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The first series of mononuclear thiomolybdenyl complexes,
Tp*MoVSX2 [Tp* = hydrotris(3,5-dimethylpyrazol-1-yl)bor-
ate, X/X2 = anion/dianion], has been prepared. The com-
plexes, which have been characterized by analytical, mass

Introduction

The thiomolybdenyl unit, {MoV5S}31, has been implic-
ated in the turnover of industrial catalysts[1,2] and mononu-
clear, pterin-containing molybdenum enzymes such as xan-
thine oxidase and aldehyde oxidase.[326] However, mononu-
clear thiomolybdenyl complexes are extremely rare due to
their susceptibility to redox, polynucleation, and hydrolysis
reactions.[326] Consequently, our understanding of their
chemical, structural, and spectroscopic characteristics is
very limited. This stands in stark contrast to well advanced
studies of molybdenyl, {MoV5O}31, complexes.[7217] In-
deed, only two mononuclear thiomolybdenyl complexes
have ever been isolated and completely characterized. The
first of these, Tp*MoVSCl2 [Tp* 5 hydrotris(3,5-dimethyl-
pyrazol-1-yl)borate], was reported by Young et al. in
1987.[18] This complex was prepared by treating Tp*
MoOCl2 with boron sulfide and has been characterized by
infrared, UV-visible, electron paramagnetic resonance
(EPR), Raman, and X-ray absorption (XAS) and extended
X-ray absorption fine structure (EXAFS)
spectroscopy.[18221] Crystallographic characterization of the
compound has not been attempted due to the high probab-
ility of disorder of the thio and chloro ligands.[22] A number
of related complexes, viz., [Tp*MoS(S2PR2)]1 and
[Tp9MoS(S2PR2)]1 [Tp9 5 hydrobis(3-isopropylpyrazol-1-
yl)(5-isopropylpyrazol-1-yl)borate] have been generated in
solution.[23,24] Recently, a second mononuclear thiomolyb-
denyl complex, MoVS(N[R]Ar)3 {N[R]Ar 5
N[C(CD3)2CH3](3,5-Me2C6H3)}, was reported by Johnson
et al.[25] This complex, a member of the series MoE(N-
[R]Ar)3 (E 5 O, S, Se, Te), was prepared by oxidizing
Mo(N[R]Ar)3 with S8 or ethylene sulfide. The MoE(N-
[R]Ar)3 complexes exhibit rhombic EPR spectra with AMo

values decreasing in the order Mo5O . Mo5S . Mo5Se
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spectrometric, spectroscopic and X-ray crystallographic stud-
ies, provide insights into the electronic nature and chemistry
of the catalytically and biologically important thiomolyb-
denyl unit.

. Mo5Te, consistent with increasing covalency in com-
plexes of the heavier chalcogenides. The crystal structure
of MoS(N[R]Ar)3 revealed a distorted tetrahedral complex
possessing a terminal thio ligand with an Mo5S distance
of 2.1677(12) Å.

Synthetic access to a series of related thiomolybdenyl
complexes would permit systematic spectroscopic and
structural studies leading to a detailed electronic descrip-
tion of the {MoV5S}31 unit and insights into its vital roles
in industrial and biological catalysis. We report here the
synthesis and characterization of the complexes Tp*
MoVSX2 [X 5 OPh, 2-(ethylthio)phenolate (etp), 2-(n-pro-
pyl)phenolate (pp); X2 5 benzene-1,2-diolate (cat), 4-
methylbenzene-1,2-dithiolate (tdt), benzene-1,2-dithiolate
(bdt)] and the crystal structures of Tp*MoS(etp)2 and Tp*
MoS(bdt); the latter, features a pseudo-dithiolene co-ligand
and is of direct relevance to molybdoenzyme intermediates
such as the Very Rapid centre of xanthine oxidase, pro-
posed to contain an [MoVOS(dithiolene)]2 moiety.[326]

Results and Discussion

We have employed two general methods in the generation
of Tp*MoSX2 complexes. The first, the reaction of Tp*
MoOX2

[9] with boron sulfide, is useful for the generation of
species in situ (as demonstrated by EPR spectroscopy) but
does not lend itself to isolation of the compounds. The se-
cond method, metathesis of Tp*MoSCl2[18] with salts of X2

or X2
22, permits the isolation of pure Tp*MoSX2 (e.g.,

X 5 OPh, etp, pp; X2 5 cat, bdt, tdt) following workup.
The reactions are conveniently monitored by EPR spectro-
scopy, which reveals the clean replacement of Tp*MoSCl2
by product in reaction times of 2 to 16 h. Rapid anaerobic
work-up, including volume reduction and passage through
a short bed of silica, is essential to the isolation of pure
products. As solids the compounds are moderately air-
stable but recrystallizations and solution studies must be
performed under strictly anaerobic conditions. The stability
of the thiomolybdenyl complexes appears to be enhanced
by the presence of very bulky O-donor co-ligands, such as
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etp and pp, or chelate ligands. The complexes have been
characterized by microanalytical, mass spectrometric and
spectroscopic methods. Clean electron-impact mass spectra
with strong parent ions are observed for the more stable
(etp, pp, cat, tdt, bdt) derivatives. The IR spectra of the
complexes exhibit a single, strong ν(Mo5S) band in the
range 5052490 cm21, as well as bands characteristic of Tp*
and the O- or S-donor co-ligands.

The structures of Tp*MoS(etp)2 and Tp*MoS(bdt) have
been determined by X-ray crystallography and ORTEP dia-
grams are given in Figure 1 and Figure 2, respectively. The
distorted octahedral complexes contain a terminal thio li-
gand, two monodentate O-donor ligands (etp) or a bident-
ate, dithiolenic, S-donor ligand (bdt), and a facial, trident-
ate Tp* ligand. The Mo2S(1) distances of 2.1279(10) Å
and 2.1231(11) Å, respectively, are typical of Mo5S units
observed in MoS(N[R]Ar)3

[25] and polynuclear com-
plexes.[26] For Tp*MoS(etp)2, the Mo2O(4) and Mo2O(5)
distances are 1.953(2) Å and 1.951(2) Å and the associated
Mo2O2C angles are 140.9(2)° and 134.4(2)°, respectively.
The Mo atom lies 0.264(1) Å out of the plane of the O(4),
O(5), N(21) and N(31) atoms toward the thio ligand and
the S(1)2Mo2O angles are consequently opened to ca.
103°. The Mo2N(n1) distances are dictated by the relative
trans influences of the co-ligands, the Mo2N(11) distance
being lengthened by 0.104(6) Å relative to the other Mo2N
bonds. A very similar trans influence of 0.105(5) Å is ob-
served for Tp*MoO(etp)2.[27] For Tp*MoS(bdt), the
Mo2S(4) and Mo2S(5) distances are 2.3704(12) Å and
2.3668(12) Å, respectively, and the associated Mo2S2C
angles are ca. 104.2°. The Mo atom lies 0.296(1) Å out of
the plane of the S(4), S(5), N(21), and N(31) atoms and
0.592(7) Å out of the plane of the bdt ligand, toward the
thio ligand. The Mo2N(11) distance is lengthened by ca.
0.2 Å relative to the other two Mo2N bonds. A comparat-
ively large trans influence has also been observed for Tp*
MoO(catCl4) (catCl4 5 1,2,3,4-tetrachlorobenzene-5,6-diol-
ate)[12] and Tp*MoO(bdt);[13] steric interaction between bi-
dentate ligands and the nearby 3-methyl group [C(11) in
Figure 2] accounts for this lengthening as well as the dis-
cernable bend in the MoX2 fragment about the E···E vector
(E 5 O, S) (such that the benzene ring moves away from
said methyl group). In the thiomolybdenyl complexes, there
are no interactions between the terminal thio ligand and
co-ligand sulfur atoms, the S···S distances (. 4.5 Å) being
considerably larger than the van der Waals contact distance.

Related structures for the other members of the series
have been established by molybdenum and sulfur K-edge
XAS and EXAFS studies. MoK-edge EXAFS spectra ex-
hibit a strong backscattering component consistent with the
presence of a thiomolybdenyl unit, with Mo5S distances in
the range 2.122.2 Å. Intense pre-edge features are seen in
the S K-edge X-ray absorption spectra of the compounds
(Figure 3). The most intense feature, at ca. 2466 eV, is char-
acteristic of terminal thio ligation and is assigned to
S(1s)RMo5S π* transitions.[19] In each case, the pre-edge
feature is broader than expected based on the experimental
resolution and deconvolution of the band provides evidence
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Figure 1. Molecular structure of Tp*MoS(etp)2. Additional bond
lengths [Å] and angles [deg]: Mo2N(11) 2.279(3), Mo2N(21)
2.174(3), Mo2N(31) 2.175(3); S(1)2Mo2O(4) 104.20(8),
S(1)2Mo2O(5) 101.11(7), S(1)2Mo2N(11) 168.28(7),
S(1)2Mo2N(21) 91.01(8), S(1)2Mo2N(31) 92.81(8),
O(4)2Mo2O(5) 89.96(9)

Figure 2. Molecular structure of Tp*MoS(bdt). Additional bond
lengths [Å] and angles [deg]: Mo2N(11) 2.393(3), Mo2N(21)
2.201(3), Mo2N(31) 2.189(3); S(1)2Mo2S(4) 101.24(5),
S(1)2Mo2S(5) 100.99(5), S(1)2Mo2N(11) 168.93(8),
S(1)2Mo2N(21) 92.88(9), S(1)2Mo2N(31) 95.09(9),
S(4)2Mo2S(5) 83.84(8)

for several transitions, probably to nearly degenerate Mo5
S π* orbitals with S p and Mo dxz and dyz orbital character
(z along Mo5S). For example, deconvolution of the spec-
trum of Tp*MoS(pp)2 (Figure 3, a) reveals transitions at
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2466.3 and 2467.0 eV. The precise origin of these and re-
lated transitions is currently under further experimental and
theoretical interrogation. Similar pre-edge features are ob-
served in the S K XAS spectra of Tp*WOSCl[28,29] and
TpPrMoOS(OPh) [TpPr 5 hydrotris(3-isopropylpyrazol-1-
yl)borate].[29] These complexes exhibit three distinct S K
pre-edge features at energies different to those of the thiom-
olybdenyl complexes (around 2466.1, 2467.7 and 2469.6 eV
compared to 2466 and 2469 eV for the thiomolybdenyl
complexes). The feature at 2469 eV is tentatively assigned to
a sulfur 1sRσ* transition associated with the Mo5S unit.

Figure 3. Selected sulfur K-edge X-ray absorption spectra of solids
at 293 K. (a) Tp*MoS(pp)2, (b) Tp*MoS(cat), (c) Tp*MoS(bdt),
overlaid with the (dashed) spectrum of Tp*MoO(bdt)

The thiomolybdenyl complexes are EPR-active and gen-
erally exhibit highly anisotropic monoclinic frozen-glass
EPR spectra (Table 1), with giso values substantially lower
than their oxo analogues.[9] This results from a lowering of
all the g tensor components, particularly g3, rather than any
change in the sense of the anisotropy. Very similar EPR
parameters, with an unusually low g3 and consequently high
g anisotropy, characterize the three available Tp*MoS(OR)2

complexes. These complexes exhibit relatively large Aiso

values around 46 3 1024 cm21. As a group, they also ex-
hibit similar electronic spectra with intense LMCT absorp-
tions in the regions 4652509 nm and 3542400 nm, and a
d2d band at ca. 1300 nm (ε ca. 100 21·cm21, cf. d2d
band at 800 nm in oxo analogues[9,18]). Expressions for the
principal g tensor components for compounds of this type
have been presented;[18] the decrease in the tensor compon-
ents is ascribed to a decrease in the energies of the ground
to excited-state d2d transitions, most importantly
(dx22y2)1 R (dxz)1 and (dx22y2)1 R (dyz)1, as a consequence
of the weaker ligand field of the thio ligand. The similar
AMo values for the Tp*MoSX2 (X 5 Cl, OR) complexes
implies an essentially similar ground state electronic config-
uration [viz., (dx22y2)1] with a similar degree of Mo2X co-
valency. The EPR spectrum of Tp*MoS(cat), which con-
tains a pseudo ene-1,2-diolate moiety, differs dramatically
from those of the Tp*MoS(OR)2 complexes; for Tp*MoS-
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(cat), g1 and g2 are very similar and giso is consequently in-
creased compared to Tp*MoS(OR)2. Similar ‘‘chelate ef-
fects’’ have been observed for analogous oxo complexes and
may be ascribed to an increase in the energy of ground to
excited-state transitions as a consequence of pπ2dπ interac-
tions.[10] Higher giso and lower Aiso parameters characterize
the thiolate complexes Tp*MoS(SPh)2, Tp*MoS(bdt), and
Tp*MoS(tdt), with the chelate complexes again exhibiting
a higher giso than the non-chelated complex. The electronic
spectra of Tp*MoS(cat), Tp*MoS(SPh)2, and Tp*MoS(tdt)
exhibit intense charge transfer bands only in accessible
spectral regions; a near-IR absorption around 1300 nm is
not observed. A multi-frequency EPR study of the com-
pounds is currently underway.

Table 1. Selected EPR parameters (A values 31024 cm21)

Compound g1 g2 g3 giso ∆gi Aiso

Tp*MoSCl2[18] 1.941 1.921 1.919 1.928 0.022 46.8
Tp*MoS(etp)2 1.961 1.914 1.864 1.909 0.097 46.6
Tp*MoS(pp)2 1.956 1.909 1.858 1.902 0.098 46.6
Tp*MoS(OPh)2 1.955 1.913 1.860 1.900 0.095 46.8
Tp*MoS(cat) 1.960 1.960 1.900 1.934 0.060 38.9
Tp*MoS(SPh)2

[a] 1.993 1.945 1.910 1.940 0.083 36.8
Tp*MoS(tdt) 2.000 1.971 1.919 1.956 0.081 36.9
Tp*MoS(bdt) 1.996 1.968 1.915 1.960 0.081 36.6

[a] Generated in situ, not isolated.

Success in derivatizing Tp*MoSCl2 has provided syn-
thetic access to a variety of thiomolybdenyl complexes of
the type Tp*MoSX2. These are currently the focus of sys-
tematic structural and spectroscopic, especially EPR,
MCD, XAS, and EXAFS, studies aimed at elucidating the
electronic structure of thiomolybdenyl and related units and
understanding their roles in industrial and biological cata-
lysis.

Experimental Section

General: All syntheses and solution studies were carried out under
an atmosphere of dinitrogen using dried, deoxygenated, and dis-
tilled solvents. The method of Young et al.[18] was employed in the
synthesis of Tp*MoSCl2. The course of metathesis reactions were
monitored using EPR spectroscopy and work-up was initiated
upon complete conversion of Tp*MoSCl2 to product. 2 Chroma-
tographic separations and purifications were performed under dini-
trogen using dried, deoxygenated solvents and Merck Art 7734 Kie-
selgel 60. Spectroscopic studies were carried out under strictly an-
aerobic conditions. 2 Mass spectra were obtained on a JOEL JMS-
AX505H mass spectrometer. 2 Infrared spectra were recorded on
a BIO-RAD FTS-165 FTIR spectrophotometer as pressed KBr
discs. 2 EPR spectra were run on a Bruker ECS 106 ESR spectro-
meter, equipped with a flow through low temperature device, al-
lowing frozen spectra to be recorded at approximately 120 K. The
spectral parameters in Table 1 were obtained by inspection. 2 Elec-
tronic spectra were obtained on a Hitachi 150-20 spectrophoto-
meter. 2 Microanalyses were performed by Atlantic Microlabs,
Norcross, GA, USA.

Tp*MoS(etp)2: 2-Ethylthiophenol (0.18 cm3, 1.01 mmol) and tri-
ethylamine (0.15 cm3, 1.01 mmol) were added to a stirred solution
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of Tp*MoSCl2 (250 mg, 0.5 mmol) in dichloromethane (30 cm3).
The solution rapidly turned a purple color, then became brown.
After 4 h the volume of the solution was reduced by half and it
was filtered through a bed (425 cm) of silica gel. The bed of silica
was washed with dichloromethane (30 cm3), then the combined fil-
trate and washings were reduced to a minimum volume and treated
(dropwise) with methanol to precipitate the red crystalline product.
Yield 150 mg (41%).

C31H40BMoN6O2S3 (731.6): calcd. C 50.89, H 5.51, N 11.49, S
13.15; found C 51.06, H 5.27, N 11.69, S 13.30. 2 IR (KBr): ν̃ 5

2525, m, ν(BH); 1570, m; 1541, s, ν(CN); 1459, s; 1364, s; 1261, s;
1201, s; 1068, s; 857, s; 748, s; 693, s; 615, s; 500, s, ν(Mo5S). 2

Mass Spec: m/z [M 2 H]1 732.

Tp*MoS(bdt): 1,2-Benzenedithiol (0.1 cm3, 0.90 mmol) and tri-
ethylamine (0.29 cm3, 1.90 mmol) were added to a stirred solution
of Tp*MoSCl2 (450 mg, 0.90 mmol) in dichloromethane (30 cm3).
The solution rapidly turned a red color and after 2 h the volume
of the solution was reduced to a minimum, filtered through a short
bed of silica and recrystallized as described above for Tp*Mo-
S(etp)2. The yield of red crystals was 220 mg (43%). The analytical
sample was purified by anaerobic column chromatography on silica
gel using 3:2 dichloromethane/hexane as eluent, then recrystallized
from dichloromethane/methanol.

C21H26BMoN6S3·0.5CH3OH (581.4): calcd. C 44.41, H 4.85, N
14.45, S 16.54; found: C 44.02, H 4.77, N 14.40, S 16.49. 2 IR
(KBr): ν̃ 5 2557, m, ν(BH); 1540, s, ν(CN); 1447, s; 1435, s; 1412,
s; 1357, s; 1262, m; 1202, s; 1093, m; 1074, s; 1036, s; 854, m; 814,
m; 790, s; 745, s; 692, m; 666, w; 647, w; 499, s, ν(Mo5S) cm21.
2 Mass Spec: m/z [M 1 H]1 568.

The other members of the series were prepared by essentially sim-
ilar methods.

Crystal Structure Determination for Tp*MoS(etp)2: Crystallo-
graphic data: C31H40BMoN6O2S3, M 5 731.65, triclinic, P1̄, a 5

10.825(2), b 5 11.584(2), c 5 14.428(2) Å, α 5 86.735(11), β 5

88.669(12), γ 5 71.998(13)°, V 5 1717.8(5) Å3, dc 5 1.414 g·cm23,
Z 5 2. A total of 6039 unique data with 4871 reflections having I
. 2σ(I) were collected. The structure was solved by Patterson and
direct methods (SHELXS-86)[30] and was refined on F2 by a full-
matrix least-squares procedure (SHELXL-97)[31] using all data. All
hydrogens were included at geometrical estimates. R1 [I . 2σ(I)] 5

0.0390 and wR2 (all data) 5 0.0998. Figure 1 and Figure 2 were
prepared using the program ORTEP.[32]

Crystal Structure Determination for Tp*MoS(bdt): Crystallographic
data: C21H26BMoN6S3, M 5 565.43, monoclinic, P21/n, a 5

10.0296(13), b 5 14.729(2), c 5 16.846(2) Å, β 5 95.456(10)°, V 5

2477.3(6) Å3, dc 5 1.516 g·cm23, Z 5 4. A total of 4346 unique
data with 2922 reflections having I . 2σ(I) were collected and the
structure was solved as described above. R1 [I . 2σ(I)] 5 0.0346
and wR2 (all data) 5 0.0967.

Crystallographic data (excluding structure factors) for the struc-
tures reported in this paper have been deposited with the Cam-
bridge Crystallographic Data Centre as supplementary publications
nos. CCDC-157193 and CCDC-157194. Copies of the data can be
obtained free of charge on application to CCDC, 12 Union Road,
Cambridge CB2 1EZ, UK [Fax: (internat.) 14421223/336-033; E-
mail: deposit@ccdc.cam.ac.uk].

X-ray Absorption Spectroscopy: X-ray absorption spectroscopy was
carried out at the Stanford Synchrotron Radiation Laboratory with
the SPEAR storage ring containing 602100 mA at 3.0 GeV. Mol-

Eur. J. Inorg. Chem. 2001, 2227222312230

ybdenum K-edge spectra were collected on beamline 723 using a
Si(220) double crystal monochromator with an upstream vertical
aperture of 1 mm and a wiggler field of 1.8 T. Harmonic rejection
was accomplished by detuning one monochromator crystal to ap-
proximately 60% off-peak. X-ray absorption was measured in
transmittance using nitrogen-filled ionization chambers. The spec-
trum of molybdenum foil was collected simultaneously with that of
the sample and data were calibrated with reference to the lowest
energy inflection point of the standard (assumed to be 20003.9 eV).
Samples were prepared in a boron nitride matrix and during data
collection were maintained at a temperature of approximately 10 K
using an Oxford Instruments liquid helium flow cryostat.

Sulfur K edge experiments were performed on beamline 622 using
an Si(111) double crystal monochromator and wiggler field of 1.0
T. Harmonic rejection was accomplished by using a flat nickel co-
ated mirror downstream of the monochromator adjusted so as to
have a cutoff energy of about 4500 eV. Incident intensity was mon-
itored using an ion chamber contained in a (flowing) helium-filled
flight path. X-ray absorption was monitored by recording total
electron yield and the energy scale was calibrated with reference to
the lowest energy peak of the sodium thiosulfate standard
(Na2S2O3·5H2O) which was assumed to be 2469.2 eV. Samples were
examined at ambient temperature. Peak positions in near-edge
spectra were estimated by curve-fitting to a sum of pseudo-Voigt
peaks using the program EDG FIT (pseudo-Voigt deconvolu-
tion).[33]
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