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Two oxo-bis(benzene-1,2-dithiolato)chromate(V) complexes, namely, [CrO(LBu)2]1- and [CrO(LMe)2]1-, have been
synthesized and studied by UV−vis, EPR, magnetic circular dichroism (MCD), and X-ray absorption spectroscopy
and by X-ray crystallography; their electro- and magnetochemistries are reported. H2LBu represents the pro-ligand
3,5-di-tert-butylbenzene-1,2-dithiol, and H2LMe is the corresponding 4-methyl-benzene-1,2-dithiol. A structural feature
of interest for both the complexes is the folding of the dithiolate ligands about the S−S vector providing Cs symmetry
to the complexes. Geometry optimizations using all-electron density functional theory with scalar relativistic corrections
at the second-order Douglas−Kroll−Hess (DKH2) and zeroth-order regular approximation (ZORA) levels result in
excellent agreement with the experimentally determined structures and electronic and S K-edge X-ray absorption
spectra. From DFT calculations, the Cs instead of C2v symmetry for the complexes is attributed to the strong S(3p)
f Cr(3dx2-y2) π-donation in Cs geometry providing additional stability to the complexes.

Introduction

Stable oxochromium(V) complexes are attractive synthetic
targets for inorganic chemists because of their applications
in the fields of chemistry,1 chemical biology,2 and nuclear
physics.3 Perhaps the most prominent reactivity of such
complexes is their ability to catalyze the epoxidation of alkenes by a formal oxygen atom transfer reaction (Scheme

1), which indicates that the oxo ligand may acquire consider-
able electrophilic character. Experimental support for the
crucial role played by reactive oxochromium(V) intermedi-
ates during the epoxidation of olefins was provided initially
by Groves et al.4 Kochi et al later reported the first structure
determination of a catalytically active oxochromium(V)
complex.5 A number of similar complexes showing interest-
ing catalytic6 and biochemical properties7 have subsequently
been reported in the literature.

An understanding of the electronic structures of well-
characterized oxochromium(V) complexes is essential to
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interpreting their spectroscopic and catalytic properties.
However, in contrast to the more intensely studied oxo-
molybdenum(V) analogues,10 little is known about their
electronic structure, except for EPR8 and Cr K-edge X-ray
absorption studies.8b,9 In this paper, we consider in detail
the physical properties of [(n-Bu)4N][CrO(LBu)2](1), [(Ph)4As]-
[CrO(LBu)2](1a), and [(n-Bu)4N][CrO(LMe)2] (2) complexes;
LBu represents the 3,5-di-tert-butyl-1,2-benzene-dithiolato
dianion, and LMe represents the 4-methyl-1,2-benzene-
dithiolato dianion. Complex2 was initially synthesized by
Gray et al.11 in 1966, and its EPR spectrum was also reported.
This represents the only example of a Cr(V) ion in a bis-
(dithiolene) environment. However, the chemistry of this
species has remained unexplored. Here we report the crystal
structure of1a‚2CH3CN and2 at 100 K. The complexes have
been studied spectroscopically (electronic absorption, EPR,
magnetic circular dichroism (MCD), and X-ray absorption
spectroscopy (XAS)) and by cyclic voltammetry (CV) and
density functional theoretical (DFT) calculations. The ques-
tion of the innocent versus noninnocent nature of the
benzene-1,2-dithiolato ligands in1 and 2 has also been
addressed on the basis of the crystallographic and spectro-
scopic markers12 established for the detection of the dithioben-
zosemiquinonato(1-) radical ions in coordination complexes.

Experimental Section

Synthesis of Complexes.3,5-Di-tert-butyl-1,2-benzenedithiol,
H2[LBu], was synthesized as described in the literature.13 4-Methyl-
1,2-benzenedithiol, H2[LMe], is commercially available (Aldrich).
K2CrO4 and trans-[Cr(H2O)4Cl2]Cl (for the Cr K-edge XAS
measurements) were purchased from Strem and were used without
further purification. CrCl3(THF)3 and CrCl2 were obtained from
Aldrich. All solvents were dried and distilled before use.

[N(n-Bu)4] [CrO(L Bu)2] (1). CrCl3(THF)3 (0.093 g, 0.250 mmol)
was added to a solution of 3,5-di-tert-butyl-1,2-benzenedithiol
(0.126 g, 0.500 mmol) in 25 mL of MeCN, followed by the addition
of Et3N (0.300 mL, 3.000 mmol) under argon. The green solution
was stirred in air for 60 min. The color changed from green to
red-brown. [N(n-Bu)4]Br (0.082 g, 0.250 mmol) was then added,
and the reaction mixture was stirred for another 60 min. Keeping
the resultant solution under a continuous flow of argon overnight
resulted in the separation of shiny deep brown crystals, which were
isolated by filtration. Yield: 0.122 g (60%). Anal. Calcd for
C44H76S4OCrN: C, 64.8; H, 9.4; N, 1.7. Found: C, 64.6; H, 9.3;
N, 1.7. Electrospray mass spectrum (CH2Cl2 solution) positive and
negative ion mode:m/z 572.3{CrO(LBu)2}-; 242.3{N(n-Bu)4}+.
IR (KBr): νj 967 (CrdO).

Single crystals of [As(Ph)4][CrO(LBu)2]‚2CH3CN (1a‚2CH3CN)
suitable for X-ray crystallography were obtained using [As(Ph)4]-
Br in the above reaction instead of [N(n-Bu)4]Br.

[N(n-Bu)4] [CrO(L Me)2] (2). A solution of H2[LMe] (0.628 mg,
3.142 mmol) and NaOMe (1.450 g, 12.000 mmol) in 50 mL of
MeOH was added dropwise to a light blue solution of CrCl2 (0.190
mg, 1.550 mmol) in 50 mL of MeOH under an argon atmosphere
at ambient temperature. The solution was stirred in air for 2 min,
and the resultant blue-violet solution was treated with a solution
of [(n-Bu)4N]Br (1.011 g, 3.140 mmol) in 20 mL of MeOH. A
violet-brown powder precipitated from the solution over the course
of 2 days. It was redissolved in 15 mL of THF. After filtration, the
filtrate was kept at-20 °C. Single crystals suitable for X-ray
crystallography were obtained within 20 days. Yield: 0.412 g
(43%). Electrospray mass spectrum (CH2Cl2 solution) positive and
negative ion mode:m/z 376 {CrO(LMe)2}-; 242.3{N(n-Bu)4}+.
IR (KBr): νj 964 (CrdO). Anal. Calcd for C30H48CrNOS4: C, 58.2;
H, 7.8; N, 2.3. Found: C, 58.0; H, 7.6; N, 2.2.

X-ray Crystallographic Data Collection and Refinement of
the Structures. Brown single crystals of1a‚2CH3CN and2 were
coated with perfluoropolyether, picked up with a glass fiber and
immediately mounted in the nitrogen cold stream of the diffracto-
meter to prevent loss of solvent. A Nonius Kappa-CCD diffracto-
meter equipped with a Mo-target rotating-anode X-ray source and
a graphite monochromator (Mo KR, λ ) 0.71073 Å) was used.
Final cell constants were obtained from least-squares fits of all
measured reflections. The crystal faces of1a were indexed, and
the Gaussian-type correction routine embedded in XPREP14 was
used to correct for absorption. The data for2 were left uncorrected.
The structures were readily solved by direct and Patterson methods
and subsequent difference Fourier techniques. The Siemens SHELX-
TL14 software package was used for solution and artwork of the
structure,and SHELXL9715 was used for the refinement. All non-
hydrogen atoms were refined anisotropically. Hydrogen atoms were
placed at calculated positions and refined as riding atoms with
isotropic displacement parameters. Crystallographic data of the
compounds are listed in Table 1. Disorder was found in both
structures, and split atom models were refined (see Figure S1).
Residual electron density in the core of1ashowed that the complex
contains a minor second component with an occupation factor of
about 0.17. The structure of this component can be deduced from
the major part by inversion of the CrS4O pyramidal unit. Identical
thermal displacement parameters for both components were used,
and Cr-S distances were restrained to be equal within the errors
for the split atoms Cr(1), O(1), S(1), and S(2). The methyl group
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of the ligands in compound2 was found to be disordered over two
sites. The distribution of C(7) in the first ligand and C(17) in the
second is significantly different (∼78:22 vs 55:45).

Physical Measurements.Electronic absorption spectra of the
complexes and spectra from the spectroelectrochemical measure-
ments were recorded on an HP 8452A diode array spectrophotom-
eter (range of 200-1100 nm). Cyclic voltammograms and coulo-
metric electrochemical experiments were performed with an EG&G
potentiostat/galvanostat. Temperature-dependent (2-298 K) mag-
netization data were recorded with a SQUID magnetometer (MPMS
Quantum Design) in an external magnetic field of 1 T. The
experimental magnetic susceptibility data were corrected for
underlying diamagnetism using tabulated Pascal’s constants. X-band
EPR spectra were recorded with a Bruker ESP 300 spectrometer.
Magnetic circular dichroism spectra were obtained on a home-built
instrument consisting of a JASCO J-715 spectropolarimeter and
an Oxford Instruments SPECTROMAG magnetocryostat (generat-
ing magnetic fields of up to 11 T). Spectra were taken for samples
dissolved in butyronitrile which gave high-quality glasses suitable
for optical spectroscopy at cryogenic temperatures. Simultaneous
Gaussian resolution of the absorption and MCD spectra was
performed using the PeakFit 4 program, and theC/D ratios were
calculated by

for spectra taken in the linear region of the MCD C-term response
(30.2 K and 5 T).

X-ray Absorption Spectroscopy.All data were measured at the
Stanford Synchrotron Radiation Laboratory under ring conditions
of 3.0 GeV and 60-100 mA.

Cr K-edge XAS data were measured on the unfocused bend
magnet beam line 2-3 or the focused 16-pole wiggler beam line
9-3. A Si(220) monochromator was utilized for energy selection.
The monochromator was detuned 50% (for beam line 2-3) to
minimize higher harmonic components in the X-ray beam (for beam
line 9-3, a harmonic rejection mirror was present). All samples were
prepared as solids in boron nitride, pressed into a pellet and sealed

between 38µm Kapton tape windows in a 1 mmaluminum spacer.
The temperature was maintained at 10 K during data collection
using an Oxford Instruments CF1208 continuous-flow liquid helium
cryostat. The data were measured in transmission mode. Internal
energy calibrations were performed by simultaneous measurement
of a Cr reference foil placed between the second and third ionization
chamber. The first inflection point was assigned to 5989.0 eV. The
data represent 3-5 scan averages and were processed by fitting a
second-order polynomial to the preedge region and subtracting this
background from the entire spectrum. A three-region cubic spline
was used to model the smooth background above the edge. The
data were normalized by subtracting the spline and normalizing
the postedge to 1.0.

S K-edge data were measured using the 54-pole wiggler beam
line 6-2 in a high-magnetic field mode of 10 kG with a Ni-coated
harmonic rejection mirror and a fully tuned Si(111) double-crystal
monochromator. Details of the optimization of this setup for low-
energy studies have been described previously.16 Data were
measured at room temperature by fluorescence using a Lytle
detector. To check for reproducibility, 2-3 scans were measured
for each sample. The energy was calibrated from the S K-edge
spectra of Na2S2O3‚5H2O, run at intervals between sample scans.
The maximum of the first preedge feature in the spectrum was fixed
at 2472.02 eV. A step size of 0.08 eV was used over the edge
region. Data were averaged, and a smooth background was removed
from all spectra by fitting a polynomial to the preedge region and
subtracting this polynomial from the entire spectrum. Normalization
of the data was accomplished by fitting a flattened polynomial or
straight line to the postedge region (2490-2740 eV) and normal-
izing the postedge to 1.0.

Calculations.All calculations in this work were performed with
the electronic structure program ORCA.17 As will be further
discussed in the text, the geometry optimizations were carried out
at the BP86 level18 of DFT. In analogy to the previous studies,12d

in which dithiolene complexes with heavier metals were studied,
the present calculations have been performed with inclusion of
scalar relativistic effects at the second-order Douglas-Kroll-Hess
level (DKH2).19 In the geometry optimizations, the one-center
approximation was used which eliminates DKH2 contributions to
the analytic gradients. In the context of ZORA20a, the one-center
approximation has been shown to introduce only minor errors to
the final geometries.20b Large uncontracted Gaussian basis sets,
which were derived from the well-tempered basis sets of Huzi-
naga,21 were used at the metal center. For the remaining atoms,
the all-electron polarized triple-ê (TZVP)22 Gaussian basis sets of
Ahlrich’s group were used; they were further uncontracted to allow
for a distortion of the inner-shell orbitals in the presence of the
relativistic potential.

(16) Hedman, B.; Frank, P.; Gheller, S. F.; Roe, A. L.; Newton, W. E.;
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(b) Schäfer, A.; Huber, C.; Ahlrichs, R.J. Chem. Phys.1994, 100,
5289.

Table 1. Crystallographic Data for1a‚2CH3CN and2

1a‚2CH3CN 2

empirical formula C56H66AsCrN2OS4 C30H48CrNOS4

fw 1038.27 618.93
space group P21/n (No. 14) P21/c (No. 14)
a (Å) 10.0423(6) 9.4339(4)
b (Å) 19.7433(12) 17.3904(7)
c (Å) 26.800(2) 19.6907(9)
â (deg) 96.93(2) 97.943(5)
V (Å) 5274.8(6) 3199.4(2)
Z 4 4
T (K) 100(2) 100(2)
Fcalcd(g cm-3) 1.307 1.285
reflns collected/2Θmax 45009/50.00 60094/60.00
unique reflns/I > 2σ(I) 9203/7290 9325/6767
no. of params/restraints 613/6 342/6
λ (Å)/µ(Mo KR) (cm-1) 0.71073/10.38 0.71073/6.42
R1a/GOFb 0.0982/1.202 0.0459/1.038
wR2c (I > 2σ (I)) 0.2040 0.0930
residual density (e Å-3) +1.15/-0.66 +0.34/-0.40

a Observation criterion:I > 2σ(I). R1) ∑||Fo| - |Fc||/∑|Fo|. b GOF)
[∑[w(Fo

2 - Fc
2)2]/(n - p)]1/2. c wR2 ) [∑[w(Fo

2 - Fc
2)2]/∑[w(Fo

2)2]] 1/2,
wherew ) 1/σ2(Fo

2) + (aP)2 + bP, P ) (Fo
2 + 2Fc

2)/3.

C
D

)
kBT

µBB

∫∆ε(ν)
ν

dν

∫ε(ν)
ν

dν
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The property calculations at the optimized geometries were done
with the B3LYP functional.23 In this case, the same basis sets were
used but the quasirelativistic ZORA method20 was used because,
in this formalism, the magnetic properties are more readily
formulated.24 For the calculation of the EPR parameters, the Fermi
contact and the dipolar and metal spin-orbit contributions are
included. TD-DFT calculations were carried out according to ref
25. Large uncontracted Gaussian basis sets, derived from the well-
tempered basis sets of Huzinga,21 were also used at the sulfur atoms
for the calculation of sulfur K-edge spectra. In the solution of the
TD-DFT equations, only transitions from a single localized sulfur
1s orbital into all virtual levels were taken into account. Both the
electric dipole and quadrupole contributions to the preedge intensity
were considered in the calculation.

Results

Synthesis.The reaction of 3,5-di-tert-butyl-1,2-benzene-
dithiol, H2[LBu], and NEt3 (1:2) with CrCl3(THF)3 in aceto-
nitrile in the presence of oxygen yields the reddish-brown
spin-doublet monoanion [CrVO(LBu)2]1-. Microcrystalline
deep-brown [N(n-Bu)4][CrVO(LBu)2] (1) was isolated in a
60% yield after addition of [N(n-Bu)4]Br. In the infrared
spectrum, theν(CrdO) stretch is observed at 967 cm-1. With
[As(Ph)4]Br used in the above reaction, the salt [As(Ph)4]-
[CrO(LBu)2]‚2CH3CN (1a‚2CH3CN) was prepared, and single
crystals suitable for X-ray crystallography were obtained.

Similarly the reaction of disodium (4-methyl-1,2-benzene-
dithiolate), Na2LMe, in MeOH with CrCl2 (2:1) in the
presence of oxygen yielded the [CrVO(LMe)2]1- anion. After
the addition of [N(n-Bu)4]Br, the [N(n-Bu)4][CrVO(LMe)2] (2)
salt was obtained. Single crystals suitable for X-ray crystal-
lography were obtained for2 by recrystallization of the crude
product from a THF solution at-20°C. Theν(CrdO) stretch
is observed at 964 cm-1.

Electro- and Spectroelectrochemistry.Cyclic voltam-
mograms of complexes1 and 2 have been recorded at 25
°C in CH2Cl2 solutions containing 0.10 M [N(n-Bu)4]PF6 as
the supporting electrolyte. The redox potentials are referenced
versus the ferrocenium/ferrocene (Fc+/Fc) couple. Table 2
summarizes the results.

The CV of2 (Figure 1) displays one fully reversible one-
electron reduction at-0.96 V and a quasireversible one-
electron oxidation at+0.150 V. A comparison of these data
with those reported for the corresponding [MoO(L)2]1-

complex10a shows that the one-electron reduction processes
at-0.96 V for2 and at-0.40 V for [MoO(L)2]1- are highly

dependent on the nature of the central metal ion involved.
This is consistent with an essentially metal-centered reduction
(eq 1).

Because the one-electron reduced form of2 is stable in
CH2Cl2 solution, its electronic spectrum was recorded. In
contrast, the one-electron oxidized species decomposed
during the coulometric process. Figure 2 exhibits the
spectrum of2 together with the spectral changes associated
with its one-electron electrochemical reduction. The absorp-
tion spectrum of2 features two moderately intense low-
energy transitions at 770 and 515 nm, both of which
disappear in the reduced species (2red). A combination of
MCD and electronic structure calculations has been used
below to understand the origin of these low-energy transitions
in 2. It is important to note that both2 and 2red lack any
intense (>104 M-1 cm-1) intervalence ligand-to-ligand charge
transfer transition in the near-infrared region, which has been
previously established as a marker band12 for the presence
of dithiobenzosemiquinonate(1-) radicals in planar
bis(dithiolene) coordination complexes. This is furthur
evidence against the possibility of the presence of any ligand-
based redox chemistry for the [CrO(LMe)2]2-/1- couple. The
absorption spectrum of1 is very similar to that of2 (Table
3).

(23) (a) Lee, C.; Yang, W.; Parr, R. G.Phys. ReV. B 1988, 37, 785. (b)
Becke, A. D. J.Chem. Phys.1993, 98, 5648.

(24) van Lenthe E.; van der Avoird, A.; Wormer, P. E. S.J. Chem. Phys.
1998, 108, 4783.

(25) Neese, F.; Olbrich, G.Chem. Phys. Lett.2002, 362, 170.

Table 2. Redox Potentials of the Complexes at 20°C

complex E1/2
1 (V vs Fc+/Fc) E1/2

2 (V vs Fc+/Fc)

1a +0.16 (quasi-reversible) -0.96
2a +0.15 (quasi-reversible) -0.96
[MoO(L)2]1-b c -0.40

a CH2Cl2 solution.b Dimethyl formamide solution.c Experimental value
not available.

Figure 1. Cyclic voltammogram of2 in CH2Cl2 solution containing 0.10
M [(n-Bu)4N]PF6 as the supporting electrolyte at a scan rate of 200 mV
s-1 at 25 °C (glassy carbon electrode, potentials referenced vs the
ferrocenium/ferrocene couple).

Figure 2. Spectral changes associated with the one-electron coulometric
reduction of2 in CH2Cl2 solution (0.10 M [N(n-Bu)4]PF6) at -25 °C.

[MVO(L)2]
1- y\z

+e

-e
[MIVO(L)2]

2- (1)
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Magnetic Properties and EPR Spectra.The room-
temperature (298 K) EPR spectrum of1 in CH2Cl2 solution
(Figure 3) displays a sharp isotropic signal (giso ) 1.996)
with hyperfine interaction from the53Cr (I ) 3/2) nucleus
(Aiso ) 35 MHz). The magnetic anisotropy in theg tensors
(gx ) 1.98, gy ) 1.99, andgz ) 2.02) obtained from the
simulation of the frozen CH2Cl2 solution X-band EPR spectra
of 1 at 10 K (Figure S2) are found to be typical of other
Cr(V) oxo complexes with sulfur donor ligands.8b,11However,
the anisotropy in the53Cr hyperfine splitting is not resolved
within the line width (30 G) of the experiment.

The magnetization curve of1 (Figure 4) displays an
effective magnetic moment of 1.7µB in the region of 100-
225 K. This value corresponds to the expected spin-only
value for anS) 1/2 ground state. The best fit (solid line in
the Figure 4) of the experimental data resulted in the
following fit-parameters:gCr ) 1.996,øTIP ) 0.38× 10-3

emu, andθ ) -4.20 K, where theg value is fixed from the
EPR analysis.

Cr K-Edge XAS. Metal K-edge X-ray absorption spec-
troscopy (XAS) is a powerful local probe of the geometric

and electronic structure of the central metal ion in coordina-
tion complexes. The XAS edge is sensitive to the electronic
structure and may be used as an indicator of the oxidation
state.26 The preedge region (resulting from electric dipole
forbidden 1sf 3d transitions) is particularly diagnostic and
an increase in the preedge energy can be correlated to an
increase in the oxidation state of the central metal ion. In
addition, the preedge region provides a measure of 3d-4p
mixing and thus increased intensity may be induced by
exceptionally short metal-ligand bonds.26

Figure 5 compares the Cr K-edge spectrum of1 with that
of known Cr(III) and Cr(VI) complexes. Because of the
presence of two-electron ligand-to-metal charge-transfer
transitions in the∼5995-6005 eV range, the rising edge
regions are difficult to compare. However, the preedge can
be used as an indication of the oxidation state trends. The
preedge energy of1 at 5991.75 eV is∼2 eV higher than in
trans-[Cr(H2O)4Cl2]Cl (at 5989.6 eV) and∼1 eV lower than
in K2CrO4 (5992 eV). Since an increase of∼1 eV per
oxidation state is typical for first-row transition metals, the
present XAS data supports the Cr(V) assignment for1. The
preedge intensity of1 is intermediate between that ofOh

trans-[Cr(H2O)4Cl2]Cl and Td K2CrO4, and this indicates
significant metal 3d-4p mixing in1 which likely comes from
the short Cr(V)-oxo bond.

S K-Edge XAS.The sulfur K-edge results from an electric
dipole-allowed local 1sf 4p transition.27 In cases where
the ligand is bound to a transition metal with a partially filled
d shell, the covalent interaction between the ligand 3p orbitals
and the metal 3d orbitals produces partial-ligand 3p hole
character, resulting in a preedge transition, the intensity of
which will reflect the covalency of the metal-ligand

(26) DuBois, J. L.; Mukherjee, P.; Stack, T. D. P.; Hedman, B.; Solomon,
E. I.; Hodgson, K. O.J. Am. Chem. Soc. 2000, 122, 5775. (b) Westre,
T. E.; Kennepohl, P.; DeWitt, J. G.; Hedman, B.; Hodgson, K. O.;
Solomon, E. I.J. Am. Chem. Soc. 1997, 119, 6297.

(27) (a) Glaser, T.; Hedman, B.; Hodgson, K. O.; Solomon, E. I.Acc. Chem.
Res.2000, 33, 859. (b) Solomon, E. I.; Hedman, B.; Hodgson, K. O.;
Dey, A.; Szilagyi, R. K.Coord. Chem. ReV. 2005, 249, 97.

Figure 3. X-band EPR spectrum of1 in CH2Cl2 solution at 25°C
(frequency) 9.6355 GHz, modulation) 10.0 G, power) 504 µW). For
simulation parameters (Wx ) 15, Wy ) 15, Wz ) 15 Hz), see text.

Figure 4. Temperature dependence of the effective magnetic moment,
µeff, of 1 in an external applied field of 1 T.

Table 3. Electronic Spectra of Complexes in CH2Cl2 Solutions

complex T (°C) λmax (nm) (ε (×104 M-1 cm-1))

1 20 385(0.18), 498(0.16), 731(0.10)
2 20 382(0.19), 515(0.17), 770(0.11)
2red -25 378(0.36)

Figure 5. Normalized Cr K-edge X-ray absorption spectra of1 (blue),
K2CrO4 (green), andtrans-[Cr(H2O)4Cl2]Cl (red). The inset is an expansion
of the preedge region.
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bond.27,28 Furthermore the energy of the preedge transition
is affected by the energy of the unoccupied (or partially
occupied) 3d orbitals (which will have contributions from
the ligand field and effective nuclear charge (Zeff)) and the
energy of the ligand 1s core.

The sulfur K-edge XAS spectrum of1 is shown in Figure
6. In the preedge region (2468-2471 eV) it exhibits a broad
preedge feature centered at∼2470.5 eV. To interpret this
as a single preedge transition, it would be necessary to
consider an unusually large bandwidth of∼1.5 eV. On the
basis of the DFT calculations presented below, it will be
argued that the broad preedge feature in Figure 6 may
actually result from the superposition of five individual
preedge transitions (see Figure 11 below). The higher energy
features in Figure 6 are typical of complexes having
thiophenolate ligands29 and are best assigned as “rising” edge
features because of a sulfur 1s to C-Sσ* transition followed
by transitions into the sulfur 4p levels and finally into the
continuum.

X-ray Crystallography. The crystal structures of1a‚
2CH3CN and2 have been determined at 100 K. The structure
of the anions in1a‚2CH3CN (top) and2 (bottom) are shown
in Figure 7. Crystallographic details are given in Table 1.
Table 4 summarizes the important bond distances and
dihedral angles.

The coordination environment around the Cr in both1a
and2 is approximately square-based pyramidal. The Cr atom
is displaced above the square plane defined by the four sulfur
atoms by 0.720 Å in1a and by 0.694 Å in2. A structural
feature of interest in both complexes is the dihedral angle,
æ (see Figure 7), between the mean S-C-C-S trapezoidal
plane and the Cr-S-S plane which results in the bending
of the dithiolate ligand about the S-S vector. In both
complexes, the extent of this folding about the Cr atom is
different for each of the ligands. In1a, the angle is 141.7°
(angleæ1 is X(1E)-X(1B)-Cr(1) in Figure 7) on one side
and 163.4° (angleæ2 is X(1D)-X(1C)-Cr(1) in Figure 7)
on the other. In2, while the S(12)C(12)C(11)S(11) trap-
ezoidal plane is almost coplanar (æ2 ) 175.1°) with the Cr-
(1)S(12)S(11) plane, the S(2)C(2)C(1)S(1) plane makes an

angle (æ1) of 155.3° with the Cr(1)S(2)S(1) plane. Interest-
ingly, the dihedral angles,æ, on either side of the chromium
atom differ by∼20° (∆æ ) æ2 - æ1) for both complexes.
On the basis of the DFT calculations presented below, it will
be argued that the above distortion is not the result of crystal
packing effects, but it is electronic in origin.

The observed Cr-O bond distances of 1.572(7) and
1.5796(15) Å in1a and2, respectively, are similar to other
known CrVdO bonds.5,6,30 The average Cr-S distances in
1a (2.271(3) Å) and2(2.2832(6) Å) are slightly shorter than

(28) Neese, F.; Hedman, B.; Hodgson, K. O.; Solomon, E. I.Inorg. Chem.
1999, 38, 4854.

(29) (a) Glaser, T.; Rose, K.; Shadle, S. E.; Hedman, B.; Hodgson, K. O.;
Solomon, E. I.J. Am. Chem. Soc.2001, 123, 442. (b) Dey, A.; Glaser,
T.; Couture, M. M.-J.; Eltis, L. D.; Holm, R. H.; Hedman, B.; Hodgson,
K. O.; Solomon, E. I.J. Am. Chem. Soc.2004, 126, 8320.

(30) Krumpolc, M.; DeBoer, B. G.; Rocek, J.J. Am. Chem. Soc.1978,
100, 145.

Figure 6. Normalized sulfur K-edge spectrum of solid1.

Figure 7. Structure of the monoanions in crystals of1a‚2CH3CN (top)
and2 (bottom). For1a the points X1B and X1C represent the centroids of
S(1), S(2) and S(21), S(22), respectively. Similarly, the points X(1D) and
X(1E) represent the centroids of C(21)-C(26) and C(1)-C(6), respectively.
The dihedral angles,æ1 andæ2, are defined by the angles X1E-X1B-
Cr(1) and X1D-X1C-Cr(1), respectively.æ1 andæ2 are defined in the
same way for complex2.

Table 4. Selected Bond Distances (Å) and Dihedral Angles in1a and
2

1a
Cr(1)-O(1) 1.572(7) Cr(1)-S(21) 2.267(2)
Cr(1)-S(1) 2.278(3) Cr(1)-S(22) 2.274(2)
Cr(1)-S(2) 2.276(3) S(21)-C(21) 1.759(8)
S(1)-C(1) 1.787(8) S(22)-C(22) 1.758(8)
S(2)-C(2) 1.785(8) C(21)-C(22) 1.42(1)
C(1)-C(2) 1.42(1) C(21)-C(26) 1.41(1)
C(1)-C(6) 1.40(1) C(22)-C(23) 1.39(1)
C(2)-C(3) 1.40(1) C(23)-C(24) 1.38(1)
C(3)-C(4) 1.38(1) C(24)-C(25) 1.39(1)
C(4)-C(5) 1.40(1) C(25)-C(26) 1.41(1)
C(5)-C(6) 1.39(1)

æ1 141.7° æ2 163.4°

2
Cr(1)-O(1) 1.5796(15) Cr(1)-S(11) 2.2878(6)
Cr(1)-S(1) 2.2689(6) Cr(1)-S(12) 2.2869(6)
Cr(1)-S(2) 2.2895(6) S(11)-C(11) 1.755(2)
S(1)-C(1) 1.763(2) C(12)-S(12) 1.748(2)
S(2)-C(2) 1.758(2) C(11)-C(12) 1.397(3)
C(1)-C(2) 1.401(3) C(11)-C(16) 1.397(3)
C(1)-C(6) 1.399(3) C(12)-C(13) 1.406(3)
C(3)-C(2) 1.399(3) C(13)-C(14) 1.379(4)
C(3)-C(4) 1.383(3) C(14)-C(15) 1.400(4)
C(4)-C(5) 1.386(3) C(15)-C(16) 1.387(3)
C(5)-C(6) 1.392(3)

æ1 155.3° æ2 175.1°
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the Cr-S bond distances (2.30 Å) obtained from the EXAFS
analysis on a series of chromium(V) glutathione complexes.8b

The six C-C distances of the phenyl ring are equidistant in
1a and2 within the experimental error ((0.02 Å for1a and
(0.01 Å for 2, 3σ). The average C-C distances of 1.393
(1a) and 1.398 Å (2) are typical for aromatic phenyl rings.
In particular, the C-S bonds with average lengths of 1.786
( 0.02 (1a) and 1.762( 0.01 Å (2) are long and indicate
the presence of S,S-coordinated aromatic 1,2-dithiolate
ligands. Once more, this supports the Cr(V) assignment for
the complexes.

Calculations

In this section a detailed picture of the electronic structure
of the monoanionic complex [Cr(L)2O]1- is derived from
DFT calculations, where L represents the unsubstituted
dianion benzene-1,2-dithiolate.

Calculated Geometries.The calculated geometry and
metrical parameters for the [Cr(L)2O]1- species are found
to be in good agreement with the experimental values (Table
5). The approximate square-based pyramidal geometry is
well-reproduced in the calculation. Moreover, symmetry
lowering fromC2V to Cs because of the folding of the C-S-
S-C trapezoid along the S-S vector on either side of the
Cr atom is observed, which is in agreement with the
experimental observations. The dihedral angles of the two
ligands are nicely reproduced in the calculation with errors
of <5° (compared to2). The presence of the terminal oxo
donor results in the metal residing∼0.62 Å (calculated 0.67
Å) out of the bis(dithiolene)S4 plane, providing considerably
less S(p)-Cr(d) π-orbital overlap than the previously
reported square planar transition metal bis(dithiolenes).12 The
experimental distortion, nicely reproduced by the calcula-
tions, is thus, electronic in origin.

To further understand the basis of theC2V to Cs distortion
in the [Cr(L)2O]1- anion, DFT calculations have been
performed on both theC2V and Cs models. The reason for
the distortion is most clearly revealed by theCs bonding

scheme shown in Figure 8 and the orbital correlation diagram
in Figure 9. TheCs model is found to be more stable by 4.8
kcal/mol. On going from theC2V to Cs geometry, the 4a′
π-type orbital (see Figure 9) is found to be appreciably
stabilized (5.3 kcal/mol). This increased stabilization is the

Table 5. Calculated and Experimental (in parentheses) Bond Lengths
(Å) and Dihedral Angles (deg) in [CrO(L)2]1- and [CrO(L)2]2- as
Obtained from the Scalar Relativistic ZORA BP86 DFT Calculations
Using Large Uncontracted Gaussian Basis Sets at the Metal and
Uncontracted All-Electron Polarized Triple-ê (TZVP) Gaussian Basis
Sets for the Remaining Atoms

[CrO(L)2]1- [CrO(L)2]2-

Cr-S 2.308 (2.2832(6))a 2.311
Cr-O 1.580 (1.5796(15)) 1.610
C-S 1.769 (1.760(2)) 1.770
C1-C2 1.401 (1.401(3)) 1.408
C2-C3 1.394 (1.399(3)) 1.395
C3-C4 1.392 (1.383(3)) 1.396
C4-C5 1.398 (1.386(3)) 1.390

Φ1 156.2 (155.3) 178.9
Φ2 178.8 (175.1) 178.3

a Experimental bond length for2.

Figure 8. Kohn-Sham MOs and the energy scheme of the [CrO(L)2]1-

anion as obtained from a spin-unrestricted ZORA B3LYP DFT calculation.

Figure 9. Orbital-correlation diagram for the [CrO(L)2]1- anion illustrating
the changes in energy of the selected molecular orbitals on moving from
C2V to Cs symmetry.
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result of a better overlap, and consequently betterπ-donation,
of the filled sulfur pz orbitals with the singly occupied in-
plane Cr(3dx2-y2) orbital (4a′ orbital in Figure 9). In theC2V

model, the sulfur pz orbitals (2b2 orbital in Figure 9) are
almost orthogonal to the Cr(3dx2-y2) orbital, and the stabilizing
Cr(d)-S(p)π-interaction is absent. Thus, theCs structure is
favored in comparison to theC2V structure mainly bcause of
the stabilization energy of the 4a′ orbital in the distorted form.
Similar distortions leading to increased stabilizing interac-
tions of the filled symmetric sulfur pπ interactions have been
reported previously in the molybdenum and tungsten ox-
otransferases.31

While the distortion of one ligand leads to the stabilization
described above, an equivalent distortion in both ligands,
leading to same angleæ on each side of the Cr atom, will
have a destabilizing effect. Thus, it is intuitively appealing
that the twisting of the two ligands on both sides of the Cr
will be interrelated to each other; a stronger interaction on
one side will lead to a weaker interaction on the other and
vice versa. The similar∆æ values of∼20° for both the
complexes, thus represent a compromise in the orientation
of the two ligands required to satisfy theπ-acidity of the
Cr(V) ion. In the calculation, this is predicted to be 22°, in
good agreement with the experimental value.

The one-electron reduction of the [Cr(L)2O]1- anion results
in the double occupancy of the Cr(3dx2-y2) orbital. Conse-
quently, the Cr(3dx2-y2) T S(p)π-interaction will now have
a destabilizing effect. Thus the ligands will orient themselves
to minimize this repulsive interaction. Thus the calculated
geometry of the [Cr(L)2O]2- species is approximatelyC2V.
In contrast to the [Cr(L)2O]1- species, the calculated dihedral
angles,æ, for both the ligands in [Cr(L)2O]2- are found to
be∼180° (Table 5). Although the experimental data for the
chromium complex are not available for comparison, a crystal
structure of the corresponding [Mo(L)2O]2- dianion10a has
been reported and is known to possess aC2V geometry.

Bonding Scheme. For the MO description of the
[Cr(L)2O]1- complex within theCs point group, the coordi-
nate axes shown in Figure 8 were used. The qualitative
bonding scheme derived from the B3LYP DFT calculation
on the [Cr(L)2O]1- complex is given in Figure 8.

In a series of previous publications,17,26 it was shown that
the concept of metal versus ligand oxidation in coordination
complexes is controlled mainly by the relative energies of
the metalnd and the sulfur 3p orbitals which in turn are
controlled by a combination of the effective nuclear charge
(Zeff) and scalar relativistic effects of the central metal ion.
Thus, the predominant ligand-based oxidation was observed
for the [Au(L)2]1-/0 couple,12aand metal-based oxidation was
observed for the [Fe(L)2]2-/1- couple.12c The Cr(II) ion has
a lower effective nuclear charge than Fe(II),32 and hence,
metal-based redox processes are expected to be predominant
in the chemistry of the chromium dithiolene complexes. This

is indeed found to be the case, as is evident from the bonding
scheme of the [Cr(L)2O]1- complex shown in Figure 8. The
Cr 3d orbitals are all placed at energies much higher than
the ligand orbitals. The electronic configuration for Cr in
[Cr(L)2O]1- is formally 3d1, and this unpaired electron resides
in the Cr(3dx2-y2)orbital, which is essentially metal-ligand
nonbonding, leading to a doublet ground state. The other
four d orbitals remain unoccupied. The d-orbital splitting,
as shown in Figure 8, is thus predicted to be 3dx2-y2 < 3dxz,-
3dyz < 3dxy < 3dz2. This splitting results from the fact that
the terminal oxo ligand is an extremely strongσ- and
π-donor, and in the presence of a moderate-to-weak equato-
rial ligand field, as in the present case, the d-orbital splitting
diagram in Figure 8 results. The 3dz2 and 3dxz,3dyz orbitals
are strongly destabilized byσ- andπ-antibonding interactions
with the terminal oxo ligand to such an extent that they
always tend to remain unoccupied. Beneath this d orbital
manifold there is a set of eight orbitals corresponding to the
symmetry-adapted linear combinations of the sulfur ligand
3p lone pairs (Figure 8). Four of the sulfur 3p orbitals in
Figure 8 are inπ-symmetry with respect to the Cr center.
The remaining four possessσ-symmetry with respect to the
metal.

The compositions of the selected orbitals in [Cr(L)2O]1-

are summarized in Table 6. The M-S covalency within the
d orbital manifold is found to be significantly less in
[CrO(L)2]1- than that reported for the corresponding
[MoO(edt)2]1- anion (edt) ethane-1,2-dithiolate).10b Thus,
the total sulfur p character for the 6a′(dxz) and 6a′′(dyz) in
[CrO(L)2]1- is calculated to be∼10%, compared to∼22%
in [MoO(edt)2]1-. Moreover, the 5a′ (79% 3dx2-y2) orbital in
[CrO(L)2]1- is also less covalent than the corresponding 10a1

orbital34 calculated for [MoO(L)2]1-, which is 70% Mo
4dx2-y2. These covalency differences in the lowest-lying
acceptor orbitals for the two compounds derive from the
higher effective nuclear charge of Mo(V) compared to that
of Cr(V). The Cr(V) d orbitals are placed at a higher energy
with respect to the ligand orbitals, and the mixing of ligand
and metal orbitals in [CrO(L)2]1- is thus minimum.

The spin distribution in the[Cr(L)2O]1- complex as
obtained from the DFT calculation shows that almost the
whole of the spin population (0.95) is localized on the Cr
(Table S1). A significant negative spin population of-0.08(31) Enemark, J. H.; Cooney, J. A.; Wang, J.-J.; Holm, R. H.Chem. ReV.

2004, 104, 1175.
(32) Gorelski, S. I.; Basumallick, L.; Vura-Weis, J.; Sarangi, R.; Hodgson,

K. O.; Hedman, B.; Fujisawa, K.; Solomon, E. I.Inorg. Chem.2005,
44, 4947.

(33) Earnshaw A.Introduction to Magnetochemistry; Academic Press:
London, 1968.

(34) Neese F.; Solomon, E. I.Inorg. Chem.1999, 38, 1847.

Table 6. Percentage Composition of the Selected Orbitals of the
[CrO(L)2]1- Anion as Obtained from the Scalar Relativistic ZORA
B3LYP DFT Calculation Using Large Uncontracted Gaussian Basis Sets
at the Metal and Uncontracted All-Electron Polarized Triple-ê (TZVP)
Gaussian Basis Sets for the Remaining Atoms

Cr S O

3dx2-y2 3dxz 3dyz 3dxy 3dz2 3px 3py 3pz 2px 2py 2pz

4a′ 20.1 44 4.0
5a′ 79.2 4.8 1.1
6a′ 60.1 4.8 4.9 20.6
6a′′ 58.2 4.9 5.1 21.4
7a′′ 45.5 19.3 15.2
7a′ 36.2 6.1 18.8
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(Table S1) is predicted in the calculation on the terminal
oxygen atom. Indeed, a negative spin density on the terminal
oxygen atom in [Mo17O(SPh)4]- has been suggested recently10e

on the basis of the experimentally measured hyperfine and
nuclear quadrupole interaction parameters for the oxo-17O
ligand. As explained in ref 10e, this negative spin density
on the oxo ligand may originate from spin-polarization
mechanisms.

Calculation of Properties. EPR Spectrum.The calcu-
lated EPR parameters are found to be in reasonably good
agreement with experiment (Table 7). The predictedg tensor
correctly reproduces the experimental finding that one
principalg value (gz) is larger than the free-electrong value,
while the two perpendicular components are below it. This
is unusual for a d1 system, where all ligand-field excited
states only contribute to negative shifts.33 However, this
observation is true for all thiolate-ligated transition metal
(d1) complexes8b,11and comes from the contributions of low-
lying ligand-to-metal charge-transfer excitations (see below)
in addition to the ligand-field excitations.

Excited-State Calculations.The room-temperature ab-
sorption and low temperature (5 K) MCD spectra of
[CrO(LBu)2]1- have been subjected to Gaussian deconvolution
in the range of 24 000-10 000 cm-1 to detect the individual
transitions (Figure 10). As is commonly observed, the bands
show a slight shift on going from ambient to liquid helium
temperature, and therefore, equal band positions have not
been enforced in the fit. The minimum number of Gaussian
bands used was consistent with the experimentally observed
peaks and shoulders, yielding a total of seven detectable
transitions for1 below 24 000 cm-1.

The low symmetry of [CrO(L)2]1- makes all transitions
from the eight doubly occupied MOs in Figure 8 into the
singly occupied 5a′(3dx2-y2) orbital and the four virtual
d-based orbitals dipole allowed. These transitions are uni-
polarized, and spin-orbit coupling (SOC) to other states with
noncollinear transition moments is required to obtain nonzero
MCD intensity.34 Both the SOC of the ground state with other
states of same parity and the electric dipole-allowed excited
states with states of same symmetry can contribute to the
observed MCD signs. This excited-state SOC mechanism is
also operative in addition to the ground-state SOC mecha-
nism, since the spectrum is not strongly dominated by bands
of only one sign, which is often the case if the ground-state
SOC dominates the MCD response.12c The temperature
dependence of the MCD spectrum (Figure S3) indicates that
all the observed features result from a C-term mechanism

which is expected to dominate for paramagnetic molecules
studied at low temperature.

Time-dependent DFT calculations (using the B3LYP
functional, quasirelativistic ZORA method, and large un-
contracted Gaussian basis sets as described in the Experi-
mental Section) have been performed for the [CrO(L)2]1-

species. Four states with reasonable intensities are calculated
in the range of 24 000-10 000 cm-1, which is consistent
with the four bands (bands 1 to 4) resolved in the simulta-
neous fit of the MCD and absorption spectra. These
correspond to the LMCT transitions from the four out-of-
plane sulfur p orbitals ofπ-symmetry to the singly occupied
Cr 3dx2-y2 orbital. In the calculation, the lowest-energy band
corresponds to the 4a′(Sπ) f 5a′(3dx2-y2) transition. This
transition is calculated at 12 500 cm-1 and is in good
agreement with the experimentally observed transition (band
1 at 12 352 cm-1). According to the MCD sign conventions
established10c for transitions inCs symmetry, a positive MCD
band is expected for transitions involving a change in
symmetry (a′′fa′) and a negative MCD band is expected
for transitions between states of the same symmetry (a′ f
a′). Thus, a negative MCD sign for band 1 is expected and
observed. The second transition calculated in the region of
band 2 (positive MCD) is assigned as the 4a′′(Sπ) f 5a′
transition at 13 005 cm-1 with a calculated oscillator strength
of 0.003. This is also in good agreement with the experi-
mentally observed transition energy (13 790 cm-1) and
oscillator strength (0.008). The next transition is calculated
at 16 500 cm-1 with an oscillator strength of 0.001. Its
calculated symmetry is2A′ (3a′ f 5a′), and it is assigned to
band 3, which is observed at 16 358 cm-1. The observed
MCD sign is negative because it corresponds to a transition
between states of the same symmetry. The final LMCT
transition below 23 000 cm-1 is calculated in the region of

Table 7. Experimental and Calculated EPR Parameters for1 Obtained
from the Scalar Relativistic ZORA B3LYP DFT Calculation Using
Large Uncontracted Gaussian Basis Sets at the Metal and Uncontracted
All-Electron Polarized Triple-ê (TZVP) Gaussian Basis Sets for the
Remaining Atoms

gx gy gz giso

Axx

MHz
Ayy

MHz
Azz

MHz
Aiso

MHz

calcd 1.978 1.986 2.015 1.993 8 5.4 78.3 23.1
exptl 1.98 1.99 2.02 1.996 a a a 35

a Magnetic anisotropy in the hyperfine splitting not resolved in the
experimental spectrum.

Figure 10. Deconvoluted room-temperature electronic absorption spectrum
of 1 (top) and its magnetic circular dichroism (MCD) spectrum (bottom)
recorded at 5 K and 5.0 T.
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the most intense band (band 4) at 17 550 cm-1 (experimental
18 874 cm-1) with an oscillator strength of 0.02, and it
corresponds to the transition 3a′′(Sπ) f 5a′. Band 4 corre-
sponds to a positive MCD as expected.

Bands 5 (20 157 cm-1) and 6 (21 339 cm-1) constitute
the negative and positive components of a positive pseudo-A
term in the MCD spectrum of [CrO(LBu)2]1-. High C/D ratios
(Table 8) and pseudo-A behavior identify these as 3dx2-y2

f 3dxz,yz transitions, the degeneracy of the 3dxz,yz orbitals
being lifted by theCs symmetry of the molecule. The
negative sign of the lower-energy MCD component (band
5) indicates that 3dxz lies lower in energy than 3dyz, in
agreement with the bonding scheme shown in Figure 8. The
next feature, toward higher energy, is a positive MCD peak
(band 7) at 22 649 cm-1 which is just inside the tail of the
increasing absorbance intensity. This positive MCD feature
is reasonably assigned as the 5a′(3dx2-y2) f 7a′′(3dxy)
transition on the basis of its highC/D ratio. TD-DFT
calculations also reproduce the above trend of the ligand-
field transitions in [CrO(L)2]1- (Table 8).

The one-electron reduction of [CrO(L)2]1- puts the excess
electron in the Cr 3dx2-y2 orbital. Thus, the low-energy LMCT
transitions to the doubly occupied Cr 3dx2-y2 orbital are no
longer possible in [CrO(L)2]2-. No transitions with significant
intensities are calculated among the first 25 states (5500-
25 000), in agreement with the experimental data.

S K-Edge XAS Calculations. From the S K-edge
spectrum of1, which reveals a broad preedge feature at
∼2470.5 eV, the number of preedge transitions cannot be
unambiguously determined. Moreover, consideration of a
single transition in the preedge region leads to an unusually
large line width of 1.5 eV. DFT calculations were thus
undertaken to understand the origin of the broad preedge
feature in the experimental spectrum.

TD-DFT calculations done on the [CrO(L)2]1- anion
reproduce the broad feature in the preedge region. The
calculated absolute energies are, however, found to be lower
in energy by 61 eV than the experimental values. This is
because of the restriction of the DFT methods in defining
the absolute energies of the core orbitals which mainly
determine the S K-edge transition energies. The calculated
spectrum shown in Figure 11 is thus shifted by 61 eV so
that a direct comparison can be made with the experiment.

Five preedge transitions are calculated in the energy range
of 2468-2472 eV (corrected) from the S 1s to the Cr 3d
orbitals. Thus, a reasonable, although not conclusive, inter-
pretation of the experimental result is that the experimental
spectrum consists of a superposition of five unresolved
transitions. The XAS spectrum of1 was subjected to
Gaussian deconvolution in the energy range of 2468-2472
eV to simulate the individual transitions (Figure 11). Equal
peak widths (0.8 eV) have been enforced in the fit. The
results are summarized in Table 9. However, it is stressed
that this fit is not unique because of the limited resolution
of the experimental data. Nevertheless, the calculations nicely
reproduce the relative intensities and energies of the indi-
vidual transitions (Figure 11 and Table 9). The intensity of
the preedge transitions is found to be directly related to the
extent of metal-ligand covalency, as has been concluded
previously on the basis of the theoretical studies.27-29 The
most intense transition in the region of peak 4 (2470.5),
corresponds to a transition to the Cr 3dxy (7a′′) orbital, which
is strongly antibonding with the sulfurσ-orbitals. Because
of the ligand geometry, the overlap between these orbitals
is very favorable and provides an efficient pathway for the
ligand-to-metal electron donation. The total sulfur p character

Table 8. Analysis of the Optical Transitions for [CrO(L)2]1- Following Gaussian Deconvolution of the ABS and MCD Spectra Shown in Figure 10
Combined with the Results of the Time-Dependent Density Functional Calculations at the Scalar Relativistic ZORA B3LYP Level

energy (cm-1) oscillator strength

band exptl calcd method exptl calcd C/D assignment

1 12 352 12 500 abs 0.003 0.001 2A′ (4a′ f 5a′(dx2-y2))
11 609 MCD -0.003

2 13 790 13 005 abs 0.008 0.003 2A′′ (4a′′ f 5a′(dx2-y2))
12 585 MCD +0.02

3 16 358 16 500 abs 0.004 0.001 2A′ (3a′ f 5a′(dx2-y2))
15 548 MCD -0.001

4 18 874 17 550 abs 0.012 0.04 2A′′ (3a′′ f 5a′(dx2-y2))
17 436 MCD +0.003

5 20 157 21 000 abs 0.007 0.001 2A′ (5a′(dx2-y2) f 6a′(dxz))
18 336 MCD -0.40

6 21 339 22 345 abs 0.008 0.002 2A′′ (5a′(dx2-y2) f 6a′′(dyz))
20 082 MCD +0.67

7 22 649 23 800 abs 0.004 0.001 2A′′ (5a′(dx2-y2) f 7a′′(dxy))
21 390 MCD +0.33

Figure 11. Deconvoluted S K-edge X-ray absorption spectrum of1 (top)
in the preedge region and its comparison to that of the calculated S K-edge
X-ray absorption spectrum of the [CrO(L)2]1- anion as obtained from BP86
time-dependent density functional calculations.
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in this orbital is calculated to be 34.7%. The remaining four
3d orbitals are significantly less covalent than the 3dxy orbital
(Table 6). The preedge transitions to these orbitals (transitions
1, 2, 3, and 5) thus appear with much smaller intensities
than peak 4 (Table 9).

Conclusion

In the present study, the electronic structures of oxo-bis-
(benzene-1,2-dithiolato)chromate(V) complexes1 and2 have
been investigated in some detail experimentally and theoreti-
cally. An important structural feature of these complexes is
the different dihedral angles (æ) between the mean trapezoi-
dal C-S-S-C and the Cr-S-S planes on the two sides of
the chromium atom. The angles differ by a constant value
of ∼20° in both1a and2. Calculations at the DFT level on
the [CrO(L)2]1- anion reveal that itsCs geometry is energeti-
cally favored over a more symmetricC2V structure because
of strong S(3p)f Cr(3dx2-y2) π-donation. Constraining the
molecular geometry toC2V diminishes this favorable metal-
ligand bonding interaction, as the sulfur pz orbitals remain
almost orthogonal to the singly occupied Cr 3dx2-y2 orbital.
Analysis of the electronic spectra of the complexes identify
the presence of the low-lying ligand to metal charge-transfer
excited states, which are responsible for making the principal
g value in the EPR spectrum larger than the free-electrong
value. The XAS spectral analysis in1 is consistent with the

Cr(V) assignment for the complex. The S K-edge spectrum
reveals a broad feature centered around 2470.5 eV, which
is assigned as the superposition of five individual preedge
transitions to the Cr 3d manifold engaged in covalent
interaction with the sulfur atoms.

Acknowledgment. We are grateful to the Fonds der
Chemischen Industrie for financial support. SSRL operations
are funded by the Department of Energy, Office of Basic
Energy Sciences. The Structural Molecular Biology program
is supported by the National Institutes of Health, National
Center for Research Resources, Biomedical Technology
Program, and by the Department of Energy, Office of
Biological and Environmental Research. R.K., K.R., and I.S.
thank the Max-Planck Society for a stipend.

Supporting Information Available: Figure S1 showing the
disorders in the crystal structures of1a‚2CH3CN and2, Figure S2
showing the simulated EPR spectrum of1 in a frozen CH2Cl2
solution at 10K, Figure S3 showing the temperature dependence
of the MCD spectra of1, Table S1 showing the atomic charges
and the spin density distribution in [CrO(L)2]1- as obtained from
ZORA B3LYP DFT calculations, and complete listings of crystal-
lographic details, atom coordinates, bond lengths and angles,
thermal displacement parameters, and calculated positional param-
eters for complexes1a and 2. This material is available free of
charge via the Internet at http://pubs.acs.org.

IC051844S

Table 9. Analysis of the Preedge Transitions for [CrO(L)2]1- Following Gaussian Deconvolution of the S K-edge Spectrum in the Preedge Region
Shown in Figure 11 Combined with the Results of the Time-Dependent Density Functional Calculations at the Scalar Relativistic ZORA BP86 Level

energy (eV) relative intensitiesa

peak exptl calcd (+61 eV) exptl calcd assignment S 3p (%)

1 2469.32 2469.12 0.143 0.181 S 1sf 5a′(dx2-y2) 4.8
2 2469.90 2469.88 0.306 0.330 S 1sf 6a′(dxz) 9.7
3 2470.20 2470.07 0.329 0.371 S 1sf 6a′′(dyz) 10.0
4 2470.57 2470.57 1.000 1.000 S 1sf 7a′′(dxy) 34.7
5 2470.97 2471.20 0.172 0.210 S 1sf 7a′(dz2) 6.1

a With respect to the most intense transition (band 4) whose intensity is taken as unity.
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