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The homobimetallic complex (Bu4N)2[MoO(mnt)Mo{o-ami-
nobenzothiolato(3–)-N,S}2(mnt)] (2; mnt = 1,2-dicyanoethy-
lenedithiolate) has been synthesized as a dark green solid by
treating (Bu4N)2[Mo2O4(mnt)2] (1) with o-aminothiophenol in
CH3CN. An X-ray crystal structure analysis of 2 reveals that
it possesses an asymmetric structure where one Mo has a
distorted octahedral geometry and the other a square-pyram-
idal geometry. The basal plane of the two Mo centers makes
an angle of 26.41°, which is nearly one quarter of 90°. The
shape of the ν(Mo=O) band in the IR spectrum of 2 suggests
that these Mo atoms may have different oxidation states. The
different reactivity of 1 with o-aminothiophenol and 2-amino-
ethanethiol was followed by EPR spectroscopy, and analysis
of the different end-products from these reactions supports

Introduction

Terminal oxido- or sulfido-coordinated higher-valent Mo
complexes with dithiolene as co-ligand are good models for
molybdenum-based enzymes.[1,2] Hexacoordinate MoVI

complexes[3] generally adopt a distorted octahedral geome-
try with cis dioxido or oxido-sulfido groups, whereas related
MoIV complexes generally adopt a square-pyramidal geom-
etry[4] with a terminal Mo=O group or trigonal biprismatic
geometry with a terminal Mo–SR (thiolato) moiety.[5] Mo-
lybdenum(V) complexes[6] are generally stabilized by di-µ2-
oxido or mono-µ2-oxido bridging groups and have the gene-
ral formula {M2X2Y2}2+, where X (terminal group) and Y
(bridging group) are a combination of O and S atoms. The
stability of di-µ2-oxido-bridged dimeric MoV complexes
arises from a strong Mo(dxy)–Mo(dxy) σ bond[7,8] sup-
plemented by pπ bonding between the bridging ligand
atoms and the two Mo atoms, which remain almost in the
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the proposal that 2 is a mixed-valence compound containing
MoVI and MoIV centers. The electronic structures of 1 and 2
have been calculated at the DFT level of theory to analyse
the effect of a deviation of the basal plane on the metal–metal
bond in 2. The cyclic voltammetric responses of 1 and 2 have
been measured to correlate the data with the computational
results. TDDFT calculations have been performed on 1 and
2 in the gas phase and also in a solvent medium to assign
the transitions corresponding to the peaks found in the re-
spective experimental electronic absorption spectra of these
complexes.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

same plane. Imidomolybdenum complexes, which are iso-
electronic to oxido complexes, are also known,[9,10] and two
Lewis structures have been proposed for the Mo–N binding
mode of the imido group to Mo (Scheme 1).[11] In the first,
the nitrogen atom acts as a four-π-electron donor and Mo–
N–R angle is close to 180°, whereas in the second the nitro-
gen atom acts as a two-electron donor and the Mo–N–R
linkage is bent. The majority of monomeric Mo-imido com-
plexes have a linear imido linkage and most imido-bridged
Mo complexes have a bent imido linkage.

Scheme 1. Two possible binding modes of the imido group at an
Mo center.

Dialkyldithiocarbamato (dtc)-coordinated dimeric MoV

complexes with terminal and/or bridging imido linkages
have been synthesized from the corresponding oxido and/or
sulfido complexes[9] by substitution reactions. Most MoVI-
imido complexes[10] have a linear Mo–N–R linkage. The re-
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action of a dtc-coordinated oxido-MoVI complex with 2-
aminothiophenol has been reported to produce the interme-
diate imido complex [MoVI(dtc)2(NC6H4S)(OCH3)],[11]

which reacts further to give [MoVO(dtc)(µ2-NC6H4S)2-
MoV(dtc)] on heating in the solid state under vacuum. The
chemistry of oxidomolybdenum complexes varies with the
co-ligand, which ranges from dtc to dithiolene-type ligands
such as 1,2-dicyanoethenedithiolate (mnt).[12] Although
both these co-ligands are sulfur donor bidentate ligands
they differ in the bite angle on coordination to the Mo cen-
ter. In this article we report the reaction of 2-aminothio-
phenol with a symmetrical di-µ2-oxido MoV dithiolene
complex to form an asymmetric dimeric dimolybdenum
mnt-coordinated complex. The di-µ2-oxido groups are re-
placed by imido coordination arising from coordination of
the deprotonated 2-aminothiophenol to asymmetric oxido-
molybdenum and desoxomolybdenum centers. The reaction
is followed by EPR spectroscopy to understand its course,
and DFT and TDDFT calculations of the synthesized com-
plex have been carried out to correlate its spectral proper-
ties with electronic structure.

Results and Discussion

Synthesis and IR Studies

The dithiolene-coordinated dimeric MoV complex
[Bu4N]2[Mo2O4(mnt)2] (1) has been reported recently.[6a]

One of the di-µ2-oxido groups in 1 is readily protonated in
the presence of a weak acid and the conjugate base of the
acid then coordinates to the metal center to give linear
mono µ2-oxido-bridged dimeric MoV complexes with the
general formula [Mo2O3(mnt)2(X)2]– [X = SPh (1a), Cl (1b),
and Br (1c)].[6a] It has been shown that 1a–c, which possess
an {Mo2O3}2+ core, hydrolyze back to 1 in the presence of
traces of moisture via an EPR-active monomeric
[MoO(mnt)(X)(OH)]– species. This EPR-active intermedi-
ate is readily dimerized to a stable di-µ2-oxido-bridged form
due to the presence of two monodentate ligands in adjacent
equatorial positions. Our goal was to synthesize a mono-
meric MoV species with three S donor atoms (two from a
dithiolene ligand and one from an SR group) to mimic the
half-reduced state of sulfite oxidase.[13] The vacant fourth

Scheme 2. Reaction of (Bu4N)2[MoV
2O4(mnt)2] (1) with 2-aminothiophenol and 2-aminoethanethiol.
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site in the equatorial plane of the expected square-based
pyramidal Mo complex could be filled by an N-donor there-
fore we decided to use 2-aminothiophenol and 2-amino-
ethanethiol, both of which provide one S and one N atom.
Both these ligands are in a zwitterionic form in solution,
like an amino acid, although 2-aminoethanethiol, unlike 2-
aminothiophenol, lacks π delocalization. Treatment of 1,
1a, 1b, or 1c with 2-aminothiophenol in dichloromethane
causes the color of the solution to change to light green,
which suggests the formation of a new species, although
addition of petroleum ether allowed only 1 to be isolated.
The light-green species is EPR-active and the isolation of
only 1 from such a reaction mixture clearly suggests that
the 2-aminothiophenolato-coordinated MoV monomer
(EPR active) is in equilibrium with 1 in solution and that
addition of the second solvent shifts the equilibrium
towards 1. The use of a more polar solvent such as acetoni-
trile led to a similar reactivity, whereas employing more
drastic reaction conditions changed the course of the reac-
tion. Thus, refluxing 1 with 2-aminothiophenol in acetoni-
trile yielded 2. Unlike dtc-coordinated Mo complexes, how-
ever, 1 does not react with aniline or substituted anilines.

Addition of a solution of 2-aminoethanethiol in meth-
anol to an acetonitrile solution of 1 caused a color change
of the reaction mixture from yellow to dark-orange and fi-
nally to green, followed by immediate precipitation of yel-
low [MoVIO2(SCH2CH2NH2)][14] in 48% yield. Further
workup yielded 46% of [(Bu4N)2][MoIVO(mnt)2] from the
mother liquor (Scheme 2). Reaction of [MoVIO2(mnt)2]2–

with 2-aminothiphenol or 2-aminoethanethiol yielded
[MoIVO(mnt)2]2– quantitatively, with no formation of any
imido-coordinated complex.[15] Similar reactions of these
aminothiols with dtc-coordinated MoVI complexes have
shown a different chemistry.[10]

On the basis of the total charge and the diamagnetic na-
ture of 2, the possible formal oxidation states of the two
Mo(1)/Mo(2) centers are either +5/+5 or +6/+4. This ques-
tion can be resolved by considering the Mo=O stretching
vibration of this unsymmetrical complex as the ν(Mo=O)
vibration in molybdenum complexes is sensitive to the for-
mal oxidation state of Mo. Thus, this vibration in pentaco-
ordinate bis-dithiolene MoIV complexes[16] generally ap-
pears below 940 cm–1, whereas in related MoV species it
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Table 1. Values of ν(Mo=O) [cm–1] for selected Mo complexes.

Complexes ν(Mo=Ot)[a] Ref.

[Mo2O(mnt)2{o-aminobenzothiolato(3–)-N,S}2]2– 937 this work
[MoIVO(mnt)2]2– 932 [3c]

[MoIVO(mnt)(Bu2bpy)] 939 [4d]

[MoV
2O4(mnt)2]2– 977 this work

[MoV
2O2(mnt)2(µ-SPh)2(µ-OR)]–1 (R = Me, Et, iPr) 951, 958, 961 [6a]

[MoV
2O2(mnt)2(µ-O)(µ-SPh)(µ-Br)]–2 960 [6a]

[MoV
2O2(mnt)2(µ-O)(µ-SPh)(µ-CH3SO3)]–2 957 [6a]

[MoV
2O2(mnt)2(µ-O)(µ-SEt)(µ-CH3SO3)]–2 952 [6a]

[a] t = terminal.

appears above 950 cm–1 (Table 1). The appearance of
ν(Mo=O) at 937 cm–1 in 2 therefore indicates that the
Mo(2) center is formally in the MoIV state, which fixes the
oxidation state of Mo(1) as +6.

EPR Studies

The reaction leading to 2 involves the initial formation
of an EPR-active MoV species. This intermediate could not
be identified in the case of 2-aminoethanthiol as rapid pre-
cipitation of yellow [MoVIO2(SCH2CH2NH2)][14] from the
reaction mixture took place with the formation of an equiv-
alent amount of [(Bu4N)2][MoIVO(mnt)2].[14] Such a behav-
ior can be explained by a disproportionation reaction where
removal of the oxidized part of the product as a solid drives
the reaction quickly to completion. In contrast, a similar
reaction with 2-aminothiophenol led to the formation of an
EPR-active MoV signal (Figure 1) which was stable for
hours, thereby indicating the inability of the complex
formed to undergo a disproportionation reaction.

Figure 1. EPR spectra of the reaction of (Bu4N)2[MoV
2O4(mnt)2]

(1) with 2-aminothiophenol in acetonitrile at room temperature:
a) at the initial stage (5 min), �A� = 34 G, g = 1.987; b) EPR
signal at different time intervals showing the appearance of another
EPR active species (�A� = 34 G, g = 1.999); c) after 24 h.

Attempts to isolate this species were unsuccessful and
only the starting complex 1 was obtained. We were able to
identify the formation of an intermediate MoV species
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(�g� = 1.987; Figure 1, a) in the initial stages of the reac-
tion which was stable for a long time and only disappeared
on heating the solution. This EPR signal is associated with
another EPR MoV signal (�g� = 1.999; Figure 1), al-
though this second signal remains even after the disappear-
ance of the main EPR signal (Figure 1, c). The broad nature
of the EPR signal (13 G) prevented us from identifying any
superhyperfine interaction arising from nearby protons.
Changing the reaction medium to a less polar solvent like
dichloromethane did not help to reduce the line width. In
the frozen state (liquid nitrogen), the EPR spectrum shows
a tetragonally distorted line shape with (A� = 45 G, g� =
1.990, g� = 1.955, gaverage = 1.979; see electronic supporting
information). For a square-planar-based Mo complex
where the metal is coordinated to the sulfur atoms of mnt
and the nitrogen of o-aminothiophenol, the fourth corner
is presumably occupied by a hydroxido ligand, as shown in
Scheme 3. The proton associated with this hydroxido group
is positioned in such a way that it interacts with the un-
paired electron of MoV in the dxy orbital. Such super hyper-
fine splittings generally appear in the 2–7 G range for a
MoV–OH interaction.[17a,17b] In the present case the broad
nature of the EPR signal [component line width (peak sepa-
ration) = 30 G] prevents us from identifying any H-related
superhyperfine splitting. The retention of a weak MoV sig-
nal at �g� = 1.999 could be associated with the formation
of a side product. This EPR signal also loses its intensity
on prolonged standing and finally disappears.

A green tarry product, which is soluble in dichlorometh-
ane but not in benzene or toluene, was obtained from the
mother liquor after removal of the solvent. This solubility
difference suggests that the by-product does not contain a
neutral complex with an {Mo(NS)3} core.[17] If this product
were to contain a MoV monomeric tris-chelated by-product
like [MoV(abt)3]– type complex[17] then the appearance of a
more delocalized �g� value near to 2 would be likely and
the core of the complex would probably be {MoS6} or
{Mo(NS)3}, or a combination of these two.[17] Further
characterization of this species is currently underway. It is
important to note that 2 could only be isolated in good
yield after refluxing the reaction mixture for 20 h; shorter
reaction times led to the isolation of large amounts of unre-
acted 1. These observations can be interpreted as follows.
Complex 1 reacts initially with 2-aminothiophenol by open-
ing the oxido-bridged dimeric structure, which results in the
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Scheme 3. Proposed mechanism for the formation of (Bu4N)2[MoIVO(mnt)MoVI(mnt){o-aminobenzothiolato(3–)-N,S}2] (2) from the
reaction of (Bu4N)2[MoV

2O4(mnt)2] (1) with 2-aminothiophenol via an EPR-active intermediate species.

appearance of a MoV signal and a complex with an
{MoV(O)(S)2(RNH)(OH)} core, which disproportionates to
{MoIV(O)(S)2} and {MoVI(O)(S)2} moieties upon heating
(Scheme 3). These intermediates interact with the dangling
SH groups that result from weak oxido coordination to
MoVI. This leads to complete deprotonation of the RNH–

groups (finally releasing three equivalents of H2O), which
becomes a bridging RN2– (sp2-hybridized, isoelectronic to
O2–) ligand (Scheme 3).

The reaction of 1 with HSCH2CH2NH2 in CH3CN ini-
tially gives a green solution, which turns orange upon pre-
cipitation of a yellow complex. This complex was identified
as [MoVIO2(SCH2CH2NH2)] by subsequent comparison
with literature data[14] and its formation is accompanied by
that of [Bu4N]2[MoIVO(mnt)2].[3c] Both complexes were iso-
lated in a 1:1 ratio, thus confirming the disproportionation
of EPR-active MoV into MoIV and MoVI species. In this
case the absence of a phenyl ring means that there is no
π interaction, which may speed up the disproportionation
reaction. The discrete monomeric intermediates further re-
arrange in a ligand-exchange reaction to yield MoIV

monoxido and MoVI dioxido complexes.[3c]

Structural Descriptions

The structure of 1 has been reported previously.[6a] An
ORTEP view of the anion of 2 is shown in Figure 2 and
selected bond lengths and angles are listed in Table 2. Com-
pound 1 is a symmetrical dimeric MoV complex in which
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each molybdenum center of the anion of 1 possesses a
pentacoordinate square-pyramidal geometry where the
basal plane contains two S donor atoms from one mnt li-
gand and two bridging oxido groups. One terminal oxido
group in the axial position completes the square-pyramidal
geometry. The Mo atoms lie around 0.73 Å above their re-
spective basal planes (S1–S2–O3–O4 and S3–S4–O3–O4,
Figure 2). The two Mo atoms are bonded by a metal–metal
σ bond with a relatively short bond length of 2.582 Å. The
average Mo–Ot bond lengths are 1.68 Å and the two mnt
ligands are nearly symmetrically bonded to two Mo atoms,
with a mean Mo–S distance of 2.433 Å.

Figure 2. Crystal structure (ORTEP view with 50% thermal ellip-
soids) showing the atom numbering scheme (except carbon atoms)
for the anion of 2. Hydrogen atoms have been omitted for clarity.
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Table 2. Selected bond lengths and angles for the anion of (Bu4N)2-
[MoIVO(mnt)MoVI(mnt){o-aminobenzothiolato(3–)-N,S}2] (2).

Mo(1)–N(1) 1.925(4) Mo(2)–O(1) 1.681(3)
Mo(1)–N(2) 1.940(4) Mo(2)–N(1) 2.022(4)
Mo(1)–S(1) 2.4379(16) Mo(2)–N(2) 2.008(4)
Mo(1)–S(2) 2.4396(15) Mo(2)–S(3) 2.4170(18)
Mo(1)–S(5) 2.4263(15) Mo(2)–S(4) 2.4310(14)
Mo(1)–S(6) 2.4786(16) Mo(1)–Mo(2) 2.6854(11)
N(1)–C(8) 1.386(6) N(2)–C(6) 1.396(6)
N(1)–Mo(1)–N(2) 95.05(16) N(1)–Mo(2)–N(2) 90.06(15)
Mo(1)–N(1)–Mo(2) 85.72(16) Mo(1)–N(2)–Mo(2) 85.70(16)
N(1)–Mo(1)–S(1) 78.21(12) N(2)–Mo(1)–S(1) 149.40(11)
N(1)–Mo(1)–S(2) 120.14(12) N(2)–Mo(1)–S(2) 77.63(12)
N(1)–Mo(1)–S(5) 82.56(12) N(2)–Mo(1)–S(5) 106.27(12)
N(1)–Mo(1)–S(6) 156.70(11) N(2)–Mo(1)–S(6) 105.25(12)
S(1)–Mo(1)–S(2) 80.18(5) S(2)–Mo(1)–S(6) 76.20(5)
S(1)–Mo(1)–S(5) 102.43(6) S(2)–Mo(1)–S(5) 156.92(5)
S(1)–Mo(1)–S(6) 89.47(6) S(5)–Mo(1)–S(6) 80.88(5)
O(1)–Mo(2)–S(3) 109.29(13) O(1)–Mo(2)–S(4) 104.33(12)
O(1)–Mo(2)–N(1) 109.56(16) O(1)–Mo(2)–N(2) 110.26(16)
N(1)–Mo(2)–S(3) 80.84(11) N(2)–Mo(2)–S(4) 140.21(11)
S(3)–Mo(2)–S(4) 81.87(5) O(1)–Mo(2)–Mo(1) 109.01(12)

Complex 2 is asymmetric (Figure 2). The asymmetric
unit of 2 contains two tetrabutylammonium cations and
one anionic dimeric Mo complex. Interestingly, the two Mo
centers in 2 have different coordination environments: the
first one is a desoxo [Mo(1)] moiety whereas the other
[Mo(2)] is an oxidomolybdenum moiety. Mo(1) has a dis-
torted octahedral geometry and is coordinated to three bi-
dentate ligands, whereas Mo(2) has a square-pyramidal ge-
ometry with one terminal oxido group at its axial position.
The basal plane (N1–N2–S3–S4) of this square pyramid con-
tains two imido N atoms from an aminothiophenolato li-
gand and two S atoms from a dithiolene ligand. The
Mo(2)–O distance is 1.681 Å. Two metal centers are bridged
(denoted by br) by two RN2– (bent imido linkage,
Scheme 1) units where each N is in a trigonal planar geome-
try (sp2 hybridization) and the average Nbr–CC6H4SN dis-
tance is 1.393 Å, which indicates a strong π delocalization
of the Mo d electron throughout the benzene ring of the
bridging ligand via the bridging N atom. The Mo(2)–Nbr

distances (2.008 and 2.022 Å) are longer than the Mo(1)–
Nbr distances (1.940 and 1.925 Å), which imposes an asym-
metry in the bonding at the two metal centers. The choice
of the XY coordinate plane for a distorted octahedral ge-

Table 3. Mo–Mo bond lengths of selected mnt-coordinated dimeric Mo complexes.

Complex Bridging atoms Mo–Mo [Å] Ref.

[Bu4N]2[MoV
2O4(mnt)2] O, O 2.581 [6a]

[Bu4N]2[MoV
2O2(mnt)2(µ-O)(µ-SPh)(µ-Br)] O, SSPh 2.670 [6a]

[Bu4N]2[MoV
2O2(mnt)2(µ-O)(µ-SPh)(µ-CH3SO3)] O, SSPh 2.730 [6a]

[Bu4N]2[MoV
2O2(mnt)2(µ-O)(µ-SEt)(µ-CH3SO3)] O, SSEt 2.731 [6a]

[Bu4N][MoV
2O2(mnt)2(µ2-SPh)2(µ-OMe)] SSPh, SSPh 2.856 [6a]

(Bu4N)2[MoIVO(mnt)MoVI (mnt){o-aminobenzothiolato(3–)-N,S}2] NC6H4S, NC6H4S 2.685 this work
[MoV

2O(dtc)2(µ2-N-C6H4S)2] NC6H4S, NC6H4S 2.659 [10a]

[MoV
2O2(µ2-N-p-tol)2(dtc)2] N-p-tol, N-p-tol 2.629 [9]

[MoV
2O2(µ2-NPh)2(dtc)2] NPh, NPh 2.645 [9]

[MoV
2O2(µ2-N-C6H4Me-o)2(dtc)2] N-C6H4Me-o, N-C6H4Me-o 2.633 [9]

[MoV
2O2(N-C6H4Me-o)2(µ2-N-C6H4Me-o)2(dtc)2] N-C6H4Me-o, N-C6H4Me-o 2.632 [9]

[MoV
2O(dtc)3(µ2-NPh)2][BF4] NPh, NPh 2.654 [9]
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ometry or a basal plane for comparison with the basal
plane of the Mo(2) center (square-pyramidal geometry) is
very difficult for such an asymmetric molecule. However,
we can consider that the N1, N2, S1, and S6 donor atoms
contribute to the XY coordinate plane or basal plane in
this octahedral geometry due to the metal–metal bond for-
mation. The basal plane of Mo(1) (N1–N2–S1–S6) makes an
angle 26.41° (Figure 3) with the basal plane (XY coordinate
plane) of the Mo(2) center (mean plane of the N1, N2, S1,
and S6 donor atoms), which is nearly a quarter of 90°. The
Mo–Mo bond is somewhat longer (2.685 Å) than that for
1. The metal–metal bond length in most bridged bimetallic
system depends on the size of the bridging atoms and for
N atoms it should be shorter than O atoms (Mo–Mo dis-
tance is 2.58 Å for 1), although the reverse is observed here.
This is probably due to the overlap of the corresponding σ-
and π-bonding orbitals. The Mo–Mo bond lengths in a
series of dithiolene-coordinated dimeric Mo complexes are
listed in Table 3.

Figure 3. View of the basal plane containing the Mo center in
(Bu4N)2[MoV

2O4(mnt)2] (1) (a) and (Bu4N)2[MoIVO(mnt)-
MoVI(mnt){o-aminobenzothiolato(3–)-N,S}2] (2; b and c).

Most dtc-coordinated diimido-bridged dimeric MoV

complexes with an {MoV
2O2(µ-NR)2}2+ core are structur-

ally symmetrical[9] like 1, whereas diimido-bridged dimeric
MoV complexes like [MoVO(dtc)(µ2-NC6H4S)2MoV(dtc)][10]

are asymmetric. The desoxomolybdenum center in this
compex is very close to trigonal prismatic whereas in 2 the
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same center adopts a distorted octahedral geometry. This
difference is due to the small bite angle of the dtc ligand
compared to mnt. The trigonal-prismatic distortion may
have a different bonding scheme that does not affect the
Mo–Mo bond length as much as in the corresponding sym-
metric systems. The average Mo–S bond lengths of all these
complexes are very similar although the Mo–Mo bond
length in 2 is slightly longer (Table 3) than in dtc-coordi-
nated diimido-bridged dimeric MoV complexes.

Electronic Structure Calculations

The results of the IR and EPR studies and the difference
in reactivity of 1 with 1,2-aminothiophenol and 1,2-amino-
ethanethiol strongly support that compound 2 may possess
a mixed-valent {M2} unit. In view of the different nature of
the two Mo centers in 2, we decided to calculate the
ground-state electronic structures of 1 and 2 at the DFT
(B3LYP) level of theory to determine the energies and com-
positions of their molecular orbitals (MOs). In both cases
the initial geometry was taken from the crystal structure
and the geometry was optimized in the gas phase. Ad-
ditional single-point calculations taking into account a sol-
vent effect were also performed. Selected frontier molecular
orbitals, together with their percentage contributions esti-
mated from a Mulliken population analysis calculated in
acetonitrile medium, are shown in Figure 4. The assignment
of the type of each MO was made on the basis of its compo-
sition and by visual inspection of its localized orbital. The
coordinate frames for both compounds were assigned by a
visual inspection of the dz2 and dxy orbitals and this assign-
ment was found to agree with previous assignments.[7,8] Be-
cause of the presence of two different coordinate frames in
one molecule that differ from planarity, two additional sin-
gle-point calculations were carried out using two different
coordinate frames (as described in Figure 3) to calculate the
percentage contribution of the atomic orbital to the MOs.
A table comparing selected bond lengths obtained from the
crystal structure and the gas-phase-optimized geometry is

Table 4. Percentage contributions of atomic orbitals to selected molecular orbitals of (Bu4N)2[MoV
2O4(mnt)2] (1) and (Bu4N)2[MoIVO-

(mnt)MoVI(mnt){o-aminobenzothiolato(3–)-N,S}2] (2), calculated in acetonitrile.

MO 1 2

LUMO+7 Ligand π* + metal dz2 Ligand S π*
LUMO+6 [33% dyz {Mo(1)} + 32% dyz {Mo(2)} + O] π [33% dxz {Mo(1)} +29% dxz {Mo(2)}] π
LUMO+5 [37% dxz {Mo(1)} + 38% dxz {Mo(2)} + O] π [25% dz2 {Mo(2)} + ligand] π*
LUMO+4 [36% dyz {Mo(1)} + 35% dxz {Mo(2)} + O] π [56% dyz {Mo(2)} + Pz (O)] π*
LUMO+3 [32% dxy {Mo(1)} + 32% dxy {Mo(2)} + O] π [20% dxy {Mo(1)} + 12% dxy {Mo(2)}] σ* + ligand π
LUMO+2 (N�C–C=C–C�N) π* of mnt (N�C–C=C–C�N) π* of mnt
LUMO+1 (N�C–C=C–C�N) π* of mnt [38% dxz {Mo(1)} + 14% dxy {Mo(2)}] σ* + ligand π
LUMO [32% dxy {Mo(1)} + 32% dxy {Mo(2)}] σ*+ O π* [50% dyz {Mo(1)} + 9% dxy {Mo(2)}] σ* + ligand π
HOMO (S–C=C–S) π* Sπ of mnt and aminothiophenolate at Mo(1)
HOMO–1 (S–C=C–S) π* (S–C=C–S) π* of mnt + S π of aminothiophenolate at Mo(1)
HOMO–2 [38% dxy {Mo(1)} + 38% dxy {Mo(2)}] σ + O π (S–C=C–S) π* of mnt at Mo(2)
HOMO–3 S π* mnt + O π* of bridge oxido S π of aminothiophenolate at Mo(2)
HOMO–4 S π* of mnt [10% dxy {Mo(1)} + 6% dxz {Mo(1)} + 5% dyz {Mo(1)} + 18% dxy

{Mo(2)}] σ
HOMO–5 S π* of mnt (S–C=C–S) π* of mnt + S π of aminothiophenolate + C=C π* at Mo(1)
HOMO–6 S π* of mnt (S–C=C–S) π* of mnt + S π of aminothiophenolate + C=C π* at Mo(1)
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given as supporting information. The percentage contri-
butions of the atomic orbitals to selected MOs for 1 and 2
are listed in Table 4.

Figure 4. Pictorial representation of the molecular orbitals with
levels energy (kcalmol–1; seven highest-occupied and eight lowest-
unoccupied) of (Bu4N)2[MoV

2O4(mnt)2] (1) (left) and (Bu4N)2-
[MoIVO(mnt)MoVI(mnt){o-aminobenzothiolato(3–)-N,S}2] (2)
(right) calculated in acetonitrile.

Figure 4 shows the frontier orbitals of 1 and 2 that con-
trol the electronic transitions and electrochemical behaviors
of these complexes. The two highest molecular orbitals
(HOMO and HOMO–1) for 1 have a large contribution
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from the π* antibonding orbital of the dithiolene ligands
(mnt). The next lowest lying and deeply buried occupied
orbital (HOMO–2) is formed from a σ-bonding interaction
between the dxy orbitals of two Mo centers (each with 32%)
and the O π orbital of the bridging oxygen atoms. HOMO–
3 to HOMO–6 have only a π orbital contribution from the
S atoms of two dithiolene ligands. The LUMO is formed
from an antibonding interaction between the dxy orbitals of
two Mo centers (38% each) and the O π orbitals of the
bridging oxygen atoms. The next two highest energy virtual
orbitals (LUMO+1 and LUMO+2) have contributions
from the C–CN π antibonding orbital of mnt. The rest of
the metal d orbitals involved in lateral π overlap are empty
and in a high energy state. The Mo–Mo σ bond of most
symmetric dimeric di-µ2-oxido MoV (d1 system) complexes
is formed by the head-on overlap of the dxy orbitals of each
Mo center. This is also the case for complex 1, where the
HOMO–2 and LUMO correspond to the σ bonding and
antibonding molecular orbitals, respectively, and are
formed by the usual overlap of two dxy orbitals from each
metal center.

The situation for 2 is somewhat more complicated be-
cause of its unsymmetrical nature and the fact that the two
metal centers have different geometries. These metals are
bridged by an RN2– anion and hence should have different
bonding. The HOMO, HOMO–1, and HOMO–2 are ligand
(mnt and 2-aminothiophenolate) S π based orbitals, and a
deeply buried HOMO–4 shows the bonding interaction be-
tween the two Mo centers, which originated from the over-
lap of the dxy orbital of Mo(2) (18%) and a mixture of three
d orbitals (dxy, dxz, and dyz) of Mo(1) (8%, 6%, and 5%
respectively; Table 4). The total contribution of the metal d
orbitals is 37%. The higher energy LUMO, LUMO+1, and
LUMO+3 (Figure 4, Table 4) show antibonding interac-
tions with Mo(2) (dxy) and Mo(1) (dxy, dyz, and dxz),
whereas LUMO+2 has a maximum contribution from the
N�C–C=C–C�N π* antibonding orbital. Based on the to-
tal metal contribution to HOMO–4 the extent of bonding
for the σ bond is 37%, and based on the full contribution
of the Mo(2) (dxy) orbital (considering only a σ-bonding
interaction between the two metal centers), the extent of σ-
bonding overlap of the dxy, dyz, and dxz orbitals of Mo(1)
is approximately 50, 25, and 25% respectively.

Cotton and co-workers[18] have established the formation
of a maximum of four M–M bonds (σ, 2π, δ) for any {M2}
unit where both the metal centers contribute atomic orbitals
of the same symmetry to give maximum overlap and form
a particular metal–metal bond, although the possible for-
mation of five M–M bonds has also been reported re-
cently.[19] The formation of an M�M� dative bond with
different orbitals (Mdz2, M�dx2–y2) in heterobimetallic sys-
tems involves the xy-coordination frame of the respective
metal center as orthogonal to each other.[20] The complex
[Mo2(OiPr)4(dmpe)2] is an interesting example with dissimi-
lar coordination of two metal centers.[21] The strength of
the multiple Mo–Mo bonds in this complex is maximum
for a perfectly eclipsed configuration of the basal planes
and tends to zero for a fully staggered configuration. This
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has been related to the extent of π and δ overlap, which is
itself dependent on the twist angle.[22] However, the situa-
tion may differ for a σ bond when the angle between the
basal planes of the two metal centers is about one quarter
of 90°, as we observed for 2. None of the five d orbitals of
a metal center in the {M2} moiety can be transformed to
another center by rotating the coordinate frame by an angle
of one quarter of 90°. This deviation from planarity of the
coordination framework of two metal centers will minimize
the extent of overlap of their respective d orbitals. This devi-
ation is 26.41° for complex 2, which forbids a perfect σ
overlap between the Mo(2) dxy and Mo(1) dxy orbitals.
However, a partial symmetry is allowed for the overlap of
Mo(2) (dxy) and Mo(1) (dxy, dyz, dxz) orbitals for a direct
Mo–Mo interaction where the two bonding electrons come
from Mo(2)IV (MO energy level diagram shown in Fig-
ure 3). The extent of bonding is only about 35% accounted
for by σ donation from a metal d orbital, therefore the Mo–
Mo distance is longer then expected (according to the size
of the bridging atom). This bond also involves some degree
of π interaction, as reflected by the Mo(1)–Nbr bond length
being shorter than Mo(2)–Nbr and high delocalization of
the metal centers with the ligand π orbitals throughout the
molecule. Thus, the interaction of two asymmetric metal
center fragments can be viewed as a donor–acceptor inter-
action where partial σ overlap between one donor and three
acceptor orbitals (or a hybrid of three metal d orbitals) as
well as a π (ligand) donor/acceptor interaction supplement
the resulting bond; this explains the diamagnetism of 2. Un-
der such circumstances, it is difficult to assign the exact oxi-
dation states of the two Mo centers in 2, although assigning
the formal oxidation state of Mo(1) center as +6 and the
Mo(2) center as +4 is a good approximation that solves the
problem of electron bookkeeping and supports the experi-
mental results.

A population analysis (Mulliken and NBO) of the partial
atomic charges for complexes 1 and 2 was carried out using
the same method and basis set. The partial atomic charge
distributions of selected atoms are listed in Table 5. The
overall charge distribution is symmetric in 1 and asymmet-
ric in 2. The atomic charge distribution of the S atoms is
nearly zero for both 1 and 2, and the N and O atoms both

Table 5. Calculated gas-phase Mulliken and NBO atomic charges
of the {Mo2O4S6}2– core of 1 and the {Mo2N2S6O}2– core of 2.

1 2
Atom Mulliken NBO Mulliken NBO

Mo(1) 0.62 1.14 0.13 0.35
Mo(2) 0.62 1.14 0.59 0.96
S1 0.16 –0.09 0.23 –0.01
S2 0.16 –0.09 0.27 0.01
S3 0.16 –0.09 0.19 0.08
S4 0.16 –0.09 0.20 0.06
S5 – – 0.33 0.07
S6 – – 0.34 0.01
O1 –0.44 –0.52 –0.44 –0.49
O2 –0.44 –0.52 – –
N1/O3 –0.62 –0.72 –0.86 –0.58
N2/O4 –0.62 –0.72 –0.83 –0.58
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carry negative charges. The two Mo centers in 1 have the
same positive atomic partial charges whereas the charge dis-
tribution at the two metal centers in 2 is unequal and is
lower than 1 [Mulliken for 2 Mo(1): 0.13, Mo(2): 0.59;
NBO Mo(1): 0.35, Mo(2): 0.96]. Although the formal oxi-
dation state of Mo(2) is +4, which is less than that (+6) of
Mo(1), the Mo(2) center has a greater positive charge. This
may be due to the presence of a highly electron-withdrawing
Mo=O moiety at Mo(2). Similarly, the presence of all-thiol
ligation in Mo(1) clearly reflects the high delocalization of
the ligand π orbitals, which reduces its positive atomic par-
tial charge.

Cyclic Voltammetry

The cyclic voltammograms (CVs) of 1 (Figure 5) and 2
(Figure 6) were recorded in a 10–3  solution in acetonitrile
at 298 K at a scan rate of 100 mVs–1. The potential was
measured using a glassy carbon electrode with Ag/AgCl as
reference electrode with 0.1  tetrabutylammonium per-
chlorate as supporting electrolyte. The CV of 1 shows one
irreversible oxidation at 1.22 V and one quasi-reversible re-
duction at –1.56 V. The CV of 2 shows two irreversible li-
gand oxidations at 0.85 and 1.08 V and a fully reversible
reduction at –1.16 V.

Figure 5. Cyclic voltammogram of (Bu4N)2[MoV
2O4(mnt)2] (1) in

acetonitrile. Scan rate: 100 mVs–1, U stands for voltage.

Figure 6. Cyclic voltammogram of (Bu4N)2[MoIVO(mnt)-
MoVI(mnt){o-aminobenzothiolato(3–)-N,S}2] (2) in acetonitrile.
Scan rate: 100 mVs–1, U stands for voltage.

The CV responses can easily be explained by the nature
of the HOMOs and LUMOs. Thus, the irreversible oxi-
dation of 1 is due to oxidation of the mnt ligand because
the HOMO of 1 is a ligand S π* orbital of mnt. The two
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irreversible oxidations observed for 2 are associated with
two types of ligand oxidation because the HOMO, as the
potential electron donor, is predominately populated by the
S π* orbitals of mnt and the 2-aminothiophenolato ligand.
The quasi-reversible reduction of one of the MoV centers is
viewed as the population of an electron on the LUMO,
which is formed by the antibonding interaction of two
metal dxy orbitals. In the LUMO of 2 the Mo(2) dxz orbital
is predominantly populated and a fully reversible reduction
of MoVI center is possible. This reversibility clearly indi-
cates that the one-electron reduction of 2 does not signifi-
cantly affect the Mo–Mo bond because of the high delocal-
ization by σ donation and π acceptance through the bridg-
ing ligands between the two Mo centers of the respective
fragments and also through the benzene rings of the bridg-
ing ligands. The one-electron reduction of 1 makes this sys-
tem unstable because the addition of this electron to the
σ* antibonding orbital reduces the bond order and directly
affects the Mo–Mo bond. The less negative potential for
reduction of the Mo center of 2 compared to 1 correlates
nicely with the smaller HOMO–LUMO gap found for 2 by
the DFT calculations.

Optical Absorption Spectra

The electronic spectra of complexes 1 and 2 were re-
corded in acetonitrile. Complex 1 shows only one peak at
353 nm, whereas complex 2 shows two peaks at 338 and
439 nm in the UV region. Two other low energy bands ob-
served for 2 in the visible region at around 580 and 648 nm,
with almost equal intensity, are absent in 1. The absorption
spectra of 1 and 2 are shown in Figure 7. The metal-mnt
complexes and the free Na2mnt ligand show an absorption
band at around 364 nm due to an intraligand charge-trans-
fer transition. The electronic spectra of complexes 1 and 2
were also measured in other solvents with different polarit-
ies (dichloromethane and dmf; see electronic supporting in-
formation). No remarkable changes in the position of the
maximum absorption wavelength (λmax), the optical absorp-
tion coefficient, or the overall nature of the absorption spec-
tra of 1 and 2 were observed on changing the solvent po-
larity.

TD-DFT calculations on 1, 2, and the free ligand
[{S2C2(CN)2}2–] were carried out at the G03/B3LYP level
in the gas phase and with a solvent effect (COSMO) on the
gas phase optimized geometry to assign the experimentally
observed low-lying electronic transitions in the visible re-
gion. The time-dependent DFT approach (TD-DFT) is a
rigorous method for calculating vertical electronic exci-
tation spectra. The solvent dielectric constant and radius
were considered as being those of acetonitrile. The free mnt
ion is not soluble in acetonitrile and its experimental spec-
trum was therefore recorded in methanol, thus the solvent
effect was calculated for the solvents acetonitrile and meth-
anol. Singlet excited states were calculated based on the sin-
glet ground-state geometry. The lowest 40 singlet excited
states with oscillator strengths greater than 0.01 (f � 0:01)
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Figure 7. Electronic absorption spectrum of a 5�10–5  solution
of (Bu4N)2[MoV

2O4(mnt)2] (1) and (Bu4N)2[MoIVO (mnt)MoVI

(mnt){o-aminobenzothiolato(3–)-N,S}2] (2) in acetonitrile.

were considered for TD-DFT calculations, and the singlet
excited states were fitted to Gaussian line shapes. The simu-
lated CT spectra were prepared by fitting each excited state
energy to a Gaussian curve with a full-width-at-half-maxi-
mum of 45 nm for complex 1 and 63 nm for complex 2. A
table containing the low-energy excitation wavelengths and
oscillator strengths (OS) for compounds 1, 2, and the free
ligand in the gas phase and in acetonitrile is provided as
supporting information. The computed electronic spectra
of 1 and 2 in the gas phase and in acetonitrile are shown
in Figures 8 and 9 respectively. According to the TD-DFT
calculations the free ligand mnt has only one absorption
band in the visible region at around 427 nm in the gas phase
and around 415 nm in both solvents. The calculated band
in these three different media shows a blue shift with respect
to the experimental value (approx. 364 nm) and this band
is due to the intraligand charge transfer from S–C=C–S π*
(HOMO) to NC–C=C–CN (LUMO) π*.

Figure 8. Computed absorption spectrum of (Bu4N)2[MoV
2O4-

(mnt)2] (1) in the gas phase (solid line) and in acetonitrile (dotted
line).

One intense charge-transfer band was found at 368 nm
in the gas phase and at 370 nm in the solvent phase for
complex 1. The experimentally observed peak at 364 nm
can be assigned as either a ligand S–C=C–S π* (HOMO) to
ligand NC–C=C–CN (LUMO+3) internal charge-transfer
transition or an intraligand charge-transfer transition. An-
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Figure 9. Computed absorption spectrum of (Bu4N)2[MoIVO(mnt)-
MoVI(mnt){o-aminobenzothiolato(3–)-N,S}2] (2) in the gas phase
(solid line) and in acetonitrile (dotted line).

other high energy charge-transfer band was computed in
the lower UV region. This is responsible for the higher en-
ergy transition (λ � 300, experimentally observed) which is
due to an MLCT transition from HOMO–2 to LUMO+6.
Unfortunately, the solvent absorption prevented us from re-
cording the experimental absorption spectrum in the region
below 300 nm.

The single electron in the dxy (MoV) orbital, which is
engaged in metal–metal bond formation, is deeply buried
and does not take part in any electronic transition in the
visible region, although it does appear in the very high en-
ergy region (λ � 300). The other empty d orbitals are highly
destabilized by π interactions and this may be the reason
why 1 does not show any MLCT or LMCT transition in
the 300–1000-nm region.

The most intense absorption bands at 335 nm in the gas
phase and 342 nm in the solvent phase for 2 match well
with the experimentally observed absorption band at
338 nm. This can be assigned as the sum of major overlap-
ping HOMO–2 to LUMO+5 and LUMO+6, HOMO–5 to
LUMO+3, and HOMO–5 to LUMO+3 electronic transi-
tions with ligand S π to metal d orbital charge transfer
character (LMCT). The second LMCT band is at 429 nm
in the gas phase and at 451 nm in the solvent phase in the
visible region, which is compatible with the experimentally
found absorption at 439 nm. There are also some slightly
lower intensity transitions found within �30 nm of the
439 nm band. The experimentally observed band at 439 nm
can therefore be assigned as a multiple LMCT band origi-
nating from different types of ligand S π* antibonding or-
bital to metal antibonding d orbital transitions. Because of
the multiple nature of the charge-transfer transitions ap-
pearing in a very close region, this absorption is broad in
nature and its half width is larger than that of the peak at
338 nm. The two experimentally observed low energy and
less intense peaks around 648 and 580 nm are broad in na-
ture. The calculated absorption peaks found in this region
at three different wavelengths (683, 617, and 549 nm) in the
gas phase are shifted to 705, 636, and 554 nm, respectively,
in the solvent phase and have almost the same intensity.
These three peaks give rise to two absorptions at 683 and
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at 558 nm in the gas phase and at 705 and at 563 nm in the
solvent phase, respectively. Thus, the experimentally found
peak at 580 nm is due to a charge-transfer transition from
two different types of ligand S π* antibonding orbitals to
metal antibonding d orbitals (HOMO to LUMO+1 and
HOMO–1 to LUMO). The peak at 648 nm (experimental)
can be assigned as a ligand S π orbital to metal antibonding
d orbital (HOMO to LUMO) transition. The simulated
spectra of 1 and 2 show a shift of the wavelength of some
charge-transfer bands between the solvent model and the
gas phase, although the experimental absorption spectra re-
corded in solvents with different polarities show no such
shifts.

Conclusions

Most known higher valent (+4, +5, and +6) dimeric Mo
complexes are symmetrical with respect to the two molyb-
denum centers, therefore complex 2 is unique in that it fea-
tures one oxido and one desoxo Mo moiety bridged by a
common ligand that imparts a different coordination
framework around each Mo center. Such structural asym-
metry, the presence of an Mo–Mo bond between the two
Mo centers, extended π delocalization throughout the mole-
cule, the position of the ν(Mo=O) absorption, and a detailed
EPR study support the presence of a mixed-valent
{Mo2(RN)2} unit in 2. The individual Mo centers [Mo(1)
and Mo(2)] in 2 may have nearly +6 and +6 oxidation
states. The redox chemistry observed in the CVs for both 1
and 2 has been correlated with the theoretical results, and
the observed electronic absorption spectra have been ana-
lyzed by TD-DFT calculations. Analysis of the bonding by
DFT calculations has shown a new bonding feature in the
asymmetric dimeric complex 2. The plausibility of a σ-type
overlap involving one d orbital from one metal center and
a hybrid orbital of three d orbitals from the other metal
center in a dimeric molecule has been investigated in a situ-
ation where the deviation of the angle between the respec-
tive basal planes is around 26°. While checking such a pos-
sibility the overlap of one donor metal d orbital and three
acceptor metal d orbitals to form a molybdenum–molybde-
num bond is invoked. The possibility of influencing such
bonding by changing the donor or the acceptor is currently
being explored.

Experimental Section
Starting Materials and Physical Methods: All reactions were carried
out in air and under ambient conditions. Bu4NBr, 2-aminothi-
ophenol, and 2-aminoethanethiol were obtained from Aldrich and
NaCN and ammonium heptamolybdate from S. D. Fine chemicals
Ltd. India. Na2[S2C2(CN)2] (Na2mnt) was prepared according to a
literature method.[12] Solvents and reagents were distilled and dried
by standard procedures. IR spectra were recorded as CsI pellets
with a Bruker Vertex 70 FT-IR spectrophotometer. Elemental
analyses for carbon, hydrogen, nitrogen, and sulfur were obtained
with a Perkin–Elmer 2400 microanalyser. Electronic spectra were
recorded with a Cintra 10 UV/Vis spectrophotometer. Low-tem-
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perature (frozen state, 77 K) EPR spectra were recorded with a
Varian E-109 (X-band) spectrometer in dual cavity mode and the
EPR parameters were calculated from the measured spectra using
DPPH (g = 2.0023) as calibrant. Room-temperature solution spec-
tra were recorded with a Bruker EMX X-band EPR spectrometer
using DPPH (g = 2.0023) as calibrant and the EPR parameters
were calculated using the Bruker WINEPR system. Samples for
room-temperature solution EPR spectra were prepared under ar-
gon and then transferred into a flat quartz cell fitted with a gas-
tight septum. Cyclic voltammetric measurements were performed
with a BASi Epsilon-EC Bioanalytical systems, Inc. instrument.
Cyclic voltammograms of 10–3  acetonitrile solutions of the com-
pounds were recorded with a glassy carbon working electrode and
0.1  Bu4NClO4 as supporting electrolyte; all experiments em-
ployed an Ag/AgCl reference electrode and platinum auxiliary elec-
trode. All electrochemical experiments were performed under argon
at 298 K.

Synthesis of (Bu4N)2[MoIVO(mnt)MoVI(mnt){o-aminobenzothiolato-
(3–)-N,S}2] (2): (Bu4N)2[Mo2O4(mnt)2] (1020 mg, 1 mmol) was dis-
solved in 15 mL of dry acetonitrile and 2-aminothiophenol (2 mL,
2 mmol) was added dropwise with constant stirring, whereupon the
color of the solution changed from yellow to bright green. The
mixture was refluxed for 6–8 h, after which time the color of the
solution had changed to dark green. The reaction mixture was co-
oled to room temperature. A microcrystalline product was isolated
directly from this solution upon addition of 2-propanol and diethyl
ether (840.0 mg 69%). The compound was recrystallized from ace-
tonitrile, 2-propanol and diethyl ether. C52H80Mo2N8OS6

(1217.54): calcd. C 51.53, H, 6.58, N 9.21, S, 15.78; found C 51.48,
H 6.82, N 9.35, S 15.75. FT-IR (CsI): ν̃ = 939 cm–1 (vs, Mo=O).
UV/Vis: λCH2Cl2 (ε) = 338 nm (22659 –1 cm–1), 439 (10819), 586
(3713), 645 (3796).

Reaction of (Bu4N)2[Mo2O4(mnt)2] with HSCH2CH2NH2: (Bu4N)2-
[Mo2O4(mnt)2] (1020 mg, 1 mmol) was dissolved in 15 mL of dry
acetonitrile then a solution of 2-aminoethanethiol (0.16 g, 2 mmol)
in 5 mL of methanol was added with constant starring, whereupon
the color of the solution changed from yellow to dark orange and
finally to brownish green with precipitation of an orange solid. The
reaction mixture was allowed to stand for a few hours to complete
the precipitation and was then filtered. The filtrate was washed
with 2-propanol and finally with diethyl ether and dried under vac-
uum (A; 408 mg, 46%). Addition of 2-propanol and diethyl ether
to the filtrate resulted in the precipitation a dark-green crystalline
product, which was washed with 2-propanol and diethyl ether and
dried under vacuum (B; 134 mg, 48%).

Analysis for A: The analytical and spectrochemical data were iden-
tical to those for [Bu4N]2[MoIVO(mnt)2].[3c]

Analysis for B: The analytical and spectrochemical data were iden-
tical to those for [MoVIO2(SCH2CH2NH2)].[14]

X-ray Structure Determination: Suitable crystals of (Bu4N)2-
[MoIVO(mnt)MoVI(mnt){o-aminobenzothiolato(3–)-N,S}2] (2)
were obtained from the crystallization procedures described in the
synthesis. A single crystal of 2 was glued to a glass fiber and
mounted on a Bruker Smart Apex diffractometer equipped with a
CCD area detector and data were collected using graphite-mono-
chromated Mo-Kα radiation (λ = 0.71069 Å) at low temperature
(100 K). An empirical absorption correction was applied using the
SADABS program. Cell constants were obtained from the least-
squares refinement of three-dimensional centroids by recording
narrow ω rotation frames until completion of almost all reciprocal
space in the stated θ range. The data were collected with SMART
5.628 (Bruker, 2003), and were integrated with the Bruker SAINT
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program. A total of 20591 reflections were collected (θ = 1.91 to
28.41°), of which 14704 reflections were unique {Rint = 0.0320 [I
� 2σ(I)]}. The space group of this compound was determined
based on the lack of systematic absences and intensity statistics.
The structure was solved using SIR97[23] and refined using
SHELXL-97[24] in the space group P1̄. Full-matrix least-squares/
difference Fourier cycles were performed to locate the remaining
non-hydrogen atoms. All non-hydrogen atoms were refined with
anisotropic displacement parameters. The final R factor was 6.81%
(wR2 = 13.30%). Some of carbon atoms of the butyl group of one
of the tetrabutylammonium cation were found to be disordered
over two positions and were refined with the free part instruction
using SHELXL-97. The crystal structure was produced with OR-
TEP.[25] Selected crystallographic data parameters for 2 are listed
in Table 6.

Table 6. Crystallographic data parameters of (Bu4N)2[MoIVO-
(mnt)MoVI(mnt){o-aminobenzothiolato(3–)-N,S}2] (2).

Empirical formula C52H80Mo2N8OS6

Formula weight 1217.54
Crystal system triclinic
Space group P1̄
Temperature [K] 100
Z 2
a [Å] 11.258(5)
b [Å] 12.616(5)
c [Å] 22.559(5)
α [°] 85.984(5)
β [°] 76.962(5)
γ [°] 80.766
V [Å3] 3079(2)
Dcalcd [Mg m–3] 1.313
F(000) 1272
Absorption [mm–1] 0.651
Theta range [°] 1.9–28.41
Reflections collected 20591
Reflections unique 14704
GOF (F2) 0.993
R1

[a] (wR2
[b]) 0.068 (0.1330)

[a] R1 = Σ||Fo| – |Fc||/Σ|Fo|. [b] wR2 = {Σ[w(Fo
2 – Fc

2)2]/Σ[w(Fo
2)2]}1/2.

CCDC-274974 (for 2) contains the supplementary crystallographic
data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Center via
www.ccdc.cam.ac.uk/data_request/cif.

Computational Details: All calculations were performed with the
Gaussian 03 package (revision B.04).[26] Molecular orbitals were
visualized using Gauss View. Geometry optimizations, single point
calculations, and population analysis of the molecular orbitals were
carried out at the density functional theory (DFT) level with
Becke’s three-parameter hybrid exchange functional,[27] the non-lo-
cal correlation provided by the Lee, Yang, and Parr expression, and
the Vosko, Wilk, and Nuair 1980 correlation functional (III) local
(B3LYP) 6-31g*+ basis set[28] were used for H, C, N, O, and S
atoms. The LANL2DZ[29] basis set and LANL2 pseudo-potentials
of Hay and Wadt[30] were used for the Mo atom. The initial geome-
try of the anions of 1 and 2 were taken from the crystal structure[6a]

and each geometry was optimized without any symmetry con-
straints. The initial geometry of the [S2C2(CN)2]2– (mnt2–) was
modeled using the same geometrical parameters as in the Mo com-
plex. The optimized minima were characterized by harmonic vi-
bration frequency calculations where minima have no imaginary
frequency. For the medium effect, additional single-point energy
calculations and time-dependent DFT (TD-DFT) calculations were
carried out on the gas phase optimized geometries with the same

Eur. J. Inorg. Chem. 2007, 5333–5344 © 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 5343

method, same basis set, and the conductor like screening model[31]

(COSMO). The solvent chosen was acetonitrile. The lowest 40 sing-
let excited states were considered for TD-DFT calculations.

Supporting Information (see also the footnote on the first page of
this article): Table showing a comparison of selected bond lengths
obtained from the crystal structure and gas-phase optimized geom-
etry; experimental and computed UV/Vis absorption spectra; the
HOMO and LUMO of [S2C2(CN)2]2–; a table containing low-en-
ergy excitation wavelengths and oscillator strengths (OS) for 1, 2
and [S2C2(CN)2]2–; and EPR spectra.
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