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X-ray absorption spectroscopy (XAS) (edge and extended X-ray absorption fine structure (EXAFS)) has been applied
to the characterization of three molybdenum(V,VI) monodithiolene complexes with unidentate coligands, [MoO-
(SC6H2-2,4,6-Pri

3)2(bdt)]- (1), [MoOCl(SC6H2-2,4,6-Pri
3)(bdt)]- (2), and [MoO2(SC6H2-2,4,6-Pri

3)(bdt)]- (3) (bdt )
benzene-1,2-dithiolate). These complexes are related to the active site in the xanthine oxidase and sulfite oxidase
families and, as in the enzyme sites, bind monodentate thiolate. By comparison to the data of crystalline oxidized
chicken sulfite oxidase, it is shown that complex 3, whose thiolate simulates binding by the highly conserved
cysteine, is an accurate structural analogue of the oxidized site of this enzyme. Normalized edge spectra, EXAFS
data, Fourier transforms, and GNXAS-based fit results are presented. As in earlier studies, this provides
characterization of new analogue complexes by XAS to facilitate identification of related sites in proteins.

Introduction

The Hille classification of molybdoenzymes recognizes
three families designated according to their most prominent
members: xanthine oxidase, sulfite oxidase, and dimethyl
sulfoxide reductase.1 In each family, the molybdenum atom
is bound by one or two pterin-dithiolene cofactor ligands.
The dimethyl sulfoxide reductase family is characterized by
two pterin-dithiolene cofactor ligands bound to molybdenum
in the reduced (desoxomolybdenum(IV)) and oxidized (mo-
nooxomolybdenum(VI)) forms. Structural analogues and
functional analogue reaction systems in the form of bis-
(dithiolene)molybdenum(IV,V,VI) complexes have been
achieved by recent research in these laboratories.2-4 Because
of the existence of molybdenum/tungsten isoenzymes,5-7 the

chemistry of bis(dithiolene)tungsten complexes has been
developed in parallel.8-13 In analogue species and, by
inference, in protein sites, the cofactor ligand functions as a
classical 1,2-dithiolate. An important component of this
research is X-ray absorption spectroscopy (XAS) of a large
inventory of complexes and analysis of extended X-ray
absorption fine structure (EXAFS) spectra by the GNXAS
protocol.14,15

Active sites in the sulfite oxidase and xanthine oxidase
families contain a molybdenum atom bound byonepterin-
dithiolene ligand. The approximately square pyramidal
structures of the oxidized sites of chicken liver sulfite
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oxidase16 and bacterial aldehyde oxidoreductase,17-20 a
member of the xanthine oxidase family, have been crystal-
lographically defined and are schematically depicted in
Figure 1. A structural account of the sites in different forms
of sulfite oxidase is presented in Figure 2. Bond distances
in sulfite oxidase21-23 and xanthine oxidase1 follow from
EXAFS analysis. Assimilatory nitrate reductase is a member
of the xanthine oxidase family; the indicated structural
information (Figure 1) was obtained from EXAFS analysis.24

Crystal structures of sufficient accuracy to reveal one cofactor
ligand but not the details of molybdenum coordination have
been determined for bovine xanthine oxidase and dehydro-
genase25 and a bacterial xanthine dehydrogenase.26 Functional
enzymes in the sulfite oxidase family contain the MoVIO2

unit. In the xanthine oxidase family, the presence of the MoVI-
OS unit is essential to activity; the desulfo (MoVIO2) form
is inactive.1 A third member of the xanthine oxidase family,

carbon monoxide dehydrogenase, has been shown by crystal-
lography to contain one pterin-dithiolene ligand.27-29 In a
unique structure, a CuI atom is coordinated to the sulfide
ligand of the MoVIOS unit.29

Metal monodithiolenes with unidentate coligands are an
essentially unknown class of compounds. Very recently, we
have initiated the synthesis of analogues of the active sites
in the xanthine oxidase and sulfite oxidase families. A set
of nine molybdenum(V,VI) monodithiolenes based on ben-
zene-1,2-dithiolate (bdt) were prepared.30 Here we examine
the XAS of complexes1-3 in Figure 3, which, as the
enzyme sites, bind monodentate thiolate. As will be seen,
complex3, whose thiolate simulates binding by the highly
conserved cysteine in sulfite oxidase and assimilatory nitrate
reductase, is an accurate structural analogue of the oxidized
site of those enzymes. As in our earlier studies,14,15 the
intention of this work is the characterization of new analogue
complexes by XAS to facilitate identification of related sites
in proteins, especially in the absence of X-ray crystal-
lographic information.

Experimental Section

Sample Preparation.The Et4N+ salts of [MoO(SC6H2-2,4,6-
Pri3)2(bdt)]- (1), [MoOCl(SC6H2-2,4,6-Pri3)(bdt)]- (2), and [MoO2-
(SC6H2-2,4,6-Pri3)(bdt)]- (3) were prepared as described.30 The solid
samples were ground to fine powders in a glovebox under a
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Figure 1. Depictions of the pterin-dithiolene cofactor ligand (R absent
or a nucleotide) and oxidized active sites of members of the sulfite oxidase
and xanthine oxidase enzyme families. Bond distances were determined
by Mo EXAFS.1a,21-23

Figure 2. Site structures of the oxidized (a), reduced (b), high-pH (c),
and low-pH (d) forms of sulfite oxidase.1a,23
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dinitrogen atmosphere, and diluted with boron nitride to obtain∆µx
e 1 over the absorption edge and to reduce self-absorption. The
mixtures were pressed into pellets and sealed between 63µm
Kapton windows in a 1 mmaluminum spacer. The samples were
frozen in liquid nitrogen immediately upon removal from the
glovebox and kept at this or a lower temperature throughout storage
and data collection.

XAS Data Collection.X-ray absorption spectra were measured
for all samples at beam line 7-3, Stanford Synchrotron Radiation
Laboratory (SSRL), under operating conditions of 3.0 GeV and
100-70 mA, and with a Si(220) double-crystal monochromator
tuned at 21549 eV. An Oxford Instrument CF1208 continuous-
flow liquid helium cryostat was used to maintain a constant sample
temperature of 10 K. The Mo K-edge XAS data were collected in
transmission mode tok ) 20 Å-1 with argon as the absorbing gas
in the ionization chamber detectors. Internal energy calibration was
performed by simultaneous measurement of the K-edge of a Mo
foil placed between the second and third ionization chambers,
assigning the first inflection point to 20003.9 eV. The data represent
averages of 8, 18, and 22 scans for complexes1, 2, and 3,
respectively.

XAS Data Analysis. The ab initio GNXAS method was used
in the data analysis. The theoretical basis for the GNXAS approach
and its fitting methodology have been described in detail
elsewhere.31-33 Theoretical EXAFS signals were generated for an
initial structural model based on the crystallographic coordinates30

for the corresponding complexes (2 and3, Figure 3) up to a distance
cutoff of 5.0 Å. Phase shifts calculated according to the standard
muffin-tin approximation were used to generate the separate two-
and three-body EXAFS signals. GNXAS fits of this model were
performed using averaged raw absorption data over thek range
3.4-17.6 Å-1 by a least-squares minimization procedure that
includes the MINUIT subroutine of the CERN library. The quality
of the fits was compared by means of the least-squares residualR,
and monitored by visual inspection of the fits to the data and their
Fourier transforms (FTs), and of the residual EXAFS signal and
its FT. The structural parameters varied during the refinements were
the bond distance (R) and the bond variance (σR

2) for the two-
body signals. TheσR

2 parameter is related to the Debye-Waller
factor, which is a measure of thermal vibration and the static
disorder of the absorber/scatterers. The nonstructural parameters
E0 and S0

2 were varied, whereasΓC (core hole lifetime) andEr

(experimental resolution) were kept fixed to physically reasonable
values throughout the analysis. The coordination numbers were set
to the values determined by X-ray crystallography. All parameters

were varied within a preset range, and all results were checked to
ensure that the values obtained did not reach the high or low points
of these fitting ranges.

Results and Discussion

Molybdenum K-Edge Spectra.The energy position of
the molybdenum K-edge is sensitive to the electronic
structure of the absorber, and the formal or effective
oxidation state can often be determined from the edge
spectrum. Figure 4a shows the normalized Mo K-edge
spectra of complexes1-3. The edge shapes of the spectra
for 1 and2 are almost identical over a wide energy range,
with the edge position of2 displaced∼1.2 eV to higher
energy. The spectrum of3 is shifted by∼2.7 eV to higher
energy relative to that of2. This is consistent with a
difference in formal oxidation state, i.e.,+5 for 1 and2 and
+6 for 3, as well as the replacement of a thiolate by a more
electronegative ligand.

The pre-edge feature at∼20012 eV is most pronounced
for complex3. This feature is characteristic of the presence
of a ModO group and originates from a formally dipole-
forbidden 1sf 4d excitation to antibonding orbitals directed
principally along the ModO bond.34 The edge spectrum of
3 strongly overlaps that of crystalline oxidized chicken sulfite
oxidase22 (Figure 4b), indicating very close agreement in
geometry and oxidation state for the Mo sites, and the
presence of a dioxo (MoVIO2) moiety in both centers.

EXAFS Analysis. The EXAFS data for complexes1-3
are compared in Figure 5a. Those of complexes1 and2 are
very similar, while the amplitude of the EXAFS oscillations
for 3 is considerably smaller. This reflects the lower number
of sulfur/chloride ligands and higher number of oxygens as
backscatterers, as well as a destructive interference between
the Mo-S/Cl and Mo-O waves in the EXAFS, which
increases with the higher ratio of O/S in3 (cf. Figure S1 in
the Supporting Information).

Two distinct peaks are observed in the FTs of all three
complexes (Figure 5b), corresponding to the Mo-O and
Mo-S/Cl waves. The FTs for complexes1 (for which the
fits to the EXAFS data establish that the Mo atom is
coordinated by four S atoms and one O atom; see below)
and2 (with Mo surrounded by three S atoms, one Cl atom,
and one O atom) are almost identical in peak position and(31) Filipponi, A.; Di Cicco, A.; Tyson, T. A.; Natoli, C. R.Solid State
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Figure 3. Schematic structures of1-3 with the indicated bond lengths. Structures2 and 3 have been determined crystallographically;30 complex1 is
considered to have analogous square pyramidal geometry, with distances determined from the present EXAFS study.
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intensity, reflecting the similarity in structure at the Mo
center, and the closely related phase and amplitude functions
of sulfur and chlorine backscatterers in the EXAFS. This is
consistent with the X-ray crystallographic results for2, which
show that the bond distances are very close, i.e., Mo-Cl )
2.372 Å, Mo-Sbdt ) 2.37 Å, and Mo-Sthiolate ) 2.393 Å.30

The intensity of the Mo-O peak for complex3, which
contains the signal from two ModO groups, is higher than
those of1 and 2, and slightly shifted to higherR values.
This effect could be caused by the small difference in the
ModO bond distances, as determined from the crystal
structures. The Mo-S FT peak intensity for complex3 with
three sulfur ligands is almost 40% lower than those of1 and
2. This results not only from the smaller number of S/Cl
ligands, but also from the larger distribution in Mo-S
distances (2.40-2.48 Å).

GNXAS least-squares fits were performed using calculated
phase and amplitude functions for models based on the
crystallographic coordinates of2 and 3. The individual
contributions for separate scattering pathways for complexes
1-3 included in the fits and the experimental data are shown
in Figure S1, and the fit results are given in Table 1. The

mean interatomic Mo-X distances are, within the estimated
error of (0.02 Å, in agreement with the mean values from
the crystallographic results for2 and3. For complex1, whose
crystal structure is unknown, the EXAFS fit results establish
that it has a first-shell coordination sphere of one O atom at
1.69 Å and four S atoms at an average distance of 2.41 Å.
Figure S2 in the Supporting Information represents the
corresponding Fourier transforms of the experimental data,
fits, and FTs of the fit residuals for all three complexes.

The Mo-O and Mo-S/Cl single scattering pathways
dominate the EXAFS signals, and the Fourier transforms
show that other contributions are minor. Introduction of
three-body pathways gave in general no significant improve-
ment, although the presence of some multiple scattering is
seen in the residual. For complex2 an additional low-
intensity FT peak visible above the noise level at about 3.0
Å could indeed be successfully fit as a Mo-Cbdt interaction.
For this complex two different fitting models were in addition
tested. The first model includes the crystallographically
determined three Mo-S, one Mo-Cl, and two Mo-Cbdt

scattering paths, whereas the second assumed four Mo-S/
Cl (fit as Mo-S) and two Mo-Cbdt interactions. The fit

Figure 4. (a) Normalized Mo K-edge spectra of1 (‚‚‚), 2 (s), and3 (---). (b) Comparison of the normalized Mo K-edge spectra of3 (---) and crystalline
oxidized chicken sulfite oxidase from ref 22 (s; data provided by Dr. G. N. George) showing the very strong overlap in edge structures.

Figure 5. Comparison of the (a) EXAFS spectra and (b) non-phase-shift-corrected Mo K-edge Fourier transforms of1 (‚‚‚), 2 (s), and3 (---).
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residual functionR is the same for both models (Table 1),
confirming the inability of the EXAFS technique to distin-
guish directly between two very close Mo-X distances
involving ligands (S and Cl) that have very similar back-
scattering parameters. However, in the first model, theσ2

parameter attained a reasonably low value for the strongly
coordinated single chloride ligand. For sulfur the first model
gave a largerσ2 value, resulting from the distribution of the
different Mo-S bond distances, whereas for the second
model theσ2 value represented the overall distribution of
the four Mo-ligand distances (Mo-Cl ) 2.372 Å;
Mo-Sbdt ) 2.356, 2.382 Å; Mo-Sthiolate ) 2.393 Å).30 For
complex3, the even wider spread of the Mo-S distances,
from 2.40 to 2.48 Å (cf. Figure 3), is reflected in the even
largerσ2 value (Table 1), while the relatively smallσ2 value
for 1 indicates a much smaller spread in its four Mo-S bond
distances. The low residuals in bothk- and R-space show
that the models used are satisfactory without inclusion of
any additional paths.

Conclusion

Mo K-edge X-ray absorption spectra of three monodithio-
lenemolybdenum complexes with unidentate thiolate coli-
gands have been examined. Complexes1 and 2 approach
the proposed structure of the high-pH form of sulfite oxidase,
and complex3 is an analogue of the oxidized active sites in
the enzymes sulfite oxidase and assimilatory nitrate reduc-
tase. GNXAS fits to the EXAFS data for2 and 3 agree
(within (0.02 Å) with those obtained from crystallographic

studies, whereas the structure for complex1 is determined
from EXAFS to be very closely analogous to that of2. This
is also confirmed from the Mo K-edge structure, which is
close to identical for1 and2.

The edge structure can clearly distinguish between 5-co-
ordinate structures containing one and two oxygen ligands,
and also shows explicit sensitivity for the MoV and MoVI

oxidation states. The EXAFS data similarly have interference
pattern characteristics that readily can delineate a 4+ 1 from
a 3 + 2 (S + O) coordination. Comparison of data for
complex3 with those of crystallized oxidized chicken sulfite
oxidase show that both the edge (Figure 4b) and EXAFS
(Figure 6) data are superimposable within the noise, and thus
confirm the validity of complex3 as an accurate representa-
tion of the active site in that enzyme.

This work has afforded structural characterization of new
analogue complexes by XAS. It is part of a series of
investigations14,15 intended to facilitate identification of
related sites in molybdoenzymes, especially in the absence
of X-ray crystallographic information.
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Table 1. GNXAS Fit Results of Mo K-Edge EXAFS Analysisa

Mo-O Mo-S additional contributions

N R(Å) σ2 (Å2) N R(Å) σ2 (Å2) N R(Å) σ2 (Å2) R

1 1 1.69 0.0016 4 2.41 0.0017 1.10× 10-7

2 model I 1 1.69 0.0009 3 2.38 0.0025 Mo-Cl 1 2.40 0.0011 1.19× 10-7

Mo-C 2 3.29 0.0090
model II 1 1.69 0.0009 4 2.40 0.0022 Mo-C 2 3.29 0.0091 1.19× 10-7

3 2 1.72 0.0010 3 2.45 0.0029 1.26× 10-7

a The coordination numbers (N) were fixed, while the distance (R) and disorder parametersσ2 were allowed to float. TheS0
2 (0.85, 0.90, 0.80) andE0

(20016.4, 20014.6, 20018.0 eV) values were also refined for1, 2, and3, respectively.

Figure 6. Comparison of (a) EXAFS data and (b) Fourier transforms of crystalline oxidized chicken sulfite oxidase (s) and3 (---). TheE0 value for3 has
been modified to match that of the enzyme data. The data are within noise strongly similar and confirm the analogy in structure of the two centers. The
enzyme data were provided by Dr. G. N. George.22
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