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ABSTRACT: Four dioxidomolybdenum(VI) complexes of the general
structure [MoO2L2] employing the S,N-bidentate ligands pyrimidine-2-
thiolate (PymS, 1), pyridine-2-thiolate (PyS, 2), 4-methylpyridine-2-
thiolate (4-MePyS, 3) and 6-methylpyridine-2-thiolate (6-MePyS, 4)
were synthesized and characterized by spectroscopic means and single-
crystal X-ray diffraction analysis (2−4). Complexes 1−4 were reacted
with PPh3 and PMe3, respectively, to investigate their oxygen atom
transfer (OAT) reactivity and catalytic applicability. Reduction with PPh3
leads to symmetric molybdenum(V) dimers of the general structure
[Mo2O3L4] (6−9). Kinetic studies showed that the OAT from
[MoO2L2] to PPh3 is 5 times faster for the PymS system than for the
PyS and 4-MePyS systems. The reaction of complexes 1−3 with PMe3
gives stable molybdenum(IV) complexes of the structure
[MoOL2(PMe3)2] (10−12), while reduction of [MoO2(6-MePyS)2] (4) yields [MoO(6-MePyS)2(PMe3)] (13) with only one
PMe3 coordinated to the metal center. The activity of complexes 1−4 in catalytic OAT reactions involving Me2SO and Ph2SO as
oxygen donors and PPh3 as an oxygen acceptor has been investigated to assess the influence of the varied ligand frameworks on the
OAT reaction rates. It was found that [MoO2(PymS)2] (1) and [MoO2(6-MePyS)2] (4) are similarly efficient catalysts, while
complexes 2 and 3 are only moderately active. In the catalytic oxidation of PMe3 with Me2SO, complex 4 is the only efficient catalyst.
Complexes 1−4 were also found to catalytically reduce NO3

− with PPh3, although their reactivity is inhibited by further reduced
species such as NO, as exemplified by the formation of the nitrosyl complex [Mo(NO)(PymS)3] (14), which was identified by
single-crystal X-ray diffraction analysis. Computed ΔG⧧ values for the very first step of the OAT were found to be lower for
complexes 1 and 4 than for 2 and 3, explaining the difference in catalytic reactivity between the two pairs and revealing the
requirement for an electron-deficient ligand system.

■ INTRODUCTION
Molybdenum is the only second-row transition metal that is
required by most living organisms, where it is found as a
mononuclear metal center in the active site of many
enzymes.1,2 With the exception of nitrogenase and related
proteins, the active site of all molybdoenzymes contains a
pyranopterin-dithiolene cofactor in which the metal is
coordinated by the dithiolene moiety.3−6 The dimethyl
sulfoxide reductase (DMSOR) superfamily is structurally and
catalytically the largest and most diverse family of molybdoen-
zymes, and reactions catalyzed by its members frequently
involve oxygen atom transfer (OAT).7−11 With these naturally
occurring systems as inspiration, dioxidomolybdenum(VI)
complexes have been extensively investigated in catalytic
OAT reactions.12−19 Since an aqueous environment has not
been feasible for the majority of those complexes, a widespread
model reaction, which was developed in the 1980s, is the OAT
from Me2SO to PPh3, yielding Me2S and POPh3.

20−22 The
ligands utilized in this model reaction are either dithiolene or
non-dithiolene type systems.23,24 Although bidentate non-
dithiolene ligands with S,N, O,O, or N,O donor sets are

structurally obviously different from the molybdopterin
cofactor present in molybdoenzymes, they were found to be
generally more suitable for molybdenum-catalyzed OAT
reactions.25−32 Even more different tri- and tetradentate
ligands with various donor sets33−40 have been successfully
utilized, with the class of scorpionate ligands being out-
standing.41−48 Furthermore, various theoretical studies have
been performed to assess the influence of the protein
ligand49,50 or charge differences51 and to compare active sites
containing either molybdenum or tungsten.52,53 Apart from
sulfoxides, molybdenum complexes could also be applied in
the deoxygenation of more challenging substrates: nitrate is
reduced by naturally occurring nitrate reductases belonging to
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the DMSOR superfamily and containing molybdenum in their
active site.7 However, artificial systems capable of reducing
nitrate to nitrite remain scarce,54−57 although nitrate
contamination in groundwater associated with the excessive
use of fertilizers and global industrialization is an increasing
problem.58,59 Thus, the development of efficient catalytic
systems is a goal of global interest.
The unsubstituted S,N-bidentate ligands pyridine-2-thiolate

(PyS) and pyrimidine-2-thiolate (PymS) have previously been
used to synthesize dioxidomolybdenum(VI) complexes.31,60−62

In addition to their favorable donor abilities and commercial
availability, a remarkable property of such ligands is the
tautomeric equilibrium between the thiolate and thione forms
depending on the environment, making it a flexible donor
appropriate for catalytic reactions (Figure 1).63 Although the
introduction of substituents is synthetically feasible, substituted
systems are rather scarce and those known in the literature
have been only poorly described.62

Herein, we utilized a series of S,N-bidentate ligands to probe
the influence of electron donation and moderate steric bulk
provided by the ligand framework on the OAT reaction rates: a
weakly donating pyrimidine-2-thiolate (PymS), a more
strongly donating pyridine-2-thiolate (PyS), a similarly
strongly donating 4-methylpyridine-2-thiolate (4-MePyS)
with a methyl group in a position with little steric influence,
a more strongly donating 6-methylpyridine-2-thiolate (6-
MePyS) with a methyl group close to the coordinating
nitrogen atom, and eventually the best donor 6-tert-
butylpyridine-2-thiolate (6-tBuPyS) bearing a sterically de-
manding substituent next to the coordinating nitrogen atom.
We report the preparation and characterization of four

dioxidomolybdenum(VI) complexes employing four of the five
aforementioned S,N-bidentate ligands. The catalytic activity of
these complexes in OAT reactions involving the sulfoxides
Me2SO and Ph2SO as well as the more challenging substrate
NO3

− as oxygen donors and both PPh3 and PMe3 as oxygen
acceptors has been investigated, and intermediate species of
the catalytic cycle have been isolated and characterized.
Experimental results are also supported by DFT calculations.
Eventually, the molecular structures of some unusual by-
products are presented, providing a deeper insight into the
versatility and reactivity of our molybdenum compounds.

■ RESULTS AND DISCUSSION
Synthesis of Dioxidomolybdenum(VI) Complexes.

The molybdenum(VI) compounds [MoO2(PymS)2] (1),

[MoO2(PyS)2] (2), [MoO2(4-MePyS)2] (3), and [MoO2(6-
MeSPy)2] (4) are readily accessible by reaction of MoO2Cl2 or
MoO2Cl2(DMF)2 with 2.1 equiv of the sodium salt of the
respective ligand in acetonitrile for no longer than 1 h (Scheme
1). Presumably due to too much steric hindrance directly next

to the coordinating nitrogen atom, the preparation of a
molybdenum complex employing 6-tBuPyS as a bidentate
ligand has been unsuccessful.64

Similar to a literature procedure,60 complex 1 was
successfully isolated after the reaction of MoO2Cl2 with
Na(PymS) by extraction with acetonitrile and subsequent
precipitation by evaporation and addition of Et2O. Due to its
moderate solubility in acetonitrile, [MoO2(PymS)2] was
isolated as a dark yellow microcrystalline powder in only
72% yield. Interestingly, it shows good solubility in DMSO but
only moderate solubility in THF and chlorinated hydro-
carbons. Although it previously has been claimed that the
literature-known complex 2 is not accessible in pure form by
using MoO2Cl2(DMF)2 as the metal precursor,60 it was
discovered that it is even more suitable than MoO2Cl2: with
MoO2Cl2(DMF)2 as the starting material, compound 2 could
be isolated as ocher crystals in 95% yield, whereas with
MoO2Cl2, the reaction mixture turned red-purple after 10 min
of stirring, which is indicative of dimer formation. In addition,
the presence of the protonated ligand after workup was
revealed by 1H NMR spectroscopy. With regard to ligand
design, a methyl group in the para position of the pyridine ring
does not have any obvious influence on the properties of the
resulting dioxidomolybdenum(VI) compound: the reaction
with 4-MePyS as the ligand proceeds similarly, the workup is
equal, and complex 3 has the same appearance and is accessible
in a yield identical with that of 2. In contrast, a methyl group in
an ortho position seems to have more impact: especially when
the reaction mixture is stirred for longer than 1 h in
acetonitrile, the reaction of MoO2Cl2(DMF)2 with 2.1 equiv
of Na(6-MePyS) is much more prone to formation of 2,2′-
bis(6-methylpyridyl) disulfide, which was confirmed by
comparing 1H NMR data with the literature values.65 Since
an oxidation of sulfide is taking place, some other species must
be reduced: this fairly interesting compound was revealed to be
[{MoO(6-MePyS)(6-MePySH)}2(μ-O)2] (5) (Figure 2) by
single-crystal X-ray diffraction analysis after crystallization from
dichloromethane/heptane. In this molybdenum(V) dimer, the
metal centers are coordinated not only by one oxido, two μ-
oxido, and one monoanionic 6-MePyS in a bidentate fashion
but also by the sulfur of a protonated 6-MePyS. Unfortunately,
it has not been possible to selectively synthesize dimer 5.
Nevertheless, the desired complex 4 was eventually isolated

by evaporation of the solvent after 20 min, subsequent uptake

Figure 1. Pyrimidine- and pyridine-based S,N-bidentate ligands
employed in this work listed in ascending order by electron donation
and steric bulk. The tautomeric equilibrium between the thione and
thiolate forms strongly depends on the environment.63

Scheme 1. Synthesis of Dioxidomolybdenum(VI) complexes
1−4 Employing Four Different S,N-bidentate Ligands
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of the residue in toluene, filtration through Celite to remove
NaCl, evaporation of the filtrate, and washing of the resulting
precipitate with acetonitrile. At 76%, the yield of this reaction
is not as good as with the other pyridine ligands. Complexes 3
and 4 exhibit good solubility and stability in chlorinated
hydrocarbons, THF, toluene, and DMSO and poor solubility
in acetonitrile, diethyl ether, and hydrocarbons. The IR spectra
of complexes 1−4 show two strong bands indicative of
ν(MoO) which are very similar in all compounds: for
complex 1, the ν(MoO) peaks appear at 933 and 897 cm−1,
for complex 2 at 926 and 896 cm−1, for complex 3 at 922 and
894 cm−1, and for complex 4 at 928 and 896 cm−1. These data
are in agreement with the literature values of neutral
dioxidomolybdenum(VI) complexes.31,45,60 Furthermore, 1H
and 13C NMR spectra confirmed the identity and purity of
complexes 1−4. All complexes exclusively form one isomer in
solution as well as in the solid state (vide inf ra).
The crystal structures of complexes 2−4 were determined by

single-crystal X-ray diffraction analysis at 100 K. Complexes 2
and 3 were recrystallized from acetonitrile, whereas single
crystals of 4 were obtained from dichloromethane/heptane at
−37 °C. Molecular views of 2−4 are given in Figure 3, and
selected bond lengths and angles of complexes 1−4 are
compared in Table 1.61 Full crystallographic details such as
structure refinement as well as experimental details are
provided within the Supporting Information.

In complexes 1−4, the molybdenum center is coordinated
by two S,N-bidentate ligands and two oxido ligands in a
distorted-octahedral fashion. As already observed in the room-
temperature structure determination of 2, the complexes
exhibit an S,S-trans configuration with the N atoms in positions
cis to each other.60 The determined Mo−O bond distances fall
in the expected ranges for dioxidomolybdenum(VI) com-
plexes.66 The two Mo−N bonds in 4 are considerably longer
than those in 3, demonstrating the influence of the methyl
group next to the nitrogen, whereas the Mo−S bond distances
are almost identical. Interestingly, ∠S1−Mo1−S2 is greater by
5° in compound 4.
Furthermore, the molecular structure of dimer 5 was

determined by single-crystal X-ray diffraction analysis. A
molecular view of compound 5 is given in Figure 4, and
selected bond lengths and angles are shown in Table 2.
Complex 5 is arranged around a 2-fold rotation axis. To each

Mo atom, an S,N-bidentate ligand is bound with its N atom
trans to the terminal oxido ligand and with its S atom trans to a
bridging oxido ligand. The O atoms as well as the N atoms are
almost eclipsed (O1−Mo1−Mo1′−O1′ 6.42(5)°, N11−
Mo1−Mo1′−N11′ −5.67(4)°). The octahedral environment
of the Mo atom is completed by the S atom of a neutral 6-
methylpyridine-2-thione trans to the other μ-oxido ligand
(O2′−Mo1−S2 161.26(3)°). The orientation of this neutral
ligand is presumably determined by a strong intramolecular
hydrogen bond to a μ-oxido ligand (see Table 2). The least-
squares planes through the ring atoms of the two ligands
enclose an angle of 81.66(6)°. The Mo1−Mo1′ distance lies in
the same range as in literature-known μ-oxido molybdenum-
(V) dimers bearing two parallel oxido ligands and a sulfur- and
nitrogen-rich ligand environment.67−72 On direct comparison
to the Mo1−Mo1′ distance in the structurally most similar
dimers [{MoO(PymS)(Py)}2(μ-O)2]

67 and [{MoO(SPh)-
(mbipy)}2(μ-O)2]

72 (2.577 and 2.584 Å), the metal−metal
bond length of 2.60 Å in 5 is practically identical.

Reduction with PPh3. In order to investigate their
catalytic applicability, the behavior of complexes 1−4 toward
stoichiometric reduction with PPh3 and PMe3 was investigated
in the first place. The reactions of 1 and 2 with PPh3 yielding

Figure 2. Dimeric molybdenum(V) compound [{MoO(6-MePyS)(6-
MePySH)}2(μ-O)2] (5) isolated during attempts to synthesize
[MoO2(6-MePyS)2] (4).

Figure 3. Molecular structures (50% probability thermal ellipsoids) of complexes 2 (top left), 3 (top right), and 4 (bottom) showing the atomic
numbering scheme. H atoms are omitted for clarity.
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the molybdenum(V) dimers [Mo2O3(PymS)4] (6) and
[Mo2O3(PyS)4] (7), respectively, have previously been
described in the literature.60 However, we were unable to
reproduce the reported macroscopic behavior and spectro-
scopic data of the compounds. In our hands, the deep purple
materials obtained after reactions of 1 and 2 as well as of 3 and
4 with 0.6 equiv of PPh3 in acetonitrile were found to be
poorly soluble in any solvent. The purple color73,74 is
nonetheless consistent with the formation of dimers of the
type [Mo2O3L4] (L = PymS (6), PyS (7), 4-MePyS (8), 6-
MePyS (9)), as shown in Scheme 2. This assumption is
particularly supported by IR spectroscopy and also by
elemental analysis and the molecular structure of 8 (vide inf ra).
The low solubility prevented the recording of meaningful 1H

NMR data. This is on the one hand in accordance31,75 yet on
the other hand in contrast to the literature with reported NMR
data for [Mo2O3(PyS)4] (7) in acetone-d6

60 as well as in

chloroform-d.62 Interestingly, the latter gives data identical
with our data for the dioxido compound [MoO2(PyS)2] (2),
which points toward residual 2 in the reported spectra
presumably due to an incomplete reaction. Also IR data are
practically identical with values obtained for 2 in this work.
The IR spectra of products 6−9 show a sharp band
characteristic of ν(MoO) in the region from 947−
930 cm−1, which is consistent with literature values of similar
systems.60,74,76 When the spectra are compared with those of
the corresponding dioxido complexes, an additional band of
weak intensity at ∼440 cm−1 is present in all complexes, which
can be ascribed to δ(Mo−O−Mo).77−79 The asymmetric Mo−
O−Mo stretch, which is usually found at ∼750 cm−1, cannot
be assigned in 6 and 9 due to overlapping with ligand
vibrations, while in dimers 7 and 8, the bands at
775 and 785 cm−1, respectively, can explicitly be ascribed to
ν(Mo−O−Mo).79 When 6−9 are suspended in DMSO-d6,
there are no NMR signals that could be assigned to the
complexes. However, the dimers slowly react back to the
respective dioxidomolybdenum(VI) complexes 1−4 in an
OAT reaction, suggesting that molybdenum(V) dimers might
be catalytically active, which is in accordance with previously
reported results.62 While the reaction is complete for 6 and 7, a
considerable amount does not react back to the respective
molybdenum(VI) compound but remains undissolved as a
black precipitate in case of 8 and 9 after approximately 1 week.
Single crystals of dimer 8 were obtained from a dichloro-

methane reaction solution at rt, and the molecular structure
was determined by a single-crystal X-ray diffraction analysis. A
molecular view is given in Figure 5. Selected bond lengths and
angles along with full crystallographic details such as structure
refinement as well as experimental details are provided within
the Supporting Information.

Table 1. Selected Bond Lengths (Å) and Angles (deg) for Complexes 161 and 2−4

1 2 3 4

Mo1−O1 1.696(5) 1.7053(10) 1.7065(13) 1.7054(12)
Mo1−O2 1.693(5) 1.7116(9) 1.7111(14) 1.7118(12)
Mo1−N11 2.332(5) 2.3085(10) 2.3178(13) 2.3934(13)
Mo1−N21 2.317(5) 2.2938(10) 2.2954(14) 2.3478(12)
Mo1−S1 2.433(2) 2.4435(3) 2.4388(4) 2.4299(5)
Mo1−S2 2.456(2) 2.4538(4) 2.4538(4) 2.4383(5)

∠O1−Mo1−O2 107.3(3) 106.92(5) 106.79(7) 106.57(6)
∠O1−Mo1−N11 156.5(2) 156.45(4) 155.14(6) 153.80(6)
∠O2−Mo1−N21 153.5(2) 156.59(4) 155.87(6) 153.59(5)
∠N11−Mo1−N21 74.8(2) 77.06(4) 79.16(5) 80.10(4)
∠S1−Mo1−S2 146.01(6) 144.523(12) 147.378(15) 152.160(15)

Figure 4. Molecular structure (50% probability thermal ellipsoids) of
dimer 5. With the exception of those involved in hydrogen bonding,
H atoms are omitted for clarity.

Table 2. Selected Bond Lengths (Å) and Information on
Hydrogen Bonds for Complex 5

Mo1−O1 1.6874(10)
Mo1−O2 1.9467(9)
Mo1−O2 1.9638(9)
Mo1−N11 2.3848(11)
Mo1−S1 2.5212(3)
Mo1−S2 2.5622(3)
Mo1−Mo1′ 2.6017(2)
N21−H21 0.88
H21···O2 1.822(4)
N21···O2 2.6725(13)
∠N21−H21···O2 161.8(11)°

Scheme 2. Synthesis of Molybdenum(V) Dimers 6−9 by
Reduction of Complexes 1−4 with 0.5 equiv of PPh3
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Dimer 8 is almost centrosymmetric, with the oxido ligands
in trans positions (Mo1−O1 1.676(6) Å, Mo2−O2 1.689(5)
Å; O1−Mo1····Mo2−O2 178.9(3)°). The two distorted
octahedra are linked by a μ-oxido ligand (O12−Mo1
1.855(4) Å, O12−Mo2 1.851(3) Å; Mo2−O12−Mo1
170.4(3)°). As observed for the unsubstituted62,80 and the
trimethylsilyl-substituted pyridine-2-thiolate complex,74 the
bidentate ligands with the N atoms trans to O12 (O12−
Mo1−N11 154.0(2)°; O12−Mo2−N31 155.7(2)°) show
distinctly shorter distances to the metal center (Mo−N
2.170(6)−2.189(6) Å, Mo−S 2.443(6)−2.451(6) Å vs Mo−
N 2.309(8)−2.295(8) Å, Mo−S 2.501(2)−2.507(2) Å) in
comparison to those trans to the terminal oxido ligands (O1−
Mo1−N21 155.8(3)°, O2−Mo2−N41 156.8(3)°).
UV−Vis Spectroscopy. The kinetics of the stoichiometric

oxygen atom transfer of one oxido ligand of complexes 1−4 to
PPh3 was investigated by UV−vis spectroscopy. The reactions
were carried out in acetonitrile at 25 °C with an excess of PPh3
(50, 100, and 150 equiv) to induce pseudo-first-order
conditions. Screening the reactions with varying excess
amounts of PPh3 allowed the determination of the second-
order rate constants (Table 3). UV−vis spectra with complexes

1−3 exhibit isosbestic points indicating clean OAT reactions
and thus the formation of one distinct species (see Figure
S34). The increase in absorbance at λmax = 495 (1), 502 (2),
and 504 nm (3), respectively, was followed (see Figure 6). By
using the Eyring equation, ΔG⧧ values were determined from
the rate constants k2 at 25 °C (see Table 3).
The reaction rate for [MoO2(PymS)2] (1) was found to be

5 times faster in comparison to 2 and 3 (Table 3). However,
with longer reaction time, a decrease in the absorbance at λmax
= 495 nm is observed, indicating that the reduced complex
reacts further with an excess of PPh3, possibly upon further
reduction or ligand substitution. Such reactivity is not observed
with a smaller excess of PPh3 (<10 equiv) and is not at all
observed with complexes 2 and 3. In contrast, the reaction of
[MoO2(6-MePyS)2] (4) with excess PPh3 does not lead to any
conclusive results: after a solution of 4 is combined with PPh3,
the reaction solution changes immediately from light yellow to
pink within a few seconds and then starts to get pale again,
suggesting a very fast reaction and a further reaction.
Therefore, no rate constant could be determined.

Reduction with PMe3. Reduction of 1−4 with the
electron-rich and sterically less demanding PMe3 in compar-
ison to PPh3

81 led to the monomeric complexes
[MoOL2(PMe3)2] (L = PymS (10), PyS (11), 4-MePyS
(12)) and [MoO(6-MePyS)2(PMe3)] (13), as displayed in
Scheme 3. While the latter 16e− species with one coordinated
PMe3 is quite common,82−85 the formation of the 18e−

complexes with two coordinated PMe3 donors was rather
unexpected. To the best of our knowledge, this behavior of
dioxidomolybdenum(VI) complexes toward PMe3 is unique. It
is mainly explained by the absence of relevant steric hindrance
in the ligand framework.
Complexes 10−13 were prepared by addition of a diluted

PMe3 solution to a solution of [MoO2L2] (1−4) in acetonitrile
a n d / o r d i c h l o r ome t h a n e . A f t e r wo r k u p , t h e
oxidomolybdenum(IV) compounds were isolated as inten-
sively colored powders in very good yield. Using exactly 2
equiv of PMe3 to enforce the formation of the 16e− complex
with only one coordinated PMe3 led to mixtures of
[MoOL2(PMe3)2] and dimeric species, which reveals com-
plexes 10−12 to be the thermodynamically stable products of
the reduction with PMe3. In contrast, for the preparation of
[MoO(6-MePyS)2(PMe3)] (13) in good yield, we found
2.6 equiv of PMe3 to be optimal, as smaller amounts led to
incomplete reactions and greater amounts to side product
formation. Compounds 10−13 are highly soluble in dichloro-

Figure 5. Molecular structure (50% probability thermal ellipsoids) of
complex 8 showing the atomic numbering scheme. Hydrogen atoms
are omitted for clarity.

Table 3. OAT Reaction Rates for Complexes 1−3

complex k2(M
−1 s−1) ΔG⧧ (kJ mol−1)

[MoO2(PymS)2] (1) 0.50 75
[MoO2(PyS)2] (2) 0.11 78
[MoO2(4-MePyS)2] (3) 0.087 79

Figure 6. (left) Determination of kobs at λ = 505 nm and [PPh3] = 10 mmol L−1 for [MoO2(PyS)2] (2). (right) Determination of k2 for
[MoO2(PyS)2] (2).
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methane, THF, and toluene and poorly soluble in diethyl ether
and hydrocarbons. In contrast to 11 and 12, complex 10 is also
quite soluble in acetonitrile. Although they all exhibit high
solubility in chloroform as well, 11 and 12 start to decompose
within a few days and 13 even within 5 h by reacting with the
solvent, whereas 10 is completely stable for 1 week. The IR
spectra of compounds 10−13 show one strong band indicative
of ν(MoO) at ∼940 cm−1. These data are in accordance
with literature values of rather rare oxidomolybdenum(IV)
complexes with a coordinated trimethylphosphine.29,82,86 In
solution, compounds 10−13 exhibit only one isomer as
determined by NMR spectroscopy. Despite the coordination
of two PMe3 groups, the

31P{1H} NMR spectrum of complexes
10−12 shows a sharp singlet (−9.00 ppm for 10, −8.07 ppm
for 11, and −7.86 ppm for 12), which is indicative of highly
symmetric complexes in which the two PMe3 groups are
coordinated opposite to each other. The phosphorus of the
coordinated PMe3 in compound 13 resonates at 8.23 ppm.
This drastic downfield shift in comparison to complexes 10−
12 is explained by a different ligand in the trans position. In the
1H NMR spectrum of complexes 10−12, the protons of the
two coordinated PMe3 groups display a virtual triplet at δ
∼1.25 ppm integrating for 18 protons. In the 13C NMR
spectrum, the carbons of the coordinated PMe3 also give a
triplet. The appearance of these triplets is caused by virtual
coupling: in a three-spin system (PP′H and PP′C), the
observed nucleus appears to be coupled to both of the other
nuclei even though it is only coupled to one of them.87 This
effect is promoted by the strong coupling of the two opposite
phosphorus nuclei. For complex 13, in contrast, a doublet is
observed in the 1H NMR as well as in the 13C NMR spectrum
since there is only one PMe3 group coordinated. The parts of
31P{1H} and 13C NMR spectra of complexes 10−13 that show
the resonances of the coordinated PMe3 are depicted in
Figure 7.

When complexes 10−13 are dissolved in DMSO, the
solutions change from deep orange-brown (10) or green (11−
13) to deep purple (10−12) or deep red (13) within a few
seconds. 1H NMR spectroscopy demonstrates the formation of
the respective dioxidomolybdenum(VI) complexes 1−4 along
with POMe3 and intensively colored intermediate Mo(IV)
and/or Mo(V) species. After 5 h, compounds 10, 11, and 13
are fully converted to the respective dioxidomolybdenum(VI)
complexes and POMe3, resulting in a yellow solution. In case
of [MoO(4-MePyS)2(PMe3)2] (12), a respectable amount
does not react to the respective molybdenum(VI) compound 3
but remains undissolved as a dark green precipitate after a few
days. The findings suggest that complexes 10−13 might be
intermediates in a catalytic OAT reaction between DMSO and
PMe3.
As already mentioned above, [MoO(6-MePyS)2(PMe3)]

(13) is not stable in chloroform, but also [MoO(4-
MePyS)2(PMe3)2] (12) shows some reactivity toward the
solvent. On two occasions, we were able to isolate single
crystals of side products which allowed the determination of
their structures by an X-ray diffraction analysis. In the dimer
[{MoO(4-MePyS)(μ -4 -MePyS)}(μ -O){Mo(4-Me-
PyS)2(PMe3)}] (12a; vide inf ra), which crystallized from
chloroform during an NMR experiment after reaction of
[MoO2(4-MePyS)2] (3) with PMe3, one molybdenum is
formally in oxidation state +V while the other is in the +III
state. It was probably formed due to a lack of PMe3 in the
reaction solution. Similarly, the dimeric complex [{MoO(6-
MePyS)(PMe3)}2(μ-O)2] (13a; vide inf ra) crystallized from
dichloromethane during an NMR experiment after the reaction
of [MoO2(6-MePyS)2] (4) and PMe3. It is a typical
molybdenum(V) dimer with two bridging and two parallel
terminal oxido ligands similar in structure to dimer 5 (vide
supra). It is presumably formed under oxidation of two ligands

Scheme 3. Synthesis of Oxidomolybdenum(IV) Complexes 10−13 by Reduction of 1−4 with 2 and 3 equiv of PMe3,
Respectively

Figure 7. Resonances of coordinated PMe3 in
31P{1H} (left) and 13C (right) NMR spectra of complexes 10−13.
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to the corresponding disulfide, which we observe quite
regularly in decomposed complex solutions.
Single crystals of complexes 10−13 were obtained from

dichloromethane/heptane at −37 °C. Molecular views of
compounds 10−13 are given in Figure 8, and selected bond
lengths and angles are shown in Table 4. Full crystallographic
details such as structure refinement as well as experimental
details are provided within the Supporting Information.
The pentagonal-bipyramidal surrounding of the molybde-

num center in complexes 10−12 consists of two trimethyl-
phosphine ligands as apexes and one oxido ligand and two S,N-
bidentate ligands with rather large Mo−S distances in the
equatorial plane. The Mo−ligand bond distances are almost
identical in all three compounds, and the angles given in Table
4 are fairly similar as well. Until now, more than 10 crystal

structures of mononuclear molybdenum complexes in which
the metal center is coordinated in a pentagonal-bipyramidal
fashion with two trimethylphosphine molecules in trans
positions are known in the literature.88−97 However, there
are none with two bidentate ligands. The distorted-octahedral
surrounding of the molybdenum center in complex 13 consists
of one oxido ligand, one trimethylphosphine, and two
bidentate pyridine-2-thiolate ligands. The Mo−S distance
trans to the oxido ligand (Mo1−S2 2.6557(4) Å) is distinctly
longer than the other (Mo1−S1 2.4386(4) Å), although it is in
the range of the Mo−S distances found in complexes 10−12.
The Mo−P distances are very similar in 10−12 and are
approximately 0.04 Å longer than that in 13. At first glance, a
seven-coordinate complex of the type [MoO(6-Me-
PyS)2(PMe3)2] with 6-MePyS as the ligand seems feasible.

Figure 8. Molecular structures (50% probability thermal ellipsoids) of complexes 10 (top left), 11 (top right), 12 (bottom left), and 13 (bottom
right) showing the atomic numbering scheme. Hydrogen atoms as well as solvent molecules are omitted for clarity.

Table 4. Selected Bond Lengths (Å) and Angles (deg) for Complexes 10−13

10 11 12 13

Mo1−O1 1.7115(13) 1.7190(11) 1.719(3) 1.6832(10)
Mo1−N11 2.2084(17) 2.2228(13) 2.220(4) 2.2122(12)
Mo1−N21 2.2072(16) 2.2234(13) 2.220(4) 2.2131(11)
Mo1−P1 2.5023(5) 2.4910(4) 2.4976(14) 2.4611(4)
Mo1−P2 2.5080(6) 2.4994(4) 2.4933(14)
Mo1−S1 2.6880(5) 2.6906(4) 2.6883(12) 2.4386(4)
Mo1−S2 2.7006(5) 2.6891(4) 2.6929(12) 2.6557(4)

∠N11−Mo1−N21 168.33(6) 165.83(5) 167.33(12) 103.09(4)
∠P1−Mo1−P2 169.654(19) 168.946(14) 171.40(4)
∠O1−Mo1−N11 83.81(7) 82.89(5) 83.73(15) 104.71(5)
∠N11−Mo1−S1 61.11(5) 61.08(4) 61.23(11) 66.79(3)
∠S1−Mo1−S2 70.649(16) 72.219(12) 71.09(3) 94.555(12)
∠S2−Mo1−N21 60.98(5) 61.22(4) 61.06(11) 63.21(3)
∠N21−Mo1−O1 84.51(7) 82.94(5) 83.61(15) 94.38(5)
∠O1−Mo1−S1 144.28(5) 143.79(4) 144.54(12) 107.91(4)
∠O1−Mo1−S2 145.06(5) 143.99(4) 144.37(12) 157.52(4)
∠N11−Mo1−S2 130.63(5) 132.91(4) 131.49(11) 83.33(3)
∠N21−Mo1−S1 130.45(5) 133.06(3) 131.42(11) 157.10(3)
∠N11−Mo1−P1 91.67(5) 90.28(4) 90.59(11) 155.82(3)
∠O1−Mo1−P1 94.53(5) 94.79(4) 94.39(14) 96.56(4)
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However, considering a stepwise introduction of the
phosphine, we assume that rather the attack of a second
PMe3 opposite to the already coordinated PMe3 on the metal
center is not favorable and that one PMe3 is a sufficiently good
donor to create a reasonably stable complex.
Molecular views of complexes 12a and 13a are given in

Figure 9, and selected bond lengths and angles along with
crystallographic details such as structure refinement as well as
experimental details are provided within the Supporting
Information.
The center of complex 12a is built by an almost planar

Mo2OS ring with similar Mo−O (Mo1−O2 1.9554(19) Å,
Mo2−O2 1.9286(19) Å) and Mo−S distances (Mo1−S2
2.4681(9) Å, Mo2−S2 2.4659(9) Å). The two Mo atoms in
different oxidation states (vide supra) show quite different
surroundings: the distorted-octahedral environment around
Mo1 consists of two S atoms of two thiolate ligands in trans
positions (Mo1−S1 2.4587(9) Å; S1−Mo1−S2 151.37(3)°)
and two N atoms of the same thiolate ligands. The Mo−N
bond opposite the terminal oxido ligand (Mo1−
N21 2.370(2) Å, Mo1−O1 1.6995(18) Å; O1−Mo1−N21
148.25(9)°) is distinctly longer than that trans to the μ-oxido
ligand O2 (Mo1−N11 2.269(2) Å; O2−Mo1−N11
152.94(8)°). The other Mo atom exhibits a pentagonal-
bipyramidal surrounding similar to that observed in complex
12 consisting of the μ-thiolate atom S2 and the trimethyl-
phosphine ligand as apexes (Mo2−P1 2.5046(10) Å; S2−
Mo2−P1 172.05(3)°) and one μ-oxido ligand and two N,N-
trans 4-MePyS ligands with rather large Mo−S distances
(Mo2−S3 2.5934(9) Å, Mo2−S4 2.6002(8) Å; S3−Mo2−S4
72.16(3)°) in the equatorial plane. In dimer 13a, the Mo−O
bond lengths in the folded central Mo2O2 ring are in the range
1.971(5)−2.056(5) Å. A 6-MePyS ligand is bound to each Mo
atom with its N atom trans to a μ-oxido ligand (Mo1−N11
2.228(7) Å, O12−Mo1−N11 149.4(3)°; Mo2−N21 2.213(7)
Å, O21−Mo2−N21 148.7(3)°) and with its S atom in a rather
long distance trans to the terminal oxido ligand (Mo1−O1
1.737(13) Å, Mo1−S1 2.639(5) Å, O1−Mo1−S1 148.7(5)°;
Mo2−O2 1.736(13) Å, Mo2−S2 2.665(5) Å, O2−Mo2−S2
149.6(4)°). The coordination sphere of the Mo atoms is
completed by trimethylphosphine ligands trans to the other μ-
oxido ligand (Mo1−P1 2.516(4) Å, O21−Mo1−P1 154.8(4)°;
Mo2−P2 2.515(4) Å, O12−Mo2−P2 152.1(4)°). The

terminal oxido ligands are almost eclipsed (O1−Mo1−Mo2−
O2 1.0(10)°), as seen before in dimer 5 (vide supra).

Catalytic OAT with DMSO. The catalytic OAT reactivity
of complexes 1−4 was probed with DMSO as an oxygen donor
and both PPh3 and PMe3 as oxygen acceptors. The respective
phosphine was used as the limiting factor. The reactions were
performed at 20−22 °C in 0.5 mL of dry, deoxygenated
DMSO-d6 in J. Young NMR tubes to guarantee a water- and
dioxygen-free atmosphere. The catalytic conversion of PPh3 to
POPh3 and the oxidation of PMe3 to POMe3 was followed by
1H NMR spectroscopy. The respective phosphine oxide has
been detected as a single product, which means that the
reaction is completely selective. The results of the catalytic
OAT reactions are shown in Table 5.
With PPh3 as an oxygen acceptor, the reaction proceeds

generally much more quickly than with PMe3. This significant
difference is ascribed to the capability of PMe3 to coordinate to
the molybdenum center to form a stable complex (vide supra).
On consideration of the OAT reaction between DMSO and

Figure 9. Molecular structures (50% probability thermal ellipsoids) of complexes 12a (left) and 13a (right) showing the atomic numbering
scheme. Hydrogen atoms as well as solvent molecules are omitted for clarity.

Table 5. Results of Catalytic OAT Reactions between
DMSO and PPh3 or PMe3

a

cat. cat. loading (mol %) conversion (%) time (h)

PPh3
1 1 100 2.5
1 0.5 100 5
2 5 100 10
2 1 100 48
3 5 100 17
3 1 100 >48
4 1 100 2.5
4 0.5 100 5.5

PMe3
4 5 100 0.5
4 1 100 7

aConditions: DMSO-d6 (0.5 mL), PPh3 (114 μmol) or PMe3 (233
μmol), and catalyst (0.5−5 mol % with regard to PPh3 or PMe3). The
full conversion of PPh3 to POPh3 and PMe3 to POMe3, respectively,
was determined by 1H NMR spectroscopy. All experiments were
performed at least three times. In blank experiments without a metal
complex, no conversion of PPh3 to POPh3 was observed.
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PPh3, the catalytic cycle of which is shown in Figure 10, the
reactivity difference among complexes 1−4 is remarkable, with

1 and 4 exhibiting significantly higher activities in comparison
to 2 and 3 (see Table 5). This finding is in accordance with the
results of the kinetic experiments performed for 1−3,
suggesting that oxygen abstraction by the phosphine might
be the rate-determining step of the reaction. The low
performance of catalyst 2 is consistent with literature
data,31,60 and the similar behavior of complexes 2 and 3
reveals that the methyl group in a para position to nitrogen has
only a slight influence on the reactivity. In contrast, complex 4
with the methyl group in an ortho position is a much more
active catalyst, suggesting that steric hindrance next to a
coordinating atom has a significant effect. From this point of
view, it might be surprising that complexes 1 and 4 are equally
active and even more so as the electronic properties of their
ligand framework seem to be entirely different. However, on a
closer look at the molybdenum−nitrogen bond lengths, it
seems that 6-MePyS is not as tightly coordinated to the
molybdenum center as 4-MePyS (see Table 1), making it a
weaker electron donor than initially assumed. This theory is
assured by the fact that 6-tBuPyS is not even capable of
binding to the metal center with its sterically hindered nitrogen
atom. With the methyl group in this special position, the
electronic properties of 6-MePyS presumably resemble the
character of PymS, which is thought to be a rather weak donor.
Possibly, also the solubilities of the intermediately formed
dimers 6−9, respectively, influence the activity.
For the OAT reaction between DMSO and PMe3, 4 is the

only significantly active catalyst among the investigated
complexes 1−4. With a catalyst loading of 5 mol %, PMe3 is
fully converted to POMe3 in 30 min when complex 4 is used,
while with catalyst 2, the reaction takes 8.5 h and with 1 and 3
several days. Similarly, with a catalyst loading of 1 mol %, PMe3
is fully converted to POMe3 in 7 h by applying catalyst 4 and
with compounds 1−3 the conversion takes more than 2 weeks.
This extremely low reaction rate of the latter results from the
stability of the intermediately formed 18e− complexes 10−12,
which are favorably formed when enough PMe3 is present.
Thus, dissociation of two coordinated PMe3 groups seems to
be the rate-determining step in the catalytic cycle shown in
Figure 11. This step is entirely missing in the OAT reaction
between PPh3 and DMSO, since PPh3 is not capable of
coordination. With catalyst 4, the intermediately formed

compound 13 is only six-coordinate and therefore not as
stable as compounds 10−12, and only one PMe3 has to
decoordinate to enable further reaction. Due to its willingness
to coordinate to a metal center, PMe3 is not a recommended
oxygen acceptor.

Catalytic OAT with Ph2SO. Since PPh3 turned out to be a
suitable oxygen acceptor for catalytic reactions involving
complexes 1−4, two more substrates have been tested. A
similar reactivity could be achieved with diphenyl sulfoxide as
an oxygen donor, demonstrating the applicability of these
complexes for a variety of sulfoxides. With dichloromethane-d2
as solvent, the reactions were again performed under exclusion
of dioxygen using an excess of Ph2SO with regard to PPh3. The
results are shown in Table 6.

Due to only a 10-fold excess of the sulfoxide, the OAT
reactions with Ph2SO take much longer than with DMSO,
which was simultaneously used as a solvent. Under the
conditions applied here, complex 4 is a better catalyst than 1.
Complexes 2 and 3 do not really qualify as active catalysts,
since with a catalyst loading of 10 mol % they both need more
than 24 h for full conversion of PPh3 to POPh3. Full
conversion of PPh3 to POPh3 is also achieved with 1 equiv of
Ph2SO and 1 or 10 mol % catalyst loading, but the reactions
are considerably slower.

Catalytic OAT with Nitrate. After showing that the
deoxygenation of sulfoxides using complexes 1−4 and PPh3 as
an oxygen acceptor is generally possible, we wanted to proceed

Figure 10. Proposed catalytic cycle for the OAT reaction between
DMSO and PPh3.

98

Figure 11. Proposed catalytic cycle for the OAT reaction between
Me2SO and PMe3 catalyzed by complexes 1−3.

Table 6. Results of Catalytic OAT Reactions between
Ph2SO and PPh3

a

cat. cat. loading (mol %) conversion (%) time (h)

1 10 100 7
1 1 85 24
2 10 100 26
3 10 100 39
4 10 100 2.5
4 1 100 16

aConditions: CD2Cl2 (0.6 mL), PPh3 (25 μmol), Ph2SO (250 μmol),
and catalyst (1−10 mol % with regard to PPh3). The conversion of
PPh3 to POPh3 was determined by 31P NMR spectroscopy. All
experiments were performed at least three times. In blank experiments
without a metal complex, no conversion of PPh3 to POPh3 was
observed.
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with the much more challenging and globally interesting
substrate NO3

−.58,59 Since molybdenum complexes capable of
(catalytic) nitrate reduction are rather scarce, the activity of
complexes 1−4 toward tetrabutylammonium nitrate was
explored. The reactions were carried out in dry dichloro-
methane-d2 under exclusion of dioxygen with a catalyst loading
of 10 mol % with regard to both nitrate and PPh3, assuming
that nitrate is fully reduced to N2O via nitrite and NO using
2.5 equiv of PPh3.

56,99 The results are shown in Table 7.
Acetonitrile was also tested as a solvent, but solubility issues
prevented the collection of meaningful data.

As already observed for Me2SO and Ph2SO, complexes 1
and 4 are more efficient catalysts than 2 and 3, confirming the
tendency toward more electron deficient ligand systems. For
full conversion of the dioxido complexes 1−4 to their reduced
molybdenum(IV) counterparts, 4% conversion of PPh3 to
POPh3 would be expected, meaning that the rest of the total
yields of 12−22% of POPh3 given in Table 7 comes from
nitrate, which is reduced to nitrite. However, depending on the
catalyst, the reaction largely stops after 2−6 h and further
oxidation of PPh3 happens very slowly. After the catalyst
solution is added to a solution of nitrate and PPh3, the solution
changes immediately to deep purple (1 and 4) or via red to
deep purple (2 and 3), indicating an OAT from the dioxido
complexes to PPh3. During the reaction with Me2SO or Ph2SO
as oxygen donors, the color stays the same until the end of the
catalysis, while with nitrate, the solution changes to very light
red (1), light yellow (2 and 3), or light orange-red (4) long
before full conversion of PPh3 to POPh3 is reached, which
indicates the formation of one or more species that are no
longer catalytically active. In reaction solutions containing
catalyst 1, single crystals are formed after a few hours in both
dichloromethane and acetonitrile. X-ray diffraction analysis of
these crystals indeed revealed the formation of the highly
interesting nitrosyl complex [Mo(NO)(PymS)3] (14), which
is depicted in Figure 12. The linear bonding of the nitrosyl
ligand in 14 suggests that NO donates one electron to the
metal, making it a molybdenum(II) center coordinated by
three PymS ligands and NO+. The crystals were additionally
characterized by EI-MS with [Mo(NO)(PymS)3]

+ (m/z
461.0) and [Mo(PymS)3]

+ (m/z 431.0) and by IR spectros-
copy showing a strong band at 1665 cm−1, which is
characteristic of ν(NO) in molybdenum complexes
containing a NO+ ligand. Nitrosyl molybdenum(II) complexes
containing a TpAn ligand show a ν(NO) band at 1642−
1676 cm−1, and molybdenum(0) complexes with a coordi-
nated NO+ exhibit similar data.100,101 Due to solubility issues
with both acetonitrile and dichloromethane, no NMR data

could be obtained. Interestingly, the pyridine-2-thiolate
analogue of 14 has already been described solely in a crystal
structure report.102 In addition to this molybdenum(II)
complex with three PymS ligands, a catalytically inactive,
oxidized molybdenum species employing only one PymS must
be formed, which we were unable to identify. Although no
crystals could be obtained from reaction solutions containing
catalysts 2−4, there is presumably a similar situation going on.
Nonetheless, the formation of the nitrosyl complex 14
simultaneously confirms the capability of 1 to reduce nitrate
to nitrite and perhaps even further to NO and the reactivity
toward NO, which inhibits the full conversion of nitrate.
Nitrite and especially NO are capable of oxidizing PPh3 to
POPh3 even without the presence of a catalyst;99 hence, it is
also possible that species generated from this reaction readily
react with the molybdenum catalyst, thus inhibit the reduction
of nitrate to nitrite. The one-electron reduction of nitrite to
NO has also been a problem in an earlier report with the
formation of a dinitrosyl molybdenum complex.56

Theoretical Calculations. The reversible dimer dissocia-
tion shown in Scheme 4 was evaluated by DFT calculations to
elucidate its relevance in the catalytic cycle of OAT reactions.

The free energies ΔGdiss of the dissociation equilibrium in
the gas phase were determined by DFT calculations to assess
the influence of the ligands investigated herein (PymS, PyS, 4-
MePyS, 6-MePyS) on dimerization. The obtained values are
summarized in Table 8.

Table 7. Results of Catalytic OAT Reactions between
[Bu4N][NO3] and PPh3

cat. cat. loading (mol %) conversion (%) time (h)

1 10 22 3
2 10 12 4
3 10 12 5.5
4 10 15 2

aConditions: CD2Cl2 (0.6 mL), PPh3 (62.5 μmol), [Bu4N][NO3]
(25 μmol), and catalyst (2.5 μmol). The conversion of PPh3 to
POPh3 was determined by 1H NMR spectroscopy. All experiments
were performed three times. In blank experiments without a metal
complex, no conversion of PPh3 to POPh3 was observed within 24 h.

Figure 12. Molecular structure (50% probability thermal ellipsoids)
of complex 14 showing the atomic numbering scheme. Hydrogen
atoms as well as solvent molecules are omitted for clarity.

Scheme 4. Reversible Dissociation of the μ-Oxido
Molybdenum(V) Dimer to the Respective Monomeric
Mo(IV) and Mo(VI) Complexes

Table 8. Dissociation Energies ΔGdiss Calculated for Dimers
6−9

dimer ΔGdiss (kJ mol−1)

[Mo2O3(PymS)4] (6) 81.2
[Mo2O3(PyS)4] (7) 84.1
[Mo2O3(4-MePyS)4] (8) 66.5
[Mo2O3(6-MePyS)4] (9) 58.1
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The computed values indicate that dimer formation is highly
favored for all compounds. Due to the calculated dissociation
energy difference of 23 kJ mol−1 between dimers 6 and 9, these
data cannot explain the similar catalytic activities of complexes
1 and 4; thus, dimerization does not seem to play a rate-
determining role in catalytic OAT with our complexes.
Therefore, the first step in the catalytic cycle, namely the

abstraction of one oxygen atom by a phosphine, was
computationally investigated for all complexes 1−4. UV−vis
spectroscopy allowed for the determination of experimental
ΔG⧧ values from the rate constants by using the Eyring
equation for 1−3 (see Table 3), but no data have been
obtained for complex 4. Thus, a complete comparison of the
activation energy values for the oxygen abstraction involving
complexes 1−4 is lacking. The initial step along the reaction
coordinate for OAT to PMe3, which is used for the calculations
instead of the much larger PPh3, involves nucleophilic attack of
the phosphorus atom on one of the symmetry-equivalent oxido
ligands. As the system approaches the transition state, the
affected MoO bond lengthens with a concomitant decrease
in the O−P distance, which is consistent with MoO bond
weakening and nascent O−P bond formation. The O−P bond
length at the transition state in complexes 1 and 4 (2.03 Å) is
slightly longer than in complexes 2 and 3 (2.01 Å), while the
MoO distances are practically identical. The corresponding
reaction coordinate diagram is depicted in Figure 13. Since the
detection of a coordinated OPR3 has so far not been reported
for pyrimidine- or pyridine-2-thiolate systems, it is assumed
that these species are fairly short lived.43,44,103

The computed Gibbs free energy of activation, ΔG⧧, for the
reaction between [MoO2(6-MePyS)2] (4) and PMe3 was
found to be 82.1 kJ mol−1 and therefore 3.9 kJ mol−1 lower
than that for the reaction with [MoO2(PymS)2] (1) (Table 9),
which would imply that 4 is a better catalyst than 1. Under the
conditions chosen for the OAT from Ph2SO to PPh3, the
theoretical results are perfectly reflected by the activity of the
complexes. Under the applied conditions for the reduction of
DMSO, they are equally active, which is mainly due to a huge
excess of DMSO. The calculated ΔG⧧ values for
[MoO2(PyS)2] (2) and [MoO2(4-MePyS)2] (3) are slightly
larger than for 1 and 4, indicating a slower OAT, which is in

good agreement with experimental results. When the
computed values are compared with the experimental ΔG⧧

values for 1−3, it is noticeable that they are of a very similar
magnitude, though the computed barriers seem to be too high
by 11−14 kJ/mol. The difference might arise from the fact that
experimental barriers were obtained using PPh3, while
theoretical data are based on the reaction with PMe3, which
might have a slightly higher barrier. Nonetheless, the trend
upon changing the ligand reflected in both experimental and
theoretical studies suggests that this step is genuinely the rate-
determining step of the catalytic reaction.
For all complexes 1−4, the O−P bond formation is

exergonic, as showcased by negative ΔG° values (Table 9).
It is most exergonic for 1 followed by 4, 2, and 3, which is also
somewhat in accordance with the experimental results. All
values are comparable to recently published data on
scorpionate complexes.51

■ CONCLUSIONS
Herein, the synthesis of four dioxidomolybdenum(VI)
complexes of the general structure [MoO2L2] (1−4) with
S,N-bidentate ligands is reported. They were investigated as
oxygen donors to the common oxygen acceptors PPh3 and
PMe3, respectively. Since PPh3 is not capable of coordinating
to the metal center in our complexes, the formation of
molybdenum(V) dimers 6−9 along with POPh3 was observed.
In contrast, the reaction of PMe3 with 1−4 yielded complexes
10−13 with the molybdenum center in the oxidation state
+IV. While [MoOL2(PMe3)2] (10−12) contain two molecules
of PMe3, complex 13 with the sterically more demanding 6-
MePyS ligand comprises only one phosphine coordinated to
the metal center, which has a significant effect on the reactivity.

Figure 13. Reaction coordinate diagram of the first step of the OAT reaction in the investigated systems.

Table 9. Calculated Energies of the First Step of the OAT
Reaction for Complexes 1−4

cat. ΔG⧧ (kJ mol−1) ΔG° (kJ mol−1)

[MoO2(PymS)2] (1) 86.0 −71.3
[MoO2(PyS)2] (2) 88.9 −64.0
[MoO2(4-MePyS)2] (3) 91.6 −58.3
[MoO2(6-MePyS)2] (4) 82.1 −66.9
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The results of the OAT between PPh3 and Me2SO, Ph2SO,
and nitrate catalyzed by complexes 1−4 suggest that rather
weakly donating ligands have beneficial effects on the reaction
rates. Theoretical calculations confirmed that in the catalytic
OAT reaction between a phosphine and a sulfoxide, the rate-
determining step is the abstraction of an oxygen atom of
complexes 1−4 by PPh3 or PMe3. This step is facilitated by
using a rather electron deficient ligand system, as demonstrated
by a fast OAT with complexes 1 and 4. The pyrimidine-based
ligand PymS is less electron donating in comparison to the
others, while 6-MePyS renders the metal less electron rich,
since longer metal−nitrogen bond lengths are found in 4 due
to steric hindrance provided by the methyl group in an ortho
position. Steric effects are also crucial when it comes to the
OAT reaction between PMe3 and DMSO, since the
coordination of one or even two PMe3 groups leads to
stabilized molybdenum(IV) complexes. Especially 18e−

complexes with the molybdenum center coordinated by two
PMe3 molecules are reluctant to undergo further reaction. In
summary, the reactivity of the dioxidomolybdenum(VI) unit in
pyrimidine- and pyridine-2-thiolate complexes can be fine-
tuned by only small changes in the ligand design. As
exemplified in this work, the positioning of a methyl group
initiates remarkable reactivity differences. Therefore, the
influence of various substituents in different positions ought
to be more intensively investigated in the future.39

Furthermore, our results show that complexes 1−4 are capable
of catalyzing the most challenging step of nitrate reduction:
namely that from nitrate to nitrite. In the catalytic reduction of
nitrate with PPh3, however, there are definitely other
challenges to face in the future.

■ EXPERIMENTAL SECTION
General Considerations. All synthetic manipulations were

performed under a nitrogen atmosphere using standard Schlenk and
glovebox techniques. Solvents were purified via a Pure Solv Solvent
Purification System. Chemicals were purchased from commercial
sources and were used as received or dried under vacuum. The metal
precursor MoO2Cl2 was purchased, whereas MoO2Cl2(DMF)2 was
readily synthesized according to a published procedure.104 All
glassware and Celite were dried at 100 °C prior to use. NMR spectra
were recorded on a Bruker Avance III 300 MHz spectrometer at
22 °C. Chemical shifts δ are given in ppm. 1H NMR spectra are
referenced to residual protons in the solvent and 13C NMR spectra to
the deuterated solvent peak. The multiplicity of peaks is denoted as
singlet (s), doublet (d), triplet (t), doublet of doublets of doublets
(ddd), or multiplet (m). NMR solvents were stored over molecular
sieves. Solid-state IR spectra were measured on a Bruker ALPHA
ATR-FT-IR spectrometer at a resolution of 2 cm−1. The relative
intensity of signals is declared as strong (s), medium (m), weak (w),
and very weak (vw). Elemental analyses (C, H, N, S) were performed
at the Department of Inorganic Chemistry at the University of
Technology in Graz using a Heraeus Vario Elementar automatic
analyzer. Values for elemental analyses are given as percentages.
Ligand Synthesis. The ligand salts Na(PyS) and Na(PymS) were

prepared by deprotonation of commercially available pyridine-2-thiol
and pyrimidine-2-thiol, respectively, with pure NaH in THF. The
ligands 4- and 6-methylpyridine-2-thiol were synthesized from 4- and
6-methylpyridin-2-amine, respectively, according to literature proce-
dures.65,105 The ligand 6-tert-butylpyridine-2-thiol was synthesized by
starting from 3,3-dimethyl-2-butanone and ethyl formate following
published procedures.105,106 All three substituted thiones were then
deprotonated by the same method as that for the unsubstituted
analogue.
Complex Synthesis. In crystalline or microcrystalline form, all

complexes are stable under ambient conditions for at least a few days

but ought to be stored and handled under a nitrogen atmosphere for a
longer period of time. Syntheses and 1H NMR and IR data of
complexes 1, 2, 6, and 7 have been reported previously,60−62,107 but
modified syntheses and full spectroscopic data are provided herein.

[MoO2(PymS)2] (1). A mixture of MoO2Cl2 (597 mg, 3.00 mmol)
and Na(PymS) (805 mg, 6.00 mmol) in 50 mL of MeCN was stirred
for 2 h. The supernatant solution was removed, and the remaining
solid was extracted with 200 mL of MeCN. After reduction of the
volume to approximately 10 mL and subsequent addition of 30 mL of
Et2O, the resulting precipitate was isolated by filtration, subsequently
washed with 8 mL of Et2O, and dried in vacuo to give
[MoO2(PymS)2] (1.01 g, 72%) as a dark yellow microcrystalline
powder. 1H NMR (DMSO-d6, 300 MHz): δ 8.70 (d, J = 4.9 Hz, 4H,
pymH-o), 7.36 (t, J = 4.9 Hz, 2H, pymH-m) ppm. 13C NMR (DMSO-
d6, 75 MHz): δ 167.86 (s, 2C, Cq), 158.56 (s, 4C, pymC-o), 119.14
(s, 2C, pymC-m) ppm. IR (cm−1): 1547 (s), 1427 (m), 1375 (s),
1262 (m), 1254 (m), 1177 (s), 933 (m, MoO), 897 (s, MoO),
821 (m), 800 (m), 762 (m), 748 (s), 653 (s), 474 (m). EI-MS (70
eV) m/z: M+ 352.0.

[MoO2(PyS)2] (2). A solution of Na(PyS) (799 mg, 6.00 mmol) in
20 mL of MeCN was added dropwise to a stirred solution of
MoO2Cl2(DMF)2 (1.04 g, 3.00 mmol) in 10 mL of MeCN. The
resulting yellow mixture was stirred for 45 min, whereupon the
solvent was removed in vacuo. The ocher solid was suspended in
40 mL of CH2Cl2, and the resulting mixture was filtered through
Celite. Thereafter, 20 mL of MeCN was added in order to crystallize
the desired product by slow evaporation. After filtration and drying in
vacuo, [MoO2(PyS)2] (988 mg, 95%) was isolated as ocher crystals
suitable for X-ray diffraction analysis. 1H NMR (CD2Cl2, 300 MHz):
δ 8.47 (ddd, J = 5.4, 1.7, 0.9 Hz, 2H, pyH-o), 7.64 (ddd, 2H, pyH-p),
7.21 (ddd, J = 8.1, 1.0 Hz, 2H, pyH-m), 6.99 (ddd, J = 7.5, 5.4, 1.1
Hz, 2H, pyH-m) ppm. 13C NMR (CD2Cl2, 75 MHz): δ 167.01 (s, 2C,
Cq), 145.63 (s, 2C, pyC-o), 140.74 (s, 2C, pyC-p), 126.22 (s, 2C,
pyC-m), 120.39 (s, 2C, pyC-m) ppm. IR (cm−1): 1580 (s), 1556 (m),
1444 (m), 1422 (s), 1266 (m), 1134 (s), 926 (s, MoO), 894 (s,
MoO), 751 (s), 726 (s), 644 (m), 480 (m), 455 (m). EI-MS (70
eV) m/z: M+ 350.0. Anal. Calcd for C10H8N2O2S2Mo: C, 34.49; H,
2.32; N, 8.04; S, 18.41. Found: C, 34.43; H, 2.34; N, 8.08; S, 18.12.

[MoO2(4-MePyS)2] (3). Na(4-MePyS) (927 mg, 6.30 mmol) was
added portionwise to a stirred solution of MoO2Cl2(DMF)2 (1.04 g,
3.00 mmol) in 30 mL of MeCN. The resulting intense yellow mixture
was stirred for 45 min, whereupon the solvent was removed in vacuo.
The yellow solid was then suspended in 40 mL of CH2Cl2, and the
resulting mixture was filtered through Celite. Thereafter, 20 mL of
MeCN was added to crystallize the desired product by slow
evaporation. After filtration and drying in vacuo, [MoO2(4-
MePyS)2] (1.06 g, 94%) was isolated as an ocher microcrystalline
powder. Single crystals suitable for X-ray diffraction analysis were
obtained from MeCN. 1H NMR (CD2Cl2, 300 MHz): δ 8.29 (ddd,
2H, pyH-o), 7.02 (m, 2H, pyH-m), 6.80 (ddd, J = 5.6, 1.5, 0.6 Hz, 2H,
pyH-m), 2.28 (s, 6H, CH3) ppm. 13C NMR (CD2Cl2, 75 MHz): δ
166.15 (s, 2C, Cq), 153.24 (s, 2C, Cq), 145.00 (s, 2C, pyC-o), 126.50
(s, 2C, pyC-m), 121.63 (s, 2C, pyC-m), 21.86 (s, 2C, CH3) ppm. IR
(cm−1): 2955 (w), 2922 (w), 2852 (w), 1591 (s), 1539 (m), 1462
(m), 1435 (m), 1383 (s), 1271 (s), 1127 (m), 1092 (m), 1012 (m),
922 (s, MoO), 894 (s, MoO), 873 (s), 819 (s), 725 (m), 554
(w), 540 (m), 457 (m), 431 (m). EI-MS (70 eV) m/z: M+ 378.0.
Anal. Calcd for C12H12N2O2S2Mo: C, 38.30; H, 3.21; N, 7.44; S,
17.04. Found: C, 38.05; H, 3.12; N, 7.50; S, 16.64.

[MoO2(6-MePyS)2] (4). Na(6-MePyS) (883 mg, 6.00 mmol) was
added portionwise to a stirred solution of MoO2Cl2(DMF)2 (1.04 g,
3.00 mmol) in 30 mL of MeCN. After 20 min, the solvent was
evaporated in vacuo. The solid was then extracted with 100 mL of
toluene, and the resulting suspension was filtered through Celite,
yielding an orange solution. The solvent was evaporated, and the
resulting solid was washed with 10 mL of MeCN and finally dried in
vacuo to give [MoO2(6-MePyS)2](856 mg, 76%) as an orange
microcrystalline powder. Single crystals suitable for X-ray diffraction
analysis were obtained from CH2Cl2/heptane at −35 °C. 1H NMR
(CD2Cl2, 300 MHz): δ 7.51 (t, J = 7.8 Hz, 2H, pyH-p), 7.03 (d, J =
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7.8 Hz, 2H, pyH-m), 6.85 (d, J = 7.8 Hz, 2H, pyH-m), 2.65 (s, 6H,
CH3) ppm. 13C NMR (CD2Cl2, 75 MHz): δ 166.71 (s, 2C, pyC-o),
158.77 (s, 2C, pyC-o), 139.98 (s, 2C, pyC-p), 122.95 (s, 2C, pyC-m),
121.21 (s, 2C, pyC-m), 24.44 (s, 2C, CH3) ppm. IR (cm−1): 1585
(m), 1557 (m), 1548 (m), 1440 (s), 1372 (m), 1172 (s), 1011 (w),
928 (s, MoO), 896 (s, MoO), 876 (m), 774 (s), 727 (m), 685
(m), 555 (w), 462 (m). EI-MS (70 eV) m/z: M+ 378.1. Anal. Calcd
for C12H12N2O2S2Mo: C, 38.30; H, 3.21; N, 7.44; S, 17.04. Found: C,
38.36; H, 3.35; N, 7.49; S, 16.69.
[Mo2O3L4] (6−9). PPh3 (79 mg, 0.30 mmol) was added to a

suspension of [MoO2L2] (1−4) (0.50 mmol) in 10 mL of MeCN.
The mixture was stirred for 2 h, and the volume of the reaction
mixture was reduced by half before 5 mL of Et2O was added. The
dark precipitate was isolated by filtration, washed with 3 mL of Et2O,
and dried in vacuo.
[Mo2O3(PymS)4] (6). Yield: 159 mg (93%). IR (cm−1): 1567 (m),

1542 (m), 1428 (m), 1366 (s), 1248 (m), 1185 (m), 1173 (m), 1162
(m), 1099 (w), 1067 (w), 947 (s, MoO), 822 (w), 810 (m), 798
(m), 762 (m), 746 (m), 662 (m), 653 (m), 468 (m), 438 (m, Mo−
O−Mo). EI-MS (70 eV) m/z: [MoO2(PymS)2]

+ 351.9, [MoO-
(PymS)2]

+ 335.9.
[Mo2O3(PyS)4] (7). Yield: 154 mg (91%). IR (cm−1): 1579 (s),

1549 (m), 1439 (m), 1417 (s), 1262 (m), 1132 (m), 941 (s, Mo
O), 878 (m), 775 (vw), 752 (s), 726 (s), 651 (m), 643 (m), 539 (w),
481 (m), 457 (m), 437 (m, Mo−O−Mo). EI-MS (70 eV) m/z:
[MoO2(PyS)2]

+ 349.9, [MoO(PyS)2]
+ 333.9.

[Mo2O3(4-MePyS)4] (8). Yield: 182 mg (99%). IR (cm−1): 1595 (s),
1539 (w), 1379 (m), 1268 (m), 1089 (m), 943 (s, MoO), 902 (w),
872 (m), 810 (m), 784 (m), 725 (m), 696 (w), 554 (m), 541 (m),
455 (m), 441 (s, Mo−O−Mo), 428 (m). EI-MS (70 eV) m/z:
[MoO2(4-MePyS)2]

+ 378.0, [MoO(4-MePyS)2]
+ 362.0. Anal. Calcd

for C24H24N4O3S4Mo2: C, 39.13; H, 3.28; N, 7.61; S, 17.41. Found:
C, 39.52; H, 3.17; N, 7.92; S, 15.92.
[Mo2O3(6-MePyS)4] (9). Yield: 184 mg (100%). IR (cm−1): 1582

(m), 1555 (m), 1447 (s), 1430 (s), 1171 (s), 930 (s, MoO), 877
(m), 777 (s), 729 (m), 692 (m), 683 (m), 563 (w), 542 (w), 464
(m), 436 (m, Mo−O−Mo). EI-MS (70 eV) m/z: [MoO2(6-
MePyS)2]

+ 378.0, [MoO(6-MePyS)2]
+ 362.0. Anal. Calcd for

C24H24N4O3S4Mo2: C, 39.13; H, 3.28; N, 7.61; S, 17.41. Found: C,
39.58; H, 2.95; N, 7.44; S, 17.39.
[MoO(PymS)2(PMe3)2] (10). A solution of PMe3 (0.36 mL,

3.50 mmol) in 3 mL of MeCN was added to a stirred suspension
of complex 4 (245 mg, 0.70 mmol) in 6 mL of MeCN. After 2 h, the
volume of the deep orange-brown solution was reduced to
approximately 3 mL. The resulting precipitate was isolated by
filtration, washed with MeCN (2 × 2 mL), and subsequently dried in
vacuo to give [MoO(PymS)2(PMe3)2] (280 mg, 82%) as a dark
brown crystalline powder. 1H NMR (CD2Cl2, 300 MHz): δ 8.56 (d, J
= 3.0 Hz, 4H, pymH-o), 6.66 (t, J = 5.1 Hz, 2H, pymH-m), 1.25 (t,
2JHP = 7.8 Hz, 18H, PCH3) ppm. 13C NMR (CD2Cl2, 75 MHz): δ
176.72 (m, 2C, Cq), 155.50 (bs, 4C, pymC-o), 113.40 (s, 2C, pymC-
m), 14.61 (t, 1JCP = 24.6 Hz, 6C, PCH3) ppm. 31P NMR (CD2Cl2,
121 MHz): δ −9.00 ppm. IR (cm−1): 2971 (w), 2903 (w), 1548 (w),
1532 (m), 1415 (m), 1361 (s), 1282 (m), 1246 (m), 1160 (m), 1086
(m), 1003 (m), 940 (s, MoO), 887 (m), 871 (s), 846 (m), 803
(m), 761 (m), 732 (m), 667 (w), 653 (m), 501 (w), 472 (m). EI-MS
(70 eV) m/z: [M − 2 PMe3]

+ 335.9. Anal. Calcd for
C14H24N4OP2S2Mo: C, 34.57; H, 4.97; N, 11.52; S, 13.18. Found:
C, 34.51; H, 4.68; N, 11.76; S, 13.02.
[MoO(PyS)2(PMe3)2] (11). A solution of PMe3 (0.36 mL,

3.50 mmol) in 3 mL of CH2Cl2 was added to a stirred solution of
1 (244 mg, 0.70 mmol) in 6 mL of CH2Cl2. After 3 h, the solvent was
evaporated. The resulting green solid was washed with MeCN
(2 × 3 mL) and subsequently dried in vacuo to give [MoO-
(PyS)2(PMe3)2] (281 mg, 83%) as a dark green microcrystalline
powder. Single crystals suitable for X-ray diffraction analysis were
obtained from MeCN. 1H NMR (CD2Cl2, 300 MHz): δ 8.73 (ddd, J
= 5.6, 0.7 Hz, 2H, pyH-o), 7.16 (td, J = 7.7, 1.7 Hz, 2H, pyH-p), 6.63
(ddd, J = 7.1, 5.6, 1.2 Hz, 2H, pyH-m), 6.56 (dt, J = 8.0, 1.0 Hz, 2H,
pyH-m), 1.24 (t, 2JHP = 7.7 Hz, 18H, PCH3) ppm. 13C NMR

(CD2Cl2, 75 MHz): δ 170.43 (s, 2C, Cq), 144.97 (s, 2C, pyC-o),
136.07 (s, 2C, pyC-p), 123.67 (s, 2C, pyC-m), 115.18 (s, 2C, pyC-m),
14.52 (t, 1JCP = 23.9 Hz, 6C, PCH3) ppm. 31P NMR (CD2Cl2, 121
MHz): δ −8.07 ppm. IR (cm−1): 3071 (w), 3049 (w), 3027 (w),
2970 (w), 2900 (w), 1571 (m), 1540 (m), 1438 (m), 1416 (m), 1279
(m), 1248 (m), 1139 (m), 1085 (m), 937 (s, MoO), 876 (s), 847
(m), 758 (m), 747 (s), 734 (s), 666 (m), 504 (m), 469 (m). EI-MS
(70 eV) m/z: [M − 2 PMe3]

+3 34.0. Anal. Calcd for
C16H26N2OP2S2Mo: C, 39.67; H, 5.41; N, 5.78; S, 13.24. Found:
C, 39.51; H, 5.14; N, 5.76; S, 12.99.

[MoO(4-MePyS)2(PMe3)2] (12). A solution of PMe3 (0.36 mL,
3.50 mmol) in 3 mL of MeCN was added to a stirred solution of 2
(263 mg, 0.70 mmol) in 4 mL of CH2Cl2 and 2 mL of MeCN. After 3
h, the volume of the now deep green solution was reduced to
approximately 3 mL. The resulting precipitate was isolated by
filtration, washed with 3 mL of MeCN, and subsequently dried in
vacuo to give [MoO(4-MePyS)2(PMe3)2] (359 mg, 100%) as a green
microcrystalline powder. Single crystals suitable for X-ray diffraction
analysis were obtained from CH2Cl2/heptane at −37 °C. 1H NMR
(CD2Cl2, 300 MHz): δ 8.55 (d, J = 5.7 Hz, 2H, pyH-o), 6.49 (dd, J =
5.7, 1.1 Hz, 2H, pyH-m), 6.44 (m, 2H, pyH-m), 2.24 (s, 6H, CH3),
1.23 (t, 2JHP = 7.6 Hz, 18H, PCH3) ppm. 13C NMR (CD2Cl2, 75
MHz): δ 169.74 (s, 2C, SCq), 147.53 (s, 2C, Cq), 144.39 (s, 2C, pyC-
o), 124.17 (s, 2C, pyC-m), 117.10 (s, 2C, pyC-m), 20.98 (s, 2C,
CH3), 14.59 (t, 1JCP = 23.6 Hz, 6C, PCH3) ppm. 31P NMR (CD2Cl2,
121 MHz): δ − 7.86 ppm. IR (cm−1): 3068 (w), 3048 (w), 3012 (w),
2970 (w), 2901 (w), 1588 (m), 1530 (m), 1454 (m), 1412 (m), 1375
(m), 1279 (m), 1223 (m), 1086 (m), 1007 (m), 941 (s, MoO),
885 (s), 873 (s), 846 (m), 813 (s), 730 (m), 700 (w), 668 (m), 563
(w), 472 (m), 444 (m). EI-MS (70 eV) m/z: [M − 2 PMe3]

+ 362.0.
Anal. Calcd for C18H30N2OP2S2Mo: C, 42.19; H, 5.90; N, 5.47; S,
12.51. Found: C, 42.38; H, 5.75; N, 5.40; S, 11.84.

[MoO(6-MePyS)2(PMe3)] (13). A solution of PMe3 (134 μL,
1.30 mmol) in 2 mL of CH2Cl2 was added to a stirred solution of 3
(188 mg, 0.50 mmol) in 8 mL of CH2Cl2. After 1 h, the solvent was
evaporated in vacuo. The resulting green solid was first washed with
3 mL of MeCN and then recrystallized from CH2Cl2/heptane. After
filtration and drying in vacuo, [MoO(6-MePyS)2(PMe3)] (192 mg,
88%) was obtained as a deep blue-green powder. 1H NMR (CD2Cl2,
300 MHz): δ 7.50 (t, J = 7.8 Hz, 1H, pyH-p), 7.02−6.96 (m, 2H,
pyH), 6.77−6.74 (m, 2H, pyH), 6.51 (d, J = 7.9 Hz, 1H, pyH-m),
2.79 (s, 3H, CH3), 2.06 (s, 3H, CH3), 1.46 (d, 2JHP = 9.0 Hz, 9H,
PCH3) ppm. 13C NMR (CD2Cl2, 75 MHz): δ 183.16 (d, pyC-o),
169.21 (d, pyC-o), 159.83 (s, pyC-o), 158.96 (s, pyC-o), 140.28 (s,
pyC-p), 134.35 (s, pyC-p), 125.09 (d, 4JPC = 1.7 Hz, pyC-m), 123.43
(s, pyC-m), 117.98 (s, pyC-m), 117.81 (d, 4JPC = 1.2 Hz, pyC-m),
25.14 (s, CH3), 22.66 (s, CH3), 16.14 (d, 3C,

1JPC = 27.6 Hz, PCH3).
31P NMR (CD2Cl2, 121 MHz): δ 8.23 ppm. IR (cm−1): 3057 (w),
2980 (w), 2955 (w), 2907 (w), 1585 (m), 1578 (m), 1555 (m), 1540
(m), 1438 (m), 1422 (m), 1374 (m), 1300 (w), 1280 (m), 1236 (w),
1168 (m), 1086 (w), 937 (s, MoO), 875 (w), 843 (w), 793 (m),
777 (m), 729 (m), 685 (m), 668 (m), 558 (w), 467 (w). EI-MS (70
eV) m/z: [M − PMe3]

+ 362.1. Anal. Calcd for C15H21N2OPS2Mo: C,
41.29; H, 4.85; N, 6.42; S, 14.69. Found: C, 41.16; H, 4.89; N, 6.60;
S, 14.35.

X-ray Diffraction Analysis. Single-crystal X-ray diffraction
analyses were carried out on a Bruker AXS SMART APEX-II
diffractometer equipped with a CCD detector. All measurements were
performed using monochromatized Mo Kα radiation from an
Incoatec microfocus sealed tube at 100 K. Absorption corrections
were performed semiempirically from equivalents. Molecular
structures were solved by direct methods (SHELXS-97)108 and
refined by full-matrix least-squares techniques against F2 (SHELXL-
2014/6).109 Crystallographic data, figures, and selected geometry
parameters are given in the Supporting Information. CCDC
1998303−1998313 and 2022748 contain supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge
via www.ccdc.cam.ac.uk/data_request/cif.

Catalytic Reactions. All catalytic experiments were performed at
least three times under a nitrogen atmosphere in J. Young NMR tubes
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at 20−22 °C. All manipulations were carried out in a glovebox. In
control experiments using Me2SO, Ph2SO, or [Bu4N][NO3] and PPh3
or PMe3 without a metal complex under identical conditions, no
conversion of the phosphine to the respective phosphine oxide was
observed.
UV−Vis Spectroscopy. UV−vis spectra were recorded on a

Varian Cary 50 spectrophotometer equipped with a VWR thermostat
to control the temperatures of the kinetic studies using the Varian
Cary WinUV software. The kinetic studies were performed at 25 °C
in quartz cuvettes (d = 10 mm), and reaction solutions contained
0.1 mM of complex 1, 2, 3, or 4 and 50, 100, and 150 equiv of PPh3 in
dry MeCN. Solutions were freshly prepared on the day of the
experiments. After the reactions were scanned in the range λ = 600−
300 nm, the progress of the OAT from complexes 1−4 to PPh3 was
followed by monitoring the change in absorbance at λmax of the
reaction product to determine the pseudo-first-order rate constants.
Second-order rate constants k2 were determined from the slope of the
linear regression plots of kobs versus [PPh3]. Each experiment to
determine kobs at a certain PPh3 concentration was independently
performed at least three times.
DFT Calculations. All computations were performed using the

TURBOMOLE 7.3 software package.110 Structure optimizations were
carried out without symmetry restraints utilizing the B3LYP111−115-
D3116 hybrid functional with a def2-TZVPPD basis set.117,118

Thermochemical effects have been calculated with the rigid rotor
harmonic oscillator approximation (RRHO) at 298 K. Instead of the
much larger PPh3, PMe3 was used within the calculations.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c02412.

Full X-ray data, NMR spectra, and UV−vis data (PDF)

Accession Codes
CCDC 1998303−1998313 and 2022748 contain the supple-
mentary crystallographic data for this paper. These data can be
obtained free of charge via www.ccdc.cam.ac.uk/data_request/
cif, or by emailing data_request@ccdc.cam.ac.uk, or by
contacting The Cambridge Crystallographic Data Centre, 12
Union Road, Cambridge CB2 1EZ, UK; fax: +44 1223 336033.

■ AUTHOR INFORMATION
Corresponding Author
Nadia C. Mo ̈sch-Zanetti − Institute of Chemistry, Inorganic
Chemistry, University of Graz, 8010 Graz, Austria;
orcid.org/0000-0002-1349-6725; Email: nadia.moesch@

uni-graz.at

Authors
Madeleine A. Ehweiner − Institute of Chemistry, Inorganic
Chemistry, University of Graz, 8010 Graz, Austria

Fabian Wiedemaier − Institute of Chemistry, Physical and
Theoretical Chemistry, University of Graz, 8010 Graz, Austria

Ferdinand Belaj − Institute of Chemistry, Inorganic Chemistry,
University of Graz, 8010 Graz, Austria

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.inorgchem.0c02412

Author Contributions
The manuscript was written through contributions of all
authors. All authors have given approval to the final version of
the manuscript.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
We especially wish to thank A. Daniel Boese for the permission
to utilize his computational resources and Bernd Werner for
measuring countless NMR samples. Financial support by
NAWI Graz is also gratefully acknowledged.

■ REFERENCES
(1) Molybdenum and Tungsten Enzymes. In Bioinorganic Chemistry,
1st ed.; Hille, R., Schulzke, C., Kirk, M. L., Eds.; Royal Society of
Chemistry: Cambridge, 2017; Metallobiology 6.
(2) Hille, R.; Hall, J.; Basu, P. The mononuclear molybdenum
enzymes. Chem. Rev. 2014, 114, 3963−4038.
(3) Hille, R. Molybdenum and tungsten in biology. Trends Biochem.
Sci. 2002, 27, 360−367.
(4) Basu, P.; Burgmayer, S. J. N. Pterin chemistry and its relationship
to the molybdenum cofactor. Coord. Chem. Rev. 2011, 255, 1016−
1038.
(5) Pushie, M. J.; Cotelesage, J. J.; George, G. N. Molybdenum and
tungsten oxygen transferasesand functional diversity within a
common active site motif. Metallomics 2014, 6, 15−24.
(6) Leimkühler, S.; Wuebbens, M. M.; Rajagopalan, K. V. The
History of the Discovery of the Molybdenum Cofactor and Novel
Aspects of its Biosynthesis in Bacteria. Coord. Chem. Rev. 2011, 255,
1129−1144.
(7) Hille, R. The molybdenum oxotransferases and related enzymes.
Dalton Trans. 2013, 42, 3029−3042.
(8) Magalon, A.; Fedor, J. G.; Walburger, A.; Weiner, J. H.
Molybdenum enzymes in bacteria and their maturation. Coord. Chem.
Rev. 2011, 255, 1159−1178.
(9) Kisker, C.; Schindelin, H.; Baas, D.; Ret́ey, J.; Meckenstock, R.
U.; Kroneck, P. M. H. A structural comparison of molybdenum
cofactor-containing enzymes. FEMS Microbiol. Rev. 1998, 22, 503−
521.
(10) Youngblut, M. D.; Tsai, C.-L.; Clark, I. C.; Carlson, H. K.;
Maglaqui, A. P.; Gau-Pan, P. S.; Redford, S. A.; Wong, A.; Tainer, J.
A.; Coates, J. D. Perchlorate Reductase Is Distinguished by Active Site
Aromatic Gate Residues. J. Biol. Chem. 2016, 291, 9190−9202.
(11) Sun, S.-Q.; Chen, S.-L. How does Mo-dependent perchlorate
reductase work in the decomposition of oxyanions? Dalton Trans.
2019, 48, 5683−5691.
(12) Young, C. G.; Wedd, A. G. Metal chemistry relevant to the
mononuclear molybdenum and tungsten pterin enzymes. Chem.
Commun. 1997, 1251−1257.
(13) Sengar, R. S.; Basu, P. Design, Syntheses, and Characterization
of a Sterically Encumbered Dioxo Molybdenum(VI) Core. Inorg.
Chim. Acta 2007, 360, 2092−2099.
(14) Millar, A. J.; Doonan, C. J.; Smith, P. D.; Nemykin, V. N.; Basu,
P.; Young, C. G. Oxygen atom transfer in models for molybdenum
enzymes: isolation and structural, spectroscopic, and computational
studies of intermediates in oxygen atom transfer from molybdenum-
(VI) to phosphorus(III). Chem. - Eur. J. 2005, 11, 3255−3267.
(15) Oku, H.; Ueyama, N.; Kondo, M.; Nakamura, A. Oxygen atom
transfer systems in which the μ-oxodimolybdenum(V) complex
formation does not occur: syntheses, structures, and reactivities of
monooxomolybdenum(IV) benzenedithiolato complexes as models of
molybdenum oxidoreductases. Inorg. Chem. 1994, 33, 209−216.
(16) Ghosh, A. C.; Samuel, P. P.; Schulzke, C. Synthesis,
characterization and oxygen atom transfer reactivity of a pair of
Mo(IV)O- and Mo(VI)O2-enedithiolate complexes - a look at both
ends of the catalytic transformation. Dalton Trans. 2017, 46, 7523−
7533.
(17) Arzoumanian, H. Molybdenum-oxo chemistry in various
aspects of oxygen atom transfer processes. Coord. Chem. Rev. 1998,
178−180, 191−202.
(18) Basu, P.; Nemykin, V. N.; Sengar, R. S. Substituent effect on
oxygen atom transfer reactivity from oxomolybdenum centers:
synthesis, structure, electrochemistry, and mechanism. Inorg. Chem.
2009, 48, 6303−6313.

Inorganic Chemistry pubs.acs.org/IC Article

https://dx.doi.org/10.1021/acs.inorgchem.0c02412
Inorg. Chem. XXXX, XXX, XXX−XXX

N

https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c02412?goto=supporting-info
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c02412/suppl_file/ic0c02412_si_001.pdf
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:1998303&id=doi:10.1021/acs.inorgchem.0c02412
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:1998313&id=doi:10.1021/acs.inorgchem.0c02412
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:2022748&id=doi:10.1021/acs.inorgchem.0c02412
http://www.ccdc.cam.ac.uk/data_request/cif
http://www.ccdc.cam.ac.uk/data_request/cif
mailto:data_request@ccdc.cam.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nadia+C.+Mo%CC%88sch-Zanetti"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-1349-6725
http://orcid.org/0000-0002-1349-6725
mailto:nadia.moesch@uni-graz.at
mailto:nadia.moesch@uni-graz.at
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Madeleine+A.+Ehweiner"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Fabian+Wiedemaier"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ferdinand+Belaj"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c02412?ref=pdf
https://dx.doi.org/10.1021/cr400443z
https://dx.doi.org/10.1021/cr400443z
https://dx.doi.org/10.1016/S0968-0004(02)02107-2
https://dx.doi.org/10.1016/j.ccr.2011.02.010
https://dx.doi.org/10.1016/j.ccr.2011.02.010
https://dx.doi.org/10.1039/C3MT00177F
https://dx.doi.org/10.1039/C3MT00177F
https://dx.doi.org/10.1039/C3MT00177F
https://dx.doi.org/10.1016/j.ccr.2010.12.003
https://dx.doi.org/10.1016/j.ccr.2010.12.003
https://dx.doi.org/10.1016/j.ccr.2010.12.003
https://dx.doi.org/10.1039/c2dt32376a
https://dx.doi.org/10.1016/j.ccr.2010.12.031
https://dx.doi.org/10.1111/j.1574-6976.1998.tb00384.x
https://dx.doi.org/10.1111/j.1574-6976.1998.tb00384.x
https://dx.doi.org/10.1074/jbc.M116.714618
https://dx.doi.org/10.1074/jbc.M116.714618
https://dx.doi.org/10.1039/C9DT00863B
https://dx.doi.org/10.1039/C9DT00863B
https://dx.doi.org/10.1039/a606660g
https://dx.doi.org/10.1039/a606660g
https://dx.doi.org/10.1016/j.ica.2006.10.041
https://dx.doi.org/10.1016/j.ica.2006.10.041
https://dx.doi.org/10.1002/chem.200401101
https://dx.doi.org/10.1002/chem.200401101
https://dx.doi.org/10.1002/chem.200401101
https://dx.doi.org/10.1002/chem.200401101
https://dx.doi.org/10.1021/ic00080a007
https://dx.doi.org/10.1021/ic00080a007
https://dx.doi.org/10.1021/ic00080a007
https://dx.doi.org/10.1021/ic00080a007
https://dx.doi.org/10.1021/ic00080a007
https://dx.doi.org/10.1039/C7DT01470H
https://dx.doi.org/10.1039/C7DT01470H
https://dx.doi.org/10.1039/C7DT01470H
https://dx.doi.org/10.1039/C7DT01470H
https://dx.doi.org/10.1016/S0010-8545(98)00056-3
https://dx.doi.org/10.1016/S0010-8545(98)00056-3
https://dx.doi.org/10.1021/ic900579s
https://dx.doi.org/10.1021/ic900579s
https://dx.doi.org/10.1021/ic900579s
pubs.acs.org/IC?ref=pdf
https://dx.doi.org/10.1021/acs.inorgchem.0c02412?ref=pdf


(19) Enemark, J. H.; Cooney, J. J. A.; Wang, J.-J.; Holm, R. H.
Synthetic analogues and reaction systems relevant to the molybdenum
and tungsten oxotransferases. Chem. Rev. 2004, 104, 1175−1200.
(20) Reynolds, M. S.; Berg, J. M.; Holm, R. H. Kinetics of oxygen
atom transfer reactions involving oxomolybdenum complexes.
General treatment for reactions with intermediate oxo-bridged
molybdenum(V) dimer formation. Inorg. Chem. 1984, 23, 3057−
3062.
(21) Holm, R. H. Metal-Centered Oxygen Atom Transfer Reactions.
Chem. Rev. 1987, 87, 1401−1449.
(22) Berg, J. M.; Holm, R. H. Model for the active sites of oxo-
transfer molybdoenzymes: reactivity, kinetics, and catalysis. J. Am.
Chem. Soc. 1985, 107, 925−932.
(23) Majumdar, A.; Sarkar, S. Bioinorganic chemistry of
molybdenum and tungsten enzymes: A structural−functional
modeling approach. Coord. Chem. Rev. 2011, 255, 1039−1054.
(24) Majumdar, A. Structural and functional models in molybdenum
and tungsten bioinorganic chemistry: description of selected model
complexes, present scenario and possible future scopes. Dalton Trans.
2014, 43, 8990−9003.
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