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Abstract: X-ray absorption spectra have been measured at the S K-, Cl K-, and Mo L3- and L2-edges for the
d0 dioxomolybdenum(VI) complexes LMoO2(SCH2Ph), LMoO2Cl, and LMoO2(OPh) (L ) hydrotris(3,5-
dimethyl-1-pyrazolyl)borate) to investigate ligand-metal covalency and its effects on oxo transfer reactivity.
Two dominant peaks are observed at the S K-edge (2470.5 and 2472.5 eV) for LMoO2(SCH2Ph) and at the
Cl K-edge (2821.9 and 2824.2 eV) for LMoO2Cl, demonstrating two major covalent contributions from S and
Cl to the Mo d orbitals. Density functional calculations were performed on models of the three Mo complexes,
and the energies and characters of the Mo 4d orbitals were interpreted in terms of the effects of two strong
cis-oxo bonds and additional perturbations due to the thiolate, chloride, or alkoxide ligand. The major perturbation
effects are for thiolate and Cl- π mixed with the dxz orbital andσ mixed with the dz2 orbital. The calculated
4d orbital energy splittings for models of these two major contributions to the bonding of thiolate and Cl
ligands (2.47 and 2.71 eV, respectively) correspond to the splittings observed experimentally for the two
dominant ligand K-edge peaks for LMoO2(SCH2Ph) and LMoO2Cl (2.0 and 2.3 eV, respectively) after
consideration of final state electronic relaxation. Quantification of the S and Cl covalencies in the d orbital
manifold from the pre-edge intensity yields,∼42% and∼17% for LMoO2(SCH2Ph) and LMoO2Cl, respectively.
The Mo L2-edge spectra provide a direct probe of metal 4d character for the three Mo complexes. The spectra
contain a strong, broad peak and two additional sharp peaks at higher energy, which are assigned to 2p transitions
to the overlapping t2g set and to the dz2 and dxy levels, respectively. The total peak intensities of the Mo L2-
edges for LMoO2(OPh) and LMoO2Cl are similar to and larger than those for LMoO2(SCH2Ph), which agrees
with the calculated trend in ligand-metal covalency. The theoretical and experimental description of bonding
developed from these studies provides insight into the relationship of electronic structure to the oxo transfer
chemistry observed for the LMoO2X complexes. These results imply that anisotropic covalency of the Mo-
Scys bond in sulfite oxidase may promote preferential transfer of one of the oxo groups during catalysis.

1. Introduction

Mo-containing enzymes are essential for all forms of life.
With the exception of nitrogenase, most of these enzymes
catalyze reactions in which there is a net transfer of an oxygen
atom between substrate and water, as shown in eq 1.1

Prior to 1995, structural information about the Mo centers in
these enzymes was deduced principally from EXAFS at the Mo
K-edge and EPR spectroscopy of their transient Mo(V) states.1

Since then, several protein crystal structures have been
reported.2-11 These protein structures confirm that there are three
distinct structural families for the Mo centers: the xanthine
oxidase, DMSO reductase, and sulfite oxidase families.1 In all

three structural families, the Mo center is coordinated by S
donors from thecis-ene-1,2-dithiolate (dithiolene) of one (or
two) novel pyranopterin (molybdopterin) units.1,12 This ligand
system is unique to Mo and W in metalloproteins, and it appears
that coordination by this ligand (and in some cases an additional
S ligand) is essential for the catalytic function of these enzymes.
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The coordination about the Mo atom from the X-ray crystal
structure of chicken liver sulfite oxidase at 1.9 Å resolution is
shown in Scheme 1.9 The Mo atom is five-coordinate and
exhibits approximate square pyramidal coordination geometry,
with oxygen atoms in the axial and equatorial positions. Both
EXAFS13-16 and resonance Raman spectroscopy17 indicate that
the oxidized enzyme possesses two oxo groups coordinated to
a Mo(VI) center. The remaining equatorial positions are
occupied by the two S atoms from one ene-1,2-dithiolate ligand
and the S atom from the side chain of a cysteine that is
conserved throughout all sulfite oxidases. Site-directed mu-
tagenesis of this cysteine to serine in the human or rat enzymes
results in an inactive enzyme.18

The proposed reaction cycle for the Mo center of sulfite
oxidase (Scheme 1) involves the transfer of an O atom from a
dioxo-Mo(VI) center of the enzyme to sulfite to generate an
oxo-Mo(IV) center and sulfate.19 The active site is regenerated
by two consecutive one-electron processes involving the heme
prosthetic groups in the protein and ultimately cytochromec.
The first electron-transfer reaction generates a paramagnetic Mo-
(V) state that can be detected by EPR spectroscopy.15,20-23

Single turnover experiments on DMSO reductase fromRhodo-
bacter sphaeroides24 and on xanthine oxidase25 are consistent
with oxygen atom transfer (OAT) at the Mo center in these
enzymes and provide support for Scheme 1, proposed for sulfite
oxidase.

Extensive investigations into the chemistry of oxomolybde-
num(IV), -(V), and -(VI) have accompanied the studies on the
native sulfite oxidases.19,26-28 Analogues incorporating the
facially coordinating hydrotris(3,5-dimethyl-1-pyrazolyl)borate
(L) ligand have been particularly successful as functional mimics
for enzymes with [MoVIO2]2+ centers. The reaction of LMoVIO2X
(X ) Cl, Br, OPh, SPh, SCH2Ph, SCH(CH3)2) with PPh3
generates an unsaturated “LMoIVOX” center that can be trapped
with pyridine to form LMoIVOX(pyridine). In wet, oxygenated
solvents, “LMoIVOX” undergoes two successive one-electron
reactions through a paramagnetic LMoVOX(OH) intermediate
to regenerate the catalytic LMoVIO2X complex.29-31 Isotopic
oxygen atom tracer studies on this system demonstrate that the
O atom transferred to PPh3 derives from the [MoO2]2+ center
and that H2O, not dioxygen, is the ultimate source of the O
atoms.32 This is the only synthetic system that incorporates the
key features of Scheme 1, proposed for the catalytic cycle of
sulfite oxidase. A theoretical study on the energetics of this
catalytic cycle reveals that the direction of approach of the
substrate to the [MoVIO2]2+ center in the OAT step is critical
to maximizing the stability of the “LMoIVOX(OPPh3)” adduct.33

The calculations also indicate that the displacement of the
oxidized substrate from the “LMoIVOX(OPPh3)” center by H2O
occurs through a concerted associative mechanism. The Mo-
(IV), Mo(V), and Mo(VI) intermediates in the catalytic cycle
have been trapped and examined structurally and spectro-
scopically.29-32 LMoVOY2 (Y ) SR, OR; R) alkyl, aryl) have
been subjected to extensive EPR, PES (photoelectron spectros-
copy), and MCD (magnetic circular dichroism) studies, and an
electronic structure model for these complexes has been
developed.34-37 These studies reveal considerable S ligand
contribution to the singly occupied dxy orbital of these com-
plexes. The relative rates of OAT catalysis by LMoVIO2X
depend on X (X) Cl > SR > OR) (Table 1).30,32
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Scheme 1. (Top) Coordination of the Mo Site of Sulfite
Oxidase, Showing the Novel Pyranopterin That Contributes
the Ene-1,2-dithiolate Group, and (Bottom) Proposed
Reaction Cycle for Sulfite Oxidasea

a Sulfite (X) is oxidized by oxygen atom transfer (OAT) from
[MoVIO2]2+, water coordinates to the reduced [MoIVO(H2O)]2+ center,
and two successive coupled electron-proton transfers reoxidize the
Mo site back to [MoVIO2]2+.
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The analysis of pre-edge X-ray absorption spectra (XAS) is
established as an effective probe of the electronic structure of
an absorbing atom. Metal K-38-43 and L-edge44-47 XAS provides
a direct measure of the metal contribution to the half or
unoccupied valence antibonding molecular orbitals. Ligand
K-edge XAS48-59 provides an experimental estimate of ligand
character in these valence orbitals due to covalent bonding,
which is similar to information obtained from an analysis of
the ligand superhyperfine splittings obtained from EPR. How-

ever, ligand K-edge XAS has the advantage of being applicable
to complexes without an EPR signal and to ligands without a
nuclear spin.

Ligand K-edge XAS probes the electronic transition from a
ligand 1s orbital (Figure 1). The pre-edge feature involves the
transition to the antibonding molecular orbitalΨ* ) (1 -
R′ 2)1/2ψM - R′ψL, whereψM andψL are metal and ligand wave
functions, respectively, andR′ is the ligand coefficient in the
antibonding molecular orbitalΨ*.48,50-52 The transition intensity
of the pre-edge feature is proportional to that of the dipole-
allowed ligand-based 1sf 3p transition, weighted by its
antibonding character inΨ* (R′2, eq 2).

Thus, the pre-edge intensity provides a direct probe of the ligand
(S or Cl) covalency in the unoccupied metal d orbitals. The
pre-edge energy of the ligand K-edge is dependent on the
relative orbital energies of the Mo 4d and ligand 1s levels. These
vary with the effective nuclear charges and the ligand field
splittings (Figure 1) within the complex.

Metal L-edge spectroscopy probes the electronic transition
from the metal 2p orbital toΨ*. Spin-orbit coupling splits the
Mo 2p into the2P3/2 (L3-edge) and the2P1/2 (L2-edge) states,
separated by∼105 eV (Figure 1). The intensity of these
transitions is proportional to the dipole-allowed 2pf 4d
transition intensity (eq 3), where (1- R′ 2) represents the metal
4d contribution to theΨ* orbital.44

The pre-edge intensity of the metal L-edge complements the
ligand K-edge data and provides a direct probe of the metal
contribution (1- R′ 2) to the unoccupied orbitals in the ligand
field manifold. The 2p and 4d spin-orbit and 2p core-hole-
4d multiplet interactions may affect the peak intensities of these
transitions and must be considered in the analysis of the L3-
and L2-edge spectra.60
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Table 1. Rate Constants for Reaction of Oxomolybdenum
Complexes with PPh3 at 298 K and Reduction Potentials
versus SCE

complex k (M-1 s-1) E1/2 (V)b

LMoO2Cl very fast (J10-2)a,c -0.62
LMoO2(SPh) 6×10-4 a -0.76
LMoO2(SCH2Ph) -0.84
LMoO2(OPh) 2×10-6 a -0.88
LMoO2(OCH3) ∼0a -1.13

a Reference 30.b Reference 29.c Reaction was too fast to be
quantitatively measured.

Figure 1. Schematic representation of the contributions to the energy
of the ligand K-edge and metal L-edge pre-edge features. The ligand
K-edge observes the transition from the ligand 1s to the antibonding
orbital(s) of metalmd with ligandnp. Metal L3- and L2-edges are the
transitions from2P3/2 and 2P1/2 terms, respectively, to metalmd, split
by the spin-orbit interaction due to the final state spin-orbit coupling.

I(ligand 1sf Ψ*) ) R′ 2I(ligand 1sf 3p) (2)

I(metal 2pf Ψ*) ) (1 - R′ 2)I(metal 2pf 4d) (3)
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Herein, the ligand K- and metal L-edge spectra are reported
and analyzed for the diamagnetic Mo(VI) chromophores
LMoVIO2X (X ) Cl, SCH2Ph, OPh). The series includes the
benzyl thiolate complex to mimic the Mo-S interaction of
cysteine with the Mo center in the sulfite oxidases. The
experimental estimates of covalency are compared to density
functional calculations for analogues of each complex. These
results are used to obtain electronic structure insight into the
oxo transfer reactivity for the LMoVIO2X complexes and to
evaluate the role of the cysteine S in the function of the active
site of the sulfite oxidase family of oxomolybdoenzymes.

2. Experimental Section

2.1. Synthesis.All reactions were carried out under an argon
atmosphere using standard Schlenk line techniques. Tetrahydrofuran
(THF) was dried and distilled from sodium and benzophenone. Toluene
was dried and distilled from sodium. The compounds LMoVIO2X
(X ) Cl, SCH2Ph, OPh) were prepared according to published
methods.29,30Sodium benzyl thiolate was prepared as follows. Sodium
sand was prepared by rapid stirring of molten sodium (0.250 g, 11
mmol) in toluene (10 mL). After the mixture cooled, the toluene was
decanted and the sodium washed with three portions of THF (10 mL).
The sodium sand was suspended in THF (20 mL), and benzyl mercaptan
(1.76 mL, 15 mmol) was added rapidly. The reaction mixture was stirred
for 12 h. The white precipitate was removed by filtration and washed
with three portions of THF (25 mL) and then with three portions of
diethyl ether (25 mL) and dried under vacuum. Yield was 1.35 g (84%).

2.2. Sample Preparation.LMoO2Cl, LMoO2(SCH2Ph), and LMoO2-
(OPh) were ground into a fine powder, which was dispersed as thinly
as possible on Mylar tape to minimize the possibility of saturation.
The procedure has been verified to minimize saturation effects in the
data by systematically testing progressively thinner samples until the
observed intensity no longer varies with the thickness of the sample.
The Mylar tape contained an acrylic adhesive which was determined
to have a level of S, Cl, and Mo contaminants below that which is
detectable under the conditions of the XAS measurements. The powder
on tape was mounted across the window of an aluminum plate. The
samples were prepared in dry, anaerobic atmospheres. A 6.35-µm
polypropylene window protected the samples from exposure to air
during sample transfer from the glovebox to the experimental He-filled
sample chamber.

2.3. X-ray Absorption Measurements.XAS data were measured
at the Stanford Synchrotron Radiation Laboratory using the 54-pole
wiggler beamline 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 under ring conditions of 3.0 GeV and 50-100
mA. The entire path of the beam was in a He atmosphere. Details of
the optimization of this setup for low-energy studies have been described
previously.50,52

All XAS measurements were made at room temperature in fluores-
cence excitation mode.61,62For reproducibility, two or three scans were
measured for each sample. The maximum of the first pre-edge feature
in the S K-edge spectrum of Na2S2O3‚5H2O was assigned to 2472.02
eV and was used for energy calibration of the S K- and Mo L-edges.
The energy of the Cl K-edge data was calibrated by using the energy
of the first edge-region feature of Cs2CuCl4. The maximum of this peak
was assigned to 2820.20 eV. The scans ranges were 2420-2740 eV
for the S K- and Mo L3-, 2560-2880 eV for the L2-, and 2810-2850
eV for Cl K-edges, with a step size of 0.08 eV in the edge region. The
spectrometer energy resolution was∼0.5 eV.48,50 Comparison of the
first and second derivatives of the spectra of model compounds
measured repeatedly during different experimental sessions indicates
a reproducibility in edge position of∼0.1 eV.

2.4. Data Analysis.A smooth background was removed from all
spectra by fitting a polynomial to the pre-edge regions and subtracting

this polynomial from the entire spectrum. Normalizations of the S K-,
Cl K-, Mo L3-, and Mo L2-edge data were accomplished by fitting a
flat polynomial or straight line to the post-edge region and normalizing
the edge jump to 1.0 at 2490, 2840, 2545, and 2655 eV, respectively.

The splining and normalization procedure for the Cl K-edge spectrum
of LMoO2Cl is complicated by the presence of the Mo L1-edge at
∼2866 eV. Utilizing the whole energy range to 3150 eV, i.e., ignoring
the intensity of the Mo L1-edge, yielded a normalization, which gave
the absolutely lowest limit for the pre-edge intensity, which was lower
than the true value by the total edge jump contribution of the Mo L1-
edge. A maximum pre-edge intensity was obtained by manually
rescaling an estimated Cl K-edge-only edge jump from the spectrum,
as the narrow Cl K-edge-only data range was too short to enable an
accurate spline fit.

Peak fittings of S or Cl K-edge spectra were performed on the
normalized data of LMoO2(SCH2Ph) with Na(SCH2Ph) as reference
and LMoO2Cl. The fitting program EDG_FIT,63 which utilizes the
public domain MINPAK fitting library,64 was used. Pre-edge features
were modeled by pseudo-Voigt line shapes (simple sums of Lorentzian
and Gaussian functions). This line shape is appropriate, as the
experimental features are expected to be a convolution of the Lorentzian
transition envelope48 and the Gaussian line shape imposed by the
spectrometer optics.50,61 A fixed 1:1 ratio of Lorentzian to Gaussian
contributions for the pre-edge feature successfully reproduced the S
and Cl K-edge spectral features. For the peak fitting of Mo L3- and
L2-edge spectra, the Lorentzian-to-Gaussian ratio was varied. Best fits
were obtained when the Lorentzian component was more than 70%.
The rising edge is an arctangent function obtained from fits to the Mo
L3- and L2-edge spectra of Mo foil (L3 ) 2521.01 and L2 ) 2626.20
eV).

Fits used in the calculation of pre-edge peak intensity were optimized
to reproduce both the data and their second derivatives. The peak
intensity was approximated by peak area, calculated as the height×
full width at half-maximum (fwhm). The standard deviation of the
average of the areas was calculated to quantitate the uncertainty of the
fit for each sample. Our fit criterion is thatRf ) ∑[y(data)- y(fit)] 2/
∑[y(data)]2 should be less than 5%.

There are several possible sources of systematic error in the analysis
of these spectra. Normalization procedures can introduce a 1-3%
difference in pre-edge peak intensity. This maximum of∼3% error
and the error resulting from the fit procedure discussed above were
taken into account in the calculation of pre-edge intensities.

2.5. DFT Calculations.Spin-restricted calculations were performed
using ADF version 2.0.1 employing the local density approximation
formulated by Vosko, Wilk, and Nusair.65 Nonlocal gradient corrections
were included for exchange (Becke66) and for correlation (Perdew67)
effects. Basis functions, core expansion functions, core coefficients,
and fit functions for Mo, P, S, Cl, C, N, and O were used as provided
from database IV of the ADF suite. This includes Slater type orbital
(STO) triple-ú basis sets for Mo, P, S, Cl, C, N, and O and a single-ú
polarization function for P, S, Cl, C, N, and O. The functions used for
H were from database I, which includes a single-ú STO basis without
polarization functions. All core levels (up to 4p for Mo, up to 2p for
P, S, Cl, and the 1s for C, N, O) were treated as frozen orbitals and
orthogonalized to the valence orbitals with core expansion functions.

The DFT calculations were performed on models in which the
nitrogen atoms of the ligand L were replaced by three ammonia
molecules and the thiolate and alkoxide ligands were represented by
SCH3 and OCH3, respectively (Chart 1). The geometry of the [(NH3)3-
MoO2(SCH3)]+ model was based on the crystal structure of LMoO2-
(SPh)29 and was idealized toCs symmetry. The structure of LMoO2Cl
was assumed to be that of LMoO2(SCH3) with substitution of chloride
for thiolate. The Mo-Cl distance was obtained by geometry optimiza-

(61) Lytle, F. W.; Greegor, R. B.; Sandstrom, D. R.; Marques, E. C.;
Wong, J.; Spiro, C. L.; Huffman, G. P.; Huggins, F. E.Nucl. Instrum.
Methods1984, 226, 542-548.

(62) Stern, E. A.; Heald, S. M.ReV. Sci. Instrum.1979, 50, 1579-1582.

(63) Written by G. N. George at Stanford Synchrotron Radiation
Laboratory.

(64) Garbow, B. S.; Hillstrom, K. E.; More, J. J.MINPAK; Argonne
National Laboratory: Argonne, IL, 1980.

(65) Vosko, S. H.; Wilk, L.; Nusair, M.Can. J. Phys.1980, 58, 1200-
1211.

(66) Becke, A. D.Phys. ReV. A 1988, 38, 3098-3100.
(67) Perdew, J. P.Phys. ReV. B 1986, 33, 8822-8824.
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tion using a quasi Newton approach.68 The resultant distance of 2.358
Å is in the range of Mo-Cl distances of 2.35-2.40 Å obtained from
a search in the Cambridge Structural Database (CSD)69 for the cis-
MoVIO2Cl fragment. The Cl-ModO angles are in the range from 95°
to 97°. The calculations for [(NH3)3MoO2(OCH3)]+ were based on the
crystal structure of L′MoO2(OCH3) (L′ ) hydrotris(3-isopropyl)pyrazol-
1-yl)borate)29 and employed N-H and C-H distances and H-N-H
and H-C-H angles identical to those of [(NH3)3MoO2(SCH3)]+. The
coordinate system is rotated by 45° around thez-axis from the usual
coordinate system forOh complexes. Theyz-plane is the mirror plane
and contains the S-C, Cl, Oal-C (Oal ) oxygen atom of alkoxide),
and N1 (axial) atoms. The O1 and O2 atoms lie in thexy-plane, and the
y-axis bisects the O1dModO2 angle (Chart 1).

The reactivity of LMoO2X complexes with phosphines was inves-
tigated by DFT calculations of the interactions of the [(NH3)3MoO2X]+

(X ) SCH3, Cl, OCH3) models with P(CH3)3
70 under three sets of

conditions: structureI , in which the geometry of the Mo complex was
not perturbed, and intermediate structuresII and III , which involved
perturbation of the metal center upon interaction of one oxo group with
the phosphine (Scheme 2). The parameters for structuresI , II , andIII
were based on the calculations of Pietsch and Hall.33 The Mo-N
distances trans to O1 and O2 in structuresI , II , andIII were estimated
from the crystal structures of L′MoO2(OCH3)29 and LMoO(SPh)-
(pyridine).32 Detailed geometric parameters for the MO calculations
are given in Table S1 (Supporting Information).

3. Results

3.1. X-ray Absorption Spectroscopy. A. S K-Edge Data.
The normalized S K-edge spectra of LMoO2(SCH2Ph) and Na-
(SCH2Ph) are shown in Figure 2a. A strong pre-edge feature
appears at 2470.5 eV in the spectrum of LMoO2(SCH2Ph) which
is not present in the spectrum of the Na(SCH2Ph). Further, the

S K-edge peak at 2473.1 eV of LMoO2(SCH2Ph) is more intense
than the corresponding feature of Na(SCH2Ph), suggesting that
some of the intensity in this region of the spectrum results from
the overlap of an additional pre-edge feature. The S K-edge
spectrum of LMoO2(SCH2Ph) contrasts with that of the Cu-
(II)(d9)-containing plastocyanin,50,71,72which exhibits only one
peak at 2469.0 eV. This is consistent with transitions to more
than one unoccupied d orbital in the Mo(VI) complexes.

The S K-edge of Na(SCH2Ph) (2471.6 eV) is shifted to lower
energy relative to that of LMoO2(SCH2Ph), which is indicative
of a greater effective nuclear charge on the S atom in

(68) Fan, L.; Ziegler, T. J.Chem. Phys.1991, 95, 7401-7408.
(69) Allen, F. H.; Kennard, O. 3D Search and reference using the

Cambridge Structural Database.Chem. Des. Autom. News1993, 8, 31.
(70) McKean, D. C.; McQuillan, G. P.; Murphy, W. F.; Zerbetto, F. J.

Phys. Chem.1990, 94, 4820-4831.

(71) Penfield, K. W.; Gewirth, A. A.; Solomon, E. I.J. Am. Chem. Soc.
1985, 107, 4519-4529.

(72) Gewirth, A. A.; Solomon, E. I.J. Am. Chem. Soc.1988, 110, 3811-
3819.

Chart 1. Coordinate Systems of [(NH3)3MoO2(SCH3)]+ (a),
[(NH3)3MoO2Cl]+ (b), and [(NH3)3MoO2(OCH3)]+ (c) for
DFT Calculationsa

a Molecular parameters appear in Table S1 (Supporting Information).

Scheme 2.Molecular StructuresI , II , andIII along the
Reaction Coordinate for Oxygen Atom Transfer (OAT) from
[(NH3)3MoO2(SCH3)]+ to P(CH3)3

33 a

a Bond distances and angles for each structure are given in Table
S1 (Supporting Information).

Figure 2. (a) Normalized S K-edge spectra of LMoO2(SCH2Ph) (solid
line) and Na(SCH2Ph) (dashed line).(b) Relationship between rising
edge inflection point of the S K-edge data and the charge (q) on the S
atom determined by Mulliken population analysis of the DFT calcula-
tions for Na(SCH2Ph), Na2(mnt), and Na(Et2dtc) (q ) -1176.3 +
0.47551x, R ) 0.99864).(c) Difference spectrum (bold solid line) of
normalized data for LMoO2(SCH2Ph) with an energy shift of+1.3 eV
from the Na(SCH2Ph) data. Representative peak fit (solid lines) and
their sum (dotted line).
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LMoO2(SCH2Ph). Prior to background subtraction, the absorp-
tion edge of Na(SCH2Ph) must be shifted to the absorption edge
of LMoO2(SCH2Ph). An estimate of edge energy can be made
through a correlation between the charge on the S atom and
the edge position of essentially ionic thiolate salts: Na(SCH2-
Ph), Na2(mnt) and Na(Et2dtc). A plot of edge energies against
the charge on the S atom, estimated from a Mulliken population
analysis obtained from DFT calculations, is shown in Figure
2b. DFT calculations on [(NH3)3MoO2(SCH3)]+ give a charge
of -0.388 for the S atom. Thus, the absorption edge position
for LMoO2(SCH2Ph) is estimated to be 2472.9 eV,+1.3 eV to
higher energy than that for Na(SCH2Ph). The difference
spectrum of the+1.3 eV-shifted Na(SCH2Ph) and LMoO2(SCH2-
Ph) spectra is given in Figure 2c and has two major features at
2470.5 and 2472.5 eV, which are assigned as Mo-S pre-edge
features. The low-energy feature is substantially broader than
the S pre-edge peak of plastocyanin (fwhm∼ 1.7 vs 0.9 eV),
indicating that more than one transition contributes to this peak.
The total integrated intensity of the pre-edge feature is 2.28.

B. Cl K-Edge Data. The Cl K-edge spectrum of LMoO2Cl
(normalized for the lowest limit of the pre-edge intensity) is
shown in Figure 3a. The dashed line gives the estimate for the
normalization which yields the highest limit of the pre-edge
intensity (see Data Analysis). In contrast to the corresponding
S K-edge of LMoO2(SCH2Ph), the two main pre-edge features
at 2821.9 and 2824.2 eV are well separated from the rising edge
region. Thus, a background subtraction procedure, as described
above, is not necessary. The lower peak is broader than that
for [CuCl4]2- (fwhm ∼ 1.6 vs 1.1 eV),50 indicating that more
than one transition contributes to this feature in LMoO2Cl. The
integrated intensity of the pre-edge features lies between 2.10
and 2.63.

C. Mo L-Edge Data. The Mo L2-edge spectra of LMoO2-
(SCH2Ph), LMoO2Cl, LMoO2(OPh), and Mo foil are shown in
Figure 4. Compared to the featureless spectrum of the Mo foil,
the L2-edge spectrum of LMoO2(SCH2Ph) is shifted toward
higher energy and exhibits three peaks at 2630.1, 2632.2, and
2633.9 eV. The relatively flat spectrum of the Mo foil may be
due to saturation effects associated with the fluorescence
detection. The L2-edge features of LMoO2Cl are at 2630.4,
2632.4, and 2634.1 eV, while those for LMoO2(OPh) are at
2630.4, 2632.9, and 2633.9 eV. The splitting between the two
higher energy peaks is smaller for LMoO2(OPh) than for the
other two complexes. The energy splittings within the L3-edge
spectra of LMoO2(SCH2Ph), LMoO2Cl, and LMoO2(OPh)
(Supporting Information) are almost identical with those of their
respective L2-edge spectra. However, the intensities of the lower
energy peaks in the L2-edge spectra are greater and those of
the middle and higher energy peaks are lower compared to the
corresponding features in the L3-edge spectra. Similar differ-
ences in intensity between Mo L2/L3-edge spectra have also been
observed for a variety of inorganic Mo complexes49,73and have
been associated with the effects of multiplet splitting.60 There-
fore, our analysis focuses on the L2-edge features, where these
effects are estimated to be small. The total peak intensities of
L2-edge spectra are in the order LMoO2(OPh)> LMoO2Cl >
LMoO2(SCH2Ph) (Figure 4).

3.2. DFT Calculations.The calculated ligand field splittings
for [(NH3)3MoO2X]+ (X ) SCH3, Cl, OCH3) are shown in
Figure 5, and the S 3p, Cl 3p, Oal 2p, and Mo 4d characters of
the valence orbitals are listed in Table 2. The valence orbitals
of the two oxo groups are classified asσ+, σ-, πIP,+, πIP,-, πOP,+,
andπOP,-. The subscripts IP/OP designate in/out of thexy-plane,
and the subscripts+/- designate the in-phase and out-of-phase
combinations of the 2p orbitals on each oxo group. Theσ+,
σ-, πIP,+, πOP,+, and πOP,- orbitals interact with the Mo dz2,
dxy, dx2-y2, dyz, and dxz orbitals, respectively. TheπIP,- orbital
does not interact with the Mo d orbitals. The bonding is
dominated by the interactions of the [MoO2]2+ core, and all
three complexes show the same ordering of the Mo 4d orbitals.
The dxy and dz2 orbitals, derived from the eg set inOh symmetry,
are most destablized, with the energy of dxy > dz2. The dxy orbital
has a strong antibonding interaction with the oxoσ-* orbital,
and the dz2 orbital has a small contribution from oxoσ+*. The
orbitals derived from the t2g set inOh symmetry have the energy
order dx2-y2 > dxz > dyz. This order results from a strong

(73) Hedman, B.; Penner-Hahn, J. E.; Hodgson, R. O. InEXAFS and
Near Edge Structure III, Proceedings of an International Conference,
Stanford, CA, July 16-20, 1984; Hedman, B., Penner-Hahn, J. E., Hodgson,
K. O., Eds.; Springer-Verlag: Berlin, 1984; pp 64-66.

Figure 3. (a) Normalized Cl K-edge spectra of LMoO2Cl. The
spectrum was normalized utilizing the whole energy range to 3150 eV,
ignoring the intensity of the Mo L1 edge at∼2866 eV. The dashed
line is a graphical representation of the manual rescaling of an estimated
Cl K-edge jump for a maximal pre-edge intensity (see Data Analysis).
(b) Representative peak fit (solid lines) and their sum (dotted line).

Figure 4. Normalized Mo L2-edge spectra of LMoO2(SCH2Ph) (solid
line), LMoO2Cl (dashed line), LMoO2(OPh) (dotted line), and Mo foil
(dash-dotted line).
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interaction between the dx2-y2 and oxoπIP,+* orbitals and from
a greater overlap of dxz with oxo πOP,-* compared to dyz with
πOP,+*, due to the OdModO angle (∼103°).

The splittings of the Mo 4d orbitals are further modulated
by anisotropic bonding interactions with the X ligand, as shown
in Figure 5 and the representative contour plots of Figure 6.
The 16° tilt of the Mo-X bond from thez-axis introduces
bonding anisotropy that is common to all X ligands (Figure 7).
For X ) Cl, the three 3p orbitals of Cl can form oneσ and two
π bonds to Mo, and the only perturbing factor is the tilt of the
Mo-Cl bond. The Clσ is antibonding to the dz2 orbital. The Cl
π* overlap with the dyz orbital (Figure 6d, Table 2B) is more
than twice the Clπ* contribution that destabilizes the dxz orbital
(Figure 6e). For X) SCH3, one of the three 3p orbitals of the
S atom of the thiolate ligand is used for S-C bonding, and the

remaining two are available forπ and pseudo-σ bonding to the
Mo. The term pseudo-σ is associated with the deviation of the
C-S-Mo angle (105.8°) from 90°.74 The S pseudo-σ* orbital
interacts primarily with the dz2 orbital (Figure 6c), but there are
also small contributions of the S pseudo-σ* to the dyz (Figure
6a) and the dx2-y2 orbitals. The thiolateπ* orbital overlaps
principally with dxz (Figure 6b), in contrast to X) Cl, and
thereby increases the splitting between the dyz and dxz orbitals
already induced by the overlap difference withπOP,+* and
πOP,-*, respectively. The anisotropy of the thiolateπ* interaction
with dxz and dyz also varies with the Mo-S-CH3 torsional angle
(Figure 8). For X) OCH3, the bonding is similar to that for
SCH3; the three 2p orbitals of the Oal are used in Oal-C bonding

(74) Gebhard, M. S.; Deaton, J. C.; Koch, S. A.; Millar, M.; Solomon,
E. I. J. Am. Chem. Soc.1990, 112, 2217-2231.

Figure 5. Energy diagram of the Mo 4d orbitals and the character for the ground state of [(NH3)3MoO2(SCH3)]+, [(NH3)3MoO2Cl]+, and [(NH3)3-
MoO2(OCH3)]+ obtained by DFT calculations using the geometries of Chart 1. The energy separations between the orbitals are given in electronvolts.

Table 2. Comparison of the Mo 4d Orbital Character and Relative Energies for [(NH3)3MoO2(SCH3)]+ (A), [(NH3)3MoO2Cl]+ (B), and
[(NH3)3MoO2(OCH3)]+ (C) by DFT Calculations

(A) [(NH3)3MoO2(SCH3)]+ a

orbital
character

17a′
dyz-O π*

12a′′
dxz-O π*-S π*

18a′
dx2-y2-O π*

20a′
dz2-S pseudo-σ*-O σ*

13a′′
dxy-O σ*

S 3p character (%) 2.90 11.69 3.44 17.50 0.74
Mo 4d character (%) 58.74 54.89 54.83 31.99 50.15
relative energy (eV) 0 0.606 1.198 3.072 4.838

(B) [(NH3)3MoO2Cl]+ b

orbital
character

15a′
dyz-O π*-Cl π*

11a′′
dxz-O π*

16a′
dx2-y2-O π*

17a′
dz2-O σ*-Cl σ*-N1 σ*

12a′′
dxy-O σ*

Cl 3p character (%) 10.03 4.89 2.26 12.05 0.20
Mo 4d character (%) 58.76 57.65 56.24 48.94 51.48
relative energy (eV) 0 0.316 1.085 2.706 4.839

(C) [(NH3)3MoO2(OCH3)]+ c

orbital
character

17a′
dyz-O π*-Oal pseudo-σ*

12a′′
dxz-O π*-Oal π*

18a′
dx2-y2-O π*

20a′
dz2-O σ*

13a′′
dxy-O σ*

Oal 2p character (%) 10.68 8.21 0.20 3.35 0
Mo 4d character (%) 58.44 57.22 55.86 50.47 48.92
relative energy (eV) 0 0.427 0.729 3.005 4.194

a The summation of S 3p character across five orbitals is 36.27% (total S 3p character).b The summation of Cl 3p character across five orbitals
is 29.43% (total Cl 3p character).c The summation of O 2p character across five orbitals is 22.44% (total Oal 2p character).
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and inσ andπ bonding to Mo. The alkoxideπ* interacts with
the dxz orbital (Figure 6h). The C-Oal-Mo angle of 139.7° 29

leads to overlap of the Oal pseudo-σ* orbital with the dyz orbital
(Figure 6g, Table 2C) that is more than 3 times larger than the
overlap with the dz2 orbital (Figure 6i). This orbital composition
contrasts with that for X) SCH3, where the dominant S pseudo-
σ* overlap is with the dz2 orbital (Figure 6c).

The calculated total covalency of the Mo-X bond for the
three [(NH3)3MoO2X]+ complexes increases in the order Mo-
OCH3 < Mo-Cl < Mo-SCH3 (Table 2). The energy of the
redox-active orbital depends on X [Cl (-8.326) < SCH3

(-7.724)< OCH3 (-7.229 eV)], but the Mo 4dyz character of
the orbital is similar for all three complexes. The estimated
charge on the Mo ion from a Mulliken population analysis for
X ) Cl (+2.242) and X) SCH3 (+2.207) is consistent with
the energy order.75 However, the estimated higher charge on
Mo for X ) OCH3 (+2.432) does not lower the energy of the
redox-active orbital. Rather, it is the significant overlap of the

Oal pseudo-σ* orbital with the dyz orbital that shifts it to highest
energy. The energy splitting of the dyz and dxz orbitals is
determined by anisotropic contributions from S, Cl, or Oal in
addition to the strongπIP/OP bonds from the two oxo groups.
The splitting is largest (0.606 eV) for X) SCH3, where the dxz

orbital is further destabilized by a Sπ* interaction; intermediate
(0.427 eV) for X) OCH3, where both the dxz and dyz orbitals
are destabilized by Oal pseudo-σ* and π* contributions; and
smallest (0.316 eV) for X) Cl, where the dyz orbital is
destabilized by a Clπ* interaction (Figure 7).

4. Analysis: Peak Fit and Spectral Assignments

A. S K-Edge. The two strong peaks in the difference
spectrum of LMoO2(SCH2Ph) (Figure 2c) were first modeled
with only two peaks. The fwhm were fixed in the range of 0.9-
1.1 eV, values that have been observed for the pre-edge of
plastocyanin.50,53 The difference of the spectrum and this two-
peak model gives rise to three additional features, a stronger
one in the center and two weaker ones at the sides. A reasonable
simulation with this five-peak model is shown in Figure 2c,
and the peak areas and energies are listed in Table 3A. Due to
the subtraction procedure described in the Results section, the
energies and intensities can only be analyzed in a qualitative
manner, but the total intensity is reasonable.

Using the DFT calculations as a guide, the two strong peaks
at 2470.7 and 2472.5 eV can be assigned as transitions to the
dxz-S π* (12a′′) and dz2-S pseudo-σ* (20a′) orbitals, respec-
tively (Figure 5). The splitting is found to be 1.8 eV, supporting
the calculated orbital splitting of dxz and dz2 (2.47 eV), assuming
a final state reduction of∼0.7. The other three weaker peaks,
at 2470.2, 2471.5, and 2472.5 eV, are assigned to S pseudo-σ*
contributions to dyz (17a′), dx2-y2 (18a′), and dxy (13a′′) respec-
tively, based on their energies and low peak intensities in
comparison to the coefficients in Table 2A. The peak areas and
energies (Table 3A) are in qualitative agreement with the S 3p
character in the five Mo 4d orbitals obtained from the DFT
calculations (Table 2A). The differences are due to final state
relaxation effects; e.g., the electron-electron repulsion contribu-
tion in the final state relaxation varies for different transitions
due to differences in delocalization over the ligands. Addition-(75) Cimino, A.; de Angelis, B. A.J. Catal.1975, 36, 11-22.

Figure 6. ADF contour plots of 17a′ (dyz) (a), 12a′′ (dxz) (b), 20a′ (dz2)
(c) for [(NH3)3MoO2(SCH3)]+; 15a′ (dyz) (d), 11a′′ (dxz) (e), 17a′ (dz2)
(f) for [(NH3)3MoO2Cl]+; 17a′ (dyz) (g), 12a′′ (dxz) (h), 20a′ (dz2) (i) for
[(NH3)3MoO2(OCH3)]+.

Figure 7. Energies and pictorial representations of the principal
interactions of the dyz and dxz orbitals with the oxoπOP,- andπOP,+ sets
and the Cl, S, Oal ligands.

Figure 8. (a) Calculated Mo dyz and dxz orbital energy changes and
(b) calculated O1 and O2 pz character when the methyl group of the
thiolate is rotated around the Mo-S bond for [(NH3)3MoO2(SCH3)]+.
This torsional angle is measured relative to theyz plane and is in an
anticlockwise sense.
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ally, the subtraction procedure yields large uncertainties,
especially for the higher energy part of the pre-edge.

To quantify the covalency, an equation relating the experi-
mentally observed pre-edge intensity (D0) to ligand covalency
for the d0 system, based on the dipole strength expressions of
ref 52, is given in eq 4. This dipole strength expression for the
intensity of a ligand K-edge transition for metal ions with only
one parent excited state is52

whereht2 andhe are the number of holes in the t2 and e orbitals,
respectively,ct2

2 andce
2 are the ligand characters in the t2 and e

orbitals, respectively, and〈s|r |p〉 is the transition moment
integral. The simple form of eq 4 derives from the weak
coupling of the ligand 1s core hole with the metal ion final
states. For a d0 systemht2 ) 6 andhe ) 4. Note that while, in
ref 52a, only tetrahedral complexes were analyzed, octahedral
complexes may also be treated with this methodology. Thus,
ct2g

2 andceg

2 become the ligandπ- and σ-covalencies in the t2g

and eg orbitals, respectively.
Application of eq 4 to the total S K pre-edge intensity of

LMoO2(SCH2Ph), using plastocyanin (renormalized intensity
1.02; 38% thiolate covalency)50,76as the reference, yields a total
covalency, i.e., the total contribution of the thiolate ligand to
the five Mo d orbitals, of∼42%. This value is 1.2 times greater
than the total covalency obtained from the molecular orbital
calculation (36%, Table 2A).

In summary, the two main S K-edge peaks are assigned as S
1s transitions to the dxz-S π* and dz2-S pseudo-σ* molecular
orbitals. The additional weak features are assigned to the dyz,
dx2-y2, and dxy orbitals, which have some limited overlap with
the S pseudo-σ* orbital.

B. Cl K-Edge. The spectrum of LMoO2Cl (Figure 3) shows
at least three features in the pre-edge region, two strong peaks
2821.8 and 2824.3 eV and some intensity in the region between
these peaks. Fits with only three pre-edge peaks do not well
reproduce the region between the two strong peaks. Four peak
models fit the absorption data and their second derivative. The
average peak areas and energies are listed in Table 3B, and a
representative fit is shown in Figure 3b. These values are more
reliable than the corresponding S K-edge values because no
subtraction procedure was necessary for the Cl K-edge.

The two distinct peaks at 2821.8 and 2824.3 eV are assigned
as Cl 1s transitions to the dyz-Cl π* (15a′) and dz2-Cl σ* (17a′)
levels, respectively, using the DFT calculations as a benchmark
(Figure 5). The splitting is 2.5 eV, which is consistent with the

orbital splitting of 2.71 eV from the ground-state calculations,
assuming a final state relaxation factor of∼0.9. The two weaker
peaks at 2822.6 and 2823.4 eV are assigned as transitions to
the Cl π* component of dxz and the Clσ* component of the
dx2-y2 levels, respectively, on the basis of their energies relative
to two main peaks and their reduced peak intensities. The ratios
of peak areas (Table 3B) are in reasonable agreement with the
relative Cl 3p character in four Mo 4d orbitals from the DFT
calculations (Table 2B). The Cl 3p character in the dxy orbital
is negligible, supporting the four-peak fit.

The measured intensity of the pre-edge feature of the Cl
K-edge (2.1-2.6) yields [using eq 4 and D2d-[CuCl4]2-

(normalized intensity 0.526, 30% Cl covalency48,50)76 as the
reference for calculation of the transition moment integral] a
total covalency over the five d orbitals of 15-19%. The
covalency obtained from the DFT calculation is∼29%. Because
the structure of [LMoO2Cl] is not known, DFT calculations were
also performed on structures with varying Mo-Cl distances (up
to 2.6 Å) and changes in the tilt angle of the Mo-Cl vector
(from 0 to 16°). The calculated covalency varied by only a few
percent. DFT calculations using the ADF program suite on
mono- and binuclear iron chloride and thiolate complexes also
give an overestimation of the covalency for chloride and an
underestimation for sulfur ligation relative to experimental
values.77

C. Mo L 2-Edge.The peak fits and spectral assignments for
the Mo L2-edge data are given in the Supporting Information.

5. Discussion

5.1. Description of the Bonding in [(NH3)3MoO2X]+ (X )
SCH3, Cl, and OCH3) and Relation to Spectroscopic Data.
The DFT calculations for the model dioxomolybdenum com-
plexes [(NH3)3MoO2X]+ (X ) SCH3, Cl, and OCH3) show the
same calculated energy order of the five Mo 4d orbitals for all
three complexes (dyz < dxz < dx2-y2 < dz2< dxy), consistent with
the twocis-oxo groups dominating the ligand field (Figure 5,
section 3.2). The energies are further perturbed by additional
covalent contributions from the X ligand. The splitting of the
dxz and dyz orbitals increases in the order Cl< Oal < S, and the
major perturbing factor is the presence of the CH3 group in the
thiolate and alkoxide ligands, which essentially eliminates one
of the valenceπ orbitals from bonding to the Mo d orbitals.
The Mo-X-CH3 torsional angle and the Mo-X-CH3 bond
angles further modulate the overlap of the remaining pseudo-σ
andπ orbitals with the Mo 4d orbitals (Figures 6 and 8). The
key orbital interactions with X are the following: Clπ* to dyz

and Clσ* to dz2 for X ) Cl; S π* to dxz and S pseudo-σ* to dz2

for X ) SCH3; Oal π* to dxz and Oal pseudo-σ* to dxz for X )
OCH3. The Cl and S K-edge spectra provide experimental proof
of the two dominant (pseudo-σ* andπ*) contributions to metal-

(76) Note that the renormalization intensities used for the chloride and
thiolate pre-edge involve normalization of the edge jump for each ligand
and thus can be compared for the same ligand type but not between different
ligand types. (77) Glaser, T.; Kennepohl, P.; Solomon, E. I. Unpublished results.

Table 3. Average Deconvoluted Peak Area and Energy from S K- and Cl K-Edges for Oxomolybdenum Complexes

peak

edge sample 1 2 3 4 5 total

(A) S K LMoO2(SCH2Ph)a area 0.24( 0.01 0.70( 0.08 0.32( 0.05 0.86( 0.04 0.16( 0.04 2.28
energy (eV) 2470.20( 0.06 2470.68( 0.06 2471.51( 0.04 2472.49( 0.02 2472.95( 0.02
relative to peak 1 0 0.48 1.31 2.29 2.75

(B) Cl K LMoO2Clb area 0.65( 0.02 0.31( 0.07 0.34( 0.03 0.79( 0.04 2.10
energy (eV) 2821.81( 0.01 2822.56( 0.09 2823.36( 0.15 2824.27( 0.04
relative to peak 1 0 0.75 1.55 2.46

a The errors given for the S K-edge fitting are for the fitting procedure to the difference spectrum obtained from the correlation described in the
Results section.b The areas of the Cl pre-edge peaks are given for the lowest intensity limit for pre-edge intensity (see text). The highest intensity
limit is obtained by multiplying by 1.25.
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ligand covalency in LMoO2X compounds. The Mo L2-edge
spectra reflect the trend of total covalency of Cl, S, and Oal

with Mo: LMoO2(SCH2Ph) J LMoO2Cl > LMoO2(OPh).
5.2. Correlation to Reactivity. A. Reduction Potential.The

data in Table 1 show that the nature of X influences the
one-electron reduction potential of LMoO2X complexes
(MoVI f MoV) as well as the rates of the two-electron reduction
(MoVI f MoIV) that occurs during the OAT reaction of these
complexes with PPh3. The following sections consider each of
these properties in light of the spectroscopic and theoretical
investigations of these systems described above.

There are several factors that influence redox potentials in
solution. These include the effective nuclear charge on the metal
ion, the energy of the redox-active orbital, and electronic
relaxation.78 With increasing charge at the metal center, reduc-
tion should be easier; i.e., the reduction potential should increase.
The effective nuclear charge on the Mo in the [(NH3)3MoO2X]+

analogues was estimated from a Mulliken population analysis
of the DFT results and the application of Slater’s rules (+4.67
for X ) SCH3, +4.68 for X ) Cl, and+4.75 for X ) OCH3).
There is no correlation between these calculated effective nuclear
charges and the experimental reduction potentials of Table 1.
However, the calculated energies of the redox active orbital (dyz,
Figure 5: -8.326 for X ) Cl, -7.724 for X ) SCH3, and
-7.229 eV for X) OCH3) correlate well with the experimental
reduction potentials. The significant interaction with the Oal

pseudo-σ* destabilizes the dyz orbital and makes the dominant
contribution to the low reduction potential of X) OCH3.

Geometric and electronic structural changes on reduction can
also contribute to the reduction potential of a metal complex.
For the [LMoO2(SPh)]0/- pair, the reduced MoV species has
longer MdO and Mo-S distances and a larger OdModO
angle.79 DFT calculations on a [(NH3)3MoVO2(SCH3)]0 model
idealized toCs symmetry showed that interactions between the
oxo groups and the Mo 4d orbitals dominate the ligand field
such that the 4d orbital energy order of the MoVI complex
(Figure 5, left-hand side) is conserved in the MoV complex.
The major contributions from S areπ* (6.18%) to the dxz orbital
and pseudo-σ* (17.16%) to the dz2 orbital. Although the
calculated Mo-S covalency for the MoV complex is less than
that for the MoVI thiolate complex (Table 2A), the general
bonding description is the same. Thus, it is reasonable to infer
that the experimental order of the reduction potentials (Cl>
SCH2Ph > OCH3) reflects the differences in the anisotropic
covalent bonding interactions of the axial chloride, thiolate, and
alkoxide ligands upon the energy of the redox-active orbital.

B. Oxo Transfer Reactivity. Oxygen atom transfer (OAT)
from thecis-[MoVIO2]2+ fragment to sulfite is proposed for the
first step in the catalytic cycle of sulfite oxidase (Scheme 1).19

Reactions of LMoVIO2X (X ) Cl, SPh, OPh, OCH3) with PPh3
mimic this OAT functionality, with the observed rate order being
Cl > SPh > OPh > OCH3 (Table 1) for the reduction of
LMoVIO2X to “LMo IVOX” and oxidation of PPh3 to OPPh3.

A theoretical model, employing Hartree-Fock and Møller-
Plesset perturbation theory, has been used to propose intermedi-
ates for both the oxo transfer step and the subsequent displace-
ment of the OPPh3 product by water.33 The energetics of the
reaction pathway were probed using P(CH3)3 andcis-[(NH3)2-
MoO2(SH)2]0 as the model complex and by consideration of

one possible reaction mechanism for oxo transfer.36,80 The
geometries of the intermediates were optimized at the restricted
Hartree-Fock level and reveal that P(CH3)3 approaches one O
atom of cis-[(NH3)2MoO2(SH)2]0 at a OdModOsP dihedral
angle of approximately 90° and at a ModOsP angle of 130.7°.
A weak P-O interaction develops (P‚‚‚O ) 2.43 Å) at the top
of an activation barrier of 14 kcal mol-1. Rotation of the P(CH3)3

group about the Mo-O bond to a OdModOsP dihedral angle
of 0° generates a Mo(IV) intermediate that is approximately 69
kcal mol-1 lower in energy due to the formation of a PdO bond.
Displacement of OP(CH3)3 by water in an associative step
completes the OAT process.33

The bonding changes that occur in LMoVIO2X (X ) Cl,
SCH2Ph, OPh) along a reaction coordinate for OAT to PPh3

have been explored by DFT calculations. The geometries of
the reaction intermediates are based upon the estimates of
Pietsch and Hall,33 and frontier orbital theory is used to
rationalize the relative rates of the OAT reaction of LMoVIO2X
with PPh3. Scheme 2 illustrates structuresI-III along a
coordinate for the reaction of the [(NH3)3MoO2(SCH3)]+ model
with P(CH3)3. StructureI corresponds to the reactants before
significant reaction, structureII to the transition state, and
structure III to the MoIVO(OP(CH3)3) intermediate in the
scheme of Pietsch and Hall.33

The energies of the HOMO (the lone pair of the attacking P
atom) and the LUMO (Mo dyz - OπOP,+*) for structuresI and
II and the HOMO for structureIII are illustrated in Figure 9.
Before reaction with P(CH3)3, the major contribution of X to
the dyz and dxz orbitals is Clπ* to dyz (X ) Cl), S π* to dxz

(X ) S), and Oal pseudo-σ* to dyz and Oal π* to dxz (X ) O)
(Figure 7). In the frontier orbital theory model, the energy
change (∆E) when the HOMO of a nucleophile interacts with
the LUMO of an electrophile is formulated as follows:

whereQ is the charge of reacting atom,ε is the local dielectric
constant,R is the distance between the two reacting atoms,c is
the coefficient of the atomic orbital of the reacting atom in the
molecular orbital, andâ is the resonance integral for the two
wave functions corresponding to thecnucleophile and celectrophile

coefficients.81 This perturbation theory approach cannot be used
to estimate the activation energy of the first step of the OAT
reaction. Nevertheless, it does provide an estimate of the change
in energy (∆E) over the early part of the reaction coordinate.

The first term in eq 5 represents the Coulombic attraction
between the two reactants, and the second describes the partial
charge transfer that occurs as the frontier orbitals of the
electrophile and nucleophile interact. The contribution of each
term to (∆E) depends primarily on|EHOMO - ELUMO|. When
this is large (|EHOMO - ELUMO| . 4â2), the Coulombic
interaction dominates, and the reaction is charge controlled. If
QnucleophileandQelectrophile are both small andEHOMO andELUMO

are close in energy (|EHOMO - ELUMO| ≈ 0), then the second
term in eq 5 dominates, and the reaction is orbitally controlled.

The DFT calculations on [(NH3)3MoO2X]+ (X ) Cl, SCH3,
OCH3), before reaction, reveal estimated charges on the oxo

(78) Holm, R. H.; Kennepohl, P.; Solomon, E. I.Chem. ReV. 1996, 96,
2239-2314.

(79) Xiao, Z.; Gable, R. W.; Wedd, A. G.; Young, C. G.J. Am. Chem.
Soc.1996, 118, 2912-2921.

(80) Tucci, G. C.; Donahue, J. P.; Holm, R. H.Inorg. Chem.1998, 37,
1602-1608.

(81) Fleming, I.Frontier Orbitals and Organic Chemical Reactions; John
Wiley & Sons: Chichester, 1976.

∆E ) -
QnucleophileQelectrophile

εR
+

2(cnucleophilecelectrophileâ)2

EHOMO(nucleophile)- ELUMO(electrophile)
(5)
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groups of-0.53 (X ) Cl), -0.57 (X ) SCH3), and -0.58
(X ) OCH3) and|EHOMO - ELUMO| values of 0.248 (X) Cl),
0.310 (X) SCH3), and 0.450 (X) OCH3). Both trends predict
a reactivity order Cl> SCH3 > OCH3, which parallels the
reactivity order in Table 1. However, the small values of
|EHOMO - ELUMO| and the larger variation of|EHOMO - ELUMO|
relative toQnucleophilefor X ) Cl, SCH3, and OCH3 indicate that
OAT from [(NH3)3MoO2X]+ to P(CH3)3 is orbitally controlled
and that|EHOMO - ELUMO| is the prime determinant of∆E across
the series. The calculated values forcelectrophile

2 (the total orbital
character of the oxo group in the LUMO) are 25.84, 28.90, and
22.26% for X) Cl, X ) SCH3, and X) OCH3, respectively,
and do not follow the trend in reactivities. Presumably, this is
related to the overestimation in calculated Mo 4d-Cl covalency
(section 4B) that would tend to lowercelectrophile

2 for X ) Cl.
At structure II , the two electrons that will be donated to

[(NH3)3MoO2X]+ during OAT are still localized in a lone pair
orbital on the P atom (HOMO of P(CH3)3 molecule), and the
Mo atom is in the formal VI oxidation state. As anticipated
from eq 5, the additional HOMO stabilization at structureII is
in the order X) Cl (0.247 eV)> X ) SCH3 (0.208 eV)>
X ) OCH3 (0.117 eV) (Figure 9). Transfer of the two electrons
from P to Mo gives geometryIII , in which the dyz and dxz

orbitals transform into a filled dyz+xz orbital (directed toward
O1) and an empty dyz-xz orbital (directed toward O2). The Cl
π*, S π*, and Oal π* contribute significantly to the dyz+xz orbital
(Figure 9). The relative energy of the HOMO (dyz+xz - X π*)
at structureIII compared to that of the LUMO at structureI is
in the order X) Cl (0.879)< X ) S (1.100)< X ) Oal (1.465
eV) (Figure 9). These values are in accord with the OAT
reactivity order (Table 1); however, the approximations used
to derive eq 5 may not remain valid when the reaction coordinate
has progressed to structureIII .

For X ) SCH3 and OCH3 in structuresI , II , and III , the
C-S(Oal)-Mo torsional angle (relative to theyz-plane) was held
constant at 0° at all points along the reaction coordinate, as in
the previous calculations.33 The Walsh diagram in Figure 8
shows the dependence of the energies of the Mo dyz(LUMO)

and dxz orbitals, and the O1 and O2 pz character for the LUMO
with torsional angle. For angles between 0° and 180°, there is
a large variation in O1 and O2 pz character (0.1-26.9%) and,
consequently, in the antibonding character for each oxo group
in the LUMO. Thus, in addition to LUMO energy modulation,
the variation of the Mo-S-C torsional angle also serves as a
mechanism for O atom selection. The oxo group with the
greatest antibonding character in the LUMO will be transferred
to PPh3 preferentially. For X) Cl, no such selection mechanism
exists, and the oxo groups remain equivalent. This statistical
effect may represent an additional factor in determining the rates
of oxo atom transfer by LMoO2X and the elevated reaction rate
for X ) Cl.

Besides anisotropic effects of the Cl, SCH3, and OCH3 ligands
and the energetic effects of the axial ligand on the O atom
transfer reactivity,82 steric factors may also play a role in the
observed reactivity (Table 1). Both LMoO2(SPh) and LMoO2-
(OPh) are more sterically hindered than LMoO2Cl, which reacts
rapidly with PPh3. However, the importance of electronic factors
in reactivity, especially|EHOMO - ELUMO|, is supported by a
comparison of the reactivities of LMoO2(SPh) and LMoO2-
(OPh), which are of similar size. The SPh compound is 300
times more reactive, consistent with the DFT calculations and
analyses presented above.

C. Implications for Sulfite Oxidase. Site-directed mutagen-
esis on human sulfite oxidase has shown that the coordination
of a cysteine residue in addition to the ene-1,2-dithiolate derived
from molybdopterin is essential for enzyme activity,18 and Scys

coordination of the Mo center in the wild-type enzyme has been
corroborated by the recent X-ray crystal structure of chicken
liver sulfite oxidase (Scheme 1).9 The differences between the
Mo centers of the active wild-type and the inactive cysteine to
serine mutant (C207S)18 forms of human sulfite oxidase have
been probed by EXAFS,14 resonance Raman spectroscopy,17 and
S K-edge spectroscopy.14 Particularly germane to the present
work are the S K-edge difference spectra of the wild-type and

(82) Albright, T. A.; Burdett, J. K.; Whangbo, M. H.Orbital Interactions
in Chemistry; John Wiley & Sons: New York, 1985.

Figure 9. Energy change of the HOMO of P(CH3)3 and the LUMO of [(NH3)3MoO2X] + (X ) Cl, SCH3, OCH3) over the OAT reaction coordinate.
StructureI is before the reaction,II is with P-O ) 2.43 Å, andIII is with P-O ) 1.53 Å (see Scheme 2).
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the C207S mutant forms of oxidized human sulfite oxidase,
showing a distinct pre-edge feature at 2468.0 eV.14 Assuming
that the covalency of the Mo-S bonds involving the ene-1,2-
dithiolate is comparable for both the wild-type and mutant forms,
the pre-edge feature in the difference spectrum is strong evidence
for significant Mo-Scys covalency in the wild-type enzyme.14

The inactivity of the C207S mutant human enzyme shows
that the coordinated cysteine residue, and presumably the
covalency associated with its Mo-S bond, are essential for the
biological function of sulfite oxidase.18 Our analysis of the
relative rates of reaction of LMoVIO2X (X ) Cl, SPh, OCH3)
with respect to OAT to PPh3 has stressed the importance of the
covalent anisotropic contributions of X in modulating the
reduction potential and reactivity of [MoVIO2X] cores. The X-ray
crystal structure of sulfite oxidase shows a Scys donor cis to the
O ligands (Scheme 1), permitting the full participation of the S
lone pairs in determining the energy of the redox-active dyz or
dxz orbital. This Scys ligation at the active site may determine
the energy of the metal-based frontier orbital that is critical for
determining the rate of sulfite oxidation by sulfite oxidase. The
anisotropic covalency associated with the Mo-Scys bond may
also serve as a switching mechanism during enzyme turnover
to promote preferential transfer of one of the oxo groups (Figure
8). This idea is supported by the geometry at the active site of
sulfite oxidase, where the methylene C atom of the cysteine
residue is opposite the oxygen ligand that undergoes oxo transfer
(the OdMosSsC dihedral angle) 179.1°); a similar geometry
is observed for LMoIVO(pyridine)(SPh) (Npyridine-Mo-S-C )
161.2°). In addition, our rationalization of the relative Mo(VI)/
Mo(V) reduction potentials of LMoO2X suggests that the Scys

ligation may also fine-tune the Mo(VI)/Mo(V) reduction
potential of the active site in sulfite oxidase that is essential in
determining the rate of regeneration of the Mo(VI) active site
during enzyme turnover (Scheme 1).

The ene-1,2-dithiolate ligation provided by molybdopterin
should also be critical in determining the reduction potential
and reactivity of the Mo center. This coordination has been
implicated in enhancing the ability of the active site to catalyze
OAT reactions by weakening the ModO bond throughπ
electron donation to the metal,35 by buffering the drastic changes
in electron density at the Mo center that would be expected to
accompany OAT,83 and by providing aσ-electron-transfer
pathway for regeneration of the active site during turnover.37

6. Summary

This study demonstrates for the first time that analyses of
pre-edge X-ray absorption intensity can be extended to ligand
S and Cl K-edge and Mo L-edge spectra of d0 dioxo MoVI

complexes. A detailed electronic structure description of
LMoO2X (X ) Cl, SCH2Ph, OPh) has emerged from our
spectroscopic results and DFT calculations on [(NH3)3MoO2X]+

(X ) Cl, SCH3, OCH3) analogues. The metal-ligand bonding
is dominated by the two strong cis ModO bonds that control
the splittings of the d orbitals, such that the LUMO is dyz in
our coordinate frame (Figures 5 and 7). Covalent contributions
from X, which perturb the energies of the d orbitals within the
ligand field manifold, are superimposed on this orbital scheme
(Figure 7). The principal perturbations due to X are Clπ* to
dyz and Clσ* to dz2 for X ) Cl, S π* to dxz, and S pseudo-σ*

to dz2 for X ) SCH3, and Oal pseudo-σ* to dyz and Oal π* to dxz

for X ) OCH3. The theoretical orbital splittings and key
covalent interactions due to X are directly reflected in the
dominant experimental peak splitting and intensity variations
within the Cl and S K-edge (Figures 2 and 3) and the Mo L2-
edge spectra (Figure 4) for the complexes. However, the
quantitative analysis of the Cl and S K-pre-edges reveals that
the DFT calculations strongly overestimate Cl covalency,
whereas there is a small underestimation of S covalency.

Anisotropic covalent interactions with X modulate the energy
of the redox-active dyz orbital and thereby influence the relative
Mo(VI)/Mo(V) reduction potentials and the relative rates of
reaction of LMoO2X with PPh3 (Table 1). The donor properties
of X affect the LUMO (dyz)-HOMO (PPh3 lone pair) energy
gap, the charge on the oxo groups, and provide a mechanism
for “oxygen atom selection”. The principal factors in determin-
ing the anisotropy of the covalent contributions of X to Mo are
the OdMo-S(O)-C dihedral and OdMo-S(O) bond angles
of the thiolate and alkoxide ligands. These angles restrict one
of the ligand valenceπ orbitals from interacting with Mo and
control the bonding participation of the remaining ligand valence
orbitals within the metal d manifold.

Comparisons of sulfite oxidase with LMoVIO2X suggest that
the Scys ligation at the active site of sulfite oxidase may be
playing a similar role in determining the reactivity of the
[MoVIO2]2+ center. The anisotropic covalency associated with
the Scys-Mo bond may facilitate OAT through a modulation
of the energies of the Mo 4d orbitals and the preferential
selection of the O atom to be transferred during enzyme
turnover. However, a more complete understanding of the role
of cysteinyl ligation at the active site of sulfite oxidase must
await a better definition of the role(s) of the novel ene-1,2-
dithiolate coordination that is common to the active sites of all
oxomolybdoenzymes. This study has demonstrated that the
combined analyses of the of S and Cl K pre-edge and the Mo
L-edge XAS can provide details of the bonding framework of
LMoVIO2X complexes, a basis for understanding their chemical
properties, and insights into the role of Scys ligation at the active
site of sulfite oxidase.
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