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Abstract: A molybdenum—dithiolene—oxo complex was pre-
pared as a model of some active sites of Mo/W-dependent
enzymes. The ligand, a quinoxaline-pyran-fused dithiolene,
mimics molybdopterin present in these active sites. For the first
time, this type of complex was shown to be active as a catalyst
for the photoreduction of protons with excellent turnover
numbers (500) and good stability in aqueous/organic media
and for the electroreduction of protons in acetonitrile with
remarkable rate constants (1030s™ at —1.3V versus Ag/
AgCl). DFT calculations provided insight into the catalytic
cycle of the reaction, suggesting that the oxo ligand plays a key
role in proton exchange. These results provide a basis to
optimize this new class of Hy,-evolving catalysts.

M olybdenum (Mo) and tungsten (W) are present within the
active sites of many enzymes that catalyze a variety of redox
reactions.!!. One common active site has Mo/W coordinated
to one or two molybdopterin (MPT) ligands (Figure 1). MPT
is a highly unstable tricyclic organic molecule with a fused
pyranopterin system and a dithiolene chelate moiety.
Mimicking sites of this type synthetically has been
challenging. Pioneering investigations were reported by
Holm and co-workers® over 20 years ago and were followed
by others.”! In general, simple dithiolene ligands were used.
However, a report in 2009 used DFT calculations to show that
in order to reproduce the molecular properties of MPT
accurately, a simple dithiolene ligand was not appropriate
even within a pyran ring and that the minimal ligand should
be a fused pyran—tetrahydropyrazine-functionalized dithio-
lene, denoted prz (Figure 1).! Guided by this interesting
study, we report herein the synthesis and characterization of
an original bioinspired Mo complex 1 (Figure 1), using
a quinoxaline—pyran-fused dithiolene ligand qpdt*~ (2;
Figure 1) which is closely related to MPT. It should be
emphasized that the central pyrazine cycle within ligand 2 is
oxidized with regard to the central tetrahydropyrazine cycle

[*] J.-P. Porcher, T. Fogeron, Dr. M. Gomez-Mingot, Dr. Y. Li,
Prof. M. Fontecave
Laboratoire de Chimie des Processus Biologiques
UMR 8229 CNRS, Collége de France, Université Paris 6
11 Place Marcelin Berthelot, 75231 Paris Cedex 05 (France)
E-mail: yun.xu-li@college-de-france.fr

marc.fontecave@college-de-france.fr

Dr. E. Derat, L.-M. Chamoreau
Sorbonne Universités, UPMC Université Paris 6
Institut Parisien de Chimie Moléculaire, UMR 8232 CNRS
4 place Jussieu, 75252 Paris Cedex 5 (France)

(@ Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/anie.201505607.

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

\‘ﬂhiolene

- 2-
e -
N S
0POZ* ! S
HzN)\\N N7 NS S 1l
HHCH

AT (o)
o} ! 7 MO\ |
— S SN
S N
pterin pyran |
N
MPT

1 (BugN),[Mo™VO(qpdt),]

oS
[Nj\)i/s I
N S
N (0] IR i
—
N (©)

prz

Figure 1. The structures of MPT, prz, the Mo" complex (Bu,N);[MoO-
(qpdt),] (1), and the ligand qpdt®™ (2).

in the natural MPT ligand. No such Mo complex has been
reported to date. However, a biomimetic Tp*Mo—pterin—
dithiolene complex (Tp* = tris(3,5-dimethylpyrazolyl)hydro-
borate) has been previously prepared.”!

While Mo- and W-based enzyme active sites are involved
in multielectron/multiproton catalytic processes, very little
has been done to evaluate the potential of synthetic Mo- and
W-dithiolene complexes as catalysts for the reduction of
protons to hydrogen. Mo and W are nonprecious metals,
relatively abundant and much cheaper than platinum.
Although we recently reported the first study on
W-dithiolene catalysts,””! to our knowledge only one Mo-
dithiolene homogeneous complex has been investigated and
shown to display interesting H,-evolving activities.”!
Co-dithiolene complexes have been more extensively studied
as catalysts for proton reduction.®! Herein, we show that
complex 1 is an efficient and stable catalyst for converting
protons into H, through electroreduction or photoreduction.
DFT calculations give interesting insights into the catalytic
cycle.

Owing to the instability of dithiolene derivatives, we chose
to synthesize our ligand in the protected form 3 (Scheme 1).
The tricyclic compound 5 (obtained from 2,3-dichloro-
quinoxaline in two steps with a total yield of 55%)"! was
hydrolyzed under acidic conditions to obtain 6 in excellent
yield. Controlled monobromination of 6 at low temperature
followed by triflation under standard conditions afforded 8.
Next, a double cross-coupling reaction was employed
between 8 and two equivalents of HSCH,CH,CO,Et in the
presence of a palladium catalyst [Pd,(dba);], a phosphine
ligand (Xantphos), and iPr,NEt.'” The reaction afforded
a mixture of products, containing 3 (77 %), along with the
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Scheme 1. Synthesis of 3. Reagents and conditions: i) HCl (1 m), THF,
RT; ii) Br,, CH,Cl,, 0°C; iii) THO, iPr,NEt, CH,Cl,, RT; iv) [Pd,(dba)s]
(5%), Xantphos (10%), HSCH,CH,CO,Et, iPr,NEt, dioxane, 110°C.
Tf,0 =trifluoromethanesulfonic anhydride.

monosubstituted product 9 (8 % ), since vinyl triflate was more
reactive than vinyl bromide. The isolated compound 9 was
then transformed to 3 in 75% yield under the same
conditions. The detailed synthetic procedure is described in
the Supporting Information. Two comparable ligands have
been reported.'' However, the synthetic routes required
several delicate steps with moderate yields, especially for the
pyran-ring-closure step. Furthermore, no Mo/W complex was
reported in these studies.

Compound 3 was treated with tBuOK under anaerobic
conditions to generate the dithiolene ligand qpdt*~ (2). This
ligand was directly reacted with K;Na[MoO,(CN),]-6 H,0O!"!
under alkaline conditions at 45°C for 30 minutes,["” followed
by cation exchange with Bu,NBr, to afford the mononuclear
complex (Bu,N),[Mo"™O(qpdt),] (1) in 67 % yield. As a result
of the sensitivity of the complex to air, solid samples were
kept within an anaerobic box.

Single crystals of 1 were obtained as dark-green plates by
slow diffusion of Et,O into a THF solution of the crude
product in a glove box. An ORTEP diagram of the anionic
component of 1is shown in Figure 2. A summary of the crystal
data collection and refinement parameters are listed in
Table S1 in the Supporting Information.™ Selected intera-
tomic bond lengths and angles are listed in Table S2.
1 crystallizes in the orthorhombic system and the unit cell
includes two mononuclear complexes and four Bu,N* ions.
The Mo'"" cation is pentacoordinated in a S,0 environment
with a distorted square-based pyramidal geometry. The four
dithiolene sulfur atoms originate from two symmetric trans-
oriented qpdt* ligands and the coordination sphere is
completed with one terminal oxo ligand (O1). The Mol
atom is located 0.755(1) A above the average plane defined
by the sulfur atoms S1, S2, S1’, and S2'. The Mo1—0O1 length
(1.694(2) A) and Mo—S lengths (2.388(1) and 2.383(1) A) are
similar to those reported previously for bis(dithiolene)-
Mo'VO complexes.'”! The deviation from 90° or 180° of
bond angles around the Mo atom clearly indicates the
significant distortion of the MoS,O core from square-pyr-
amidal geometry.
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Figure 2. ORTEP diagram of [Mo"YO(qpdt),]>~ with partial atom label-
ing. Unlabeled atoms in the structure are carbon atoms. Thermal
ellipsoids set at 50% probability. Hydrogen atoms and disorder are
omitted for clarity.

Complex 1 is soluble in common solvents, such as THF,
CH;CN, and dimethylformamide (DMF), yielding yellow—
green solutions that are highly sensitive to air. Its UV/Vis
absorption spectrum in CH;CN (Figure S1) shows four
absorption maxima at A=620, 470, 385 and 320 nm with
molar extinction coefficients ¢ =1178, 30320, 15300, and
17400M 'em !, respectively. In the IR spectrum, the v(Mo=
O) stretch at 905 cm™ is similar to the one reported for
[Mo"O(C,S,CO0OMe,),].*! Compound 1 is diamagnetic (as
evidenced by its '"H NMR spectrum; Figure S2). The nega-
tive-ion electrospray mass spectrum in acetonitrile solution
exhibits a peak cluster at m/z =661.95, consistent with the
molecular formula (Figure S3).

Complex 1 was studied for its catalytic light-assisted
proton reduction activity under conditions comparable to
those used in the case of [Mo(bdt),(tBuNC),] (bdt = benzene-
1,2-dithiol).”" Specifically, experiments were carried out in
CH;CN:H,O (1:1) upon irradiation with visible light, using
[Ru(bpy);]*" (bpy=22"-bipyridine) as the photosensitizer
and ascorbic acid (0.1m, pH 4.0) as the sacrificial electron
donor. H, production was monitored by GC analysis. The
reaction rate was greatly dependent on the ratio of [Ru-
(bpy)s]*"/[1] (Figure S4), and a ratio value of 25 was used in
subsequent experiments.

Figure 3 shows the time-dependent formation of H,
during the photoreduction of protons catalyzed by complex
1 (5 um). From these data, we extracted a remarkable initial
turnover frequency (TOF) of 203 h™' with respect to the
catalyst (Figure 3, inset). In the absence of either 1, [Ru-
(bpy)s]**, or ascorbic acid, no H, was detected under the same
conditions. Figure 3 shows that after about 5 h of irradiation,
the rate of hydrogen evolution decreased significantly,
indicating decomposition of at least one system component.
After 15 h of reaction, it was found that addition of a solution
of 1 was unable to restart H, production (Figure S5A). In
contrast, addition of a solution of [Ru(bpy);]*" restored H,
production to a large extent (Figure S5B). This result clearly
shows that the system is mainly limited by the decomposition
of the chromophore, as also observed by others,” and that the
catalyst is relatively stable under these conditions.

The cyclic voltammogram of 1 in CH3;CN displays
a reversible redox couple at —0.19 V versus the Ag/AgCl/
KCl-saturated electrode assigned to the Mo'/Mo" couple,
one irreversible feature characteristic of dithiolene oxidation
(0.62V), and another redox process attributable to the
reduction of Mo" (—2.0 V; Figure S6). The peak current at
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Figure 3. Light-driven hydrogen production in 1:1 H,0:CH;CN
under a N, atmosphere at 20°C. [ascorbic acid]=0.1m (pH 4.0);
[Ru(bpy)s]**/[1]=25; [1]=5 um. Relative error is 10%. Inset: Initial
rate determination. TON =turnover number.

—0.19 V displays a linear relation to the square root of the
scan rate, proving a diffusion-controlled electrochemical
process typical for molecular catalysts (Figure S7). Addition
of increasing amounts of trifluoroacetic acid (TFA) triggers
the appearance of a catalytic wave that grows with an onset
potential at —0.55 V and a half-wave potential of —0.95V,
corresponding to an overpotential of 700 mV"® (Figure 4 A).
A prewave also appears at —0.75 V and shifts towards positive
potentials with constant current intensity with increasing
additions of acid and is assigned to a Mo"/Mo™ transition. A
shift on the peak potential is also observed for the Mo" /Mo"
couple upon addition of TFA (Figure S8A), which can
be reversed upon subsequent neutralization with Et;N
(Figure S8B).

These electrochemical data suggest that a reversible
protonation process greatly facilitates the reduction of 1.
Electrodeposits as potential catalysts are excluded on the
basis of negative standard rinse experiments. Quantitative
analysis of the cyclic voltammograms allowed us to determine
a TOF value of 1030 s ' at —1.3 V versus Ag/AgCl using 0.1m
TFA (Figure S9 and S10). Electrolysis at a controlled poten-
tial (—1.3 V) confirms that the observed current enhance-
ments correspond to the formation of H, (Figure 4 B). Using
100 equivalents of TFA, the current, initially at 6 mA for
about 30 minutes, slowly decayed as a consequence of TFA
consumption. Indeed, addition of TFA (100 equiv) after
1.5 hours restored the current intensity which then again
slowly decayed, illustrating the stability of the catalyst under
these conditions. After a short lag phase of about 5 minutes,
H, production occurred linearly as a function of time. Within
this lag phase, the charge passed through the system
accounted for 2 electrons required to activate the catalyst
prior to H, evolution. Faradic yields after 1.5 h and 3 h were
92% and 86 %, respectively. In the absence of catalyst,
current intensities were below 0.4 mA.

DFT calculations were performed with Turbomole at the
B3LYP-D3/def2-SV(P) level (see the Supporting Informa-
tion) to explore possible reaction pathways for H, evolution
catalyzed by compound 1. This method has already been used
for comparable systems.'”! As shown in Figure S11 and S12,
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Figure 4. A) Cyclic voltammograms of 1 mm of complex 1in 0.1m
tetra-n-butylammonium perchlorate (TBAP) in CH;CN in the presence
of increasing concentrations of TFA (0-125 mm). In all cases, the third
scan is shown. The current of the catalytic wave (half-wave potential
circa —0.95 V) becomes more intense with increasing [TFA]. Scan rate
50 mVs™'; glassy carbon electrode. B) Current passed as a function of
time during electrolysis at —1.3 V of 0.5 mm of complex 1 in the
presence of 50 mm TFA (bottom line). After 1.5 h, a further 50 mm of
TFA (100 equiv) was added (black arrow). Top line: the same experi-
ment in the absence of catalyst. Inset: H, production as a function of
time during electrolysis of 50 mm TFA in the absence (empty squares)
or in the presence (dark squares) of complex 1.

protonation occurs preferentially at one of the N atoms of the
ligand with respect to the oxo group (—27.32 kcalmol ! versus
—12.61 kcalmol ). This reaction facilitates the first one-
electron reduction (—16.49 kcalmol ' versus 5.26 kcalmol ).
The next steps of the process involved protonation at the oxo
group, a second one-electron reduction (slightly more favor-
able than the first), and protonation to generate a hydride
species. Intramolecular protonation of the hydride affords H,
via a localized transition state with a barrier of 20.39 kcal
mol~!. This value is slightly larger than that found for
W-dithiolene complexes.! A catalytic cycle for this process
is shown in Scheme 2.

The photoreduction process was also studied using DFT
calculations combining the [Ru(bpy);]*" photosensitizer (PS)
and the protonated catalyst (Figure S13). After photoexcita-
tion, the PS is in a triplet excited state with one unpaired
electron localized on the d,. orbital of Ru and one unpaired
electron on the m system of the bpy ligand. The protonated
complex 1 can accept electrons onto its LUMO, localized on
the msystem of the dithiolene moieties. DFT calculations
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Scheme 2. Proposed catalytic cycle for proton reduction by complex 1.

showed a spontaneous electron transfer as a result of the
favorable m—m stacking interaction between the two planar
aromatic moieties (bpy and gpdt). After electron transfer, one
electron is found to be on the Mo center (d.. orbital) while
the other one is found on the bpy ligand. The electron transfer
thus occurs first from the metal of the excited [Ru(bpy);]*"*
to the dithiolene ligand on complex 1 (intermolecular metal-
to-ligand charge transfer, MLCT) and then from the ligand to
the Mo atom (intramolecular ligand-to-metal charge transfer,
LMCT).

We have presented herein a novel Mo—oxo complex which
has two dithiolene ligands closely related to the biological
ligand molybdopterin (MPT). The complex is active for the
photocatalytic reduction of protons with excellent turnover
numbers (500) and TOFs (203 h™') and has very good stability
in aqueous/organic media. Complex 1 is also a very good
catalyst for the electroreduction of protons in acetonitrile
with a low onset potential and a remarkable TOF value
(1030s™" at —1.3 V versus Ag/AgCl). Finally, DFT calcula-
tions provided interesting insights into the catalytic cycle of
the reaction, which could serve as a basis for further
improvement of these catalysts. First, calculations showed
that the ligand provides a proton exchange site, namely one
N atom, which facilitates subsequent reductions. Second, they
suggested that the Mo—oxo moiety reacts with two electrons
and two protons to form a reactive hydrido [Mo™OH(H)-
(LH)(L)] intermediate. Thus, the oxo ligand plays a key role
in facilitating protonation of the hydride and in further H,
formation. This complex provides a starting point for further
biomimetic studies through modification of the ligand and the
coordination sphere, leading to the preparation and applica-
tion of more biologically relevant Mo-based catalysts.
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