XAFS data analysis, allows a prediction of the Cr
oxidation states in these complexes (erzdr2%).

Conclusions. Aqueous solution structures of the Cr(V/
IV/IIl) —ehba complexes (Scheme 1) have been determined
from the SS and MS fitting of their XAFS spectra in frozen
solutions (10 K). These results solve the controversies over
the solution structure of the Cr(Wehba complex, the
structure of the Cr(I\yehba complex, and the mechanisms
of electron transfer in the Cr(V/IV/II-ehba serie®?
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