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ABSTRACT: The investigation of fundamental properties of low-valent molybdenum complexes bearing anionic ligands is crucial
for elucidating the molybdenum’s role in critical enzymatic systems involved in the transformation of small molecules, including the
nitrogenase’s iron molybdenum cofactor, FeMoco. The f-diketonate ligands in [Mo(acac)s] (acac = acetylacetonate), one of the
earliest low-valent Mo complexes reported, provide a robust anionic platform to stabilize Mo in its +III oxidation state. This complex
played a key role in demonstrating the potential of low-valent molybdenum for small molecule activation, serving as the starting
material for the preparation of the first reported molybdenum dinitrogen complex. Surprisingly however, given this fact and the
widespread use of f-diketonate ligands in coordination chemistry, only a very limited number of low-valent Mo f-diketonate
complexes have been reported. To address this gap, we explored the redox behavior of homoleptic molybdenum tris-$-diketonate
complexes, employing a tertiary butyl substituted diketonate ligand (dipivaloylmethanate, 'diket) to isolate and fully characterize
the corresponding Mo complexes across three consecutive oxidation states (+IV, +III, +II). We observed marked reactivity of the
most reduced congener with heterocumulenes CE, (E = O, S), yet with very distinct outcomes. Specifically, CO, stoichiometrically
carboxylates one of the f-diketonate ligands, while in the presence of excess CS,, catalytic reductive dimerization to tetrathiooxalate
occurs. Through the isolation and characterization of reaction products and intermediates, we demonstrate that the observed reactivity
results from the chemical non-innocence of the f-diketonate ligands, which facilitates the formation of a common ligand-bound
intermediate, ®*Mo(II)-CE; (E = O, S). The stability of this proposed intermediate dictates the specific reduction products observed,
highlighting the relevance of the chemically non-innocent nature of S-diketonate ligands.

INTRODUCTION CO,, dianionic molybdenum carbonyl- (M>[Mo(CO)s] (M = Li,
Na, K)) as well as phosphine-supported complexes (e.g.
cis[Mo(N2)»(PMe3)s]) were notably found to enable the
stoichiometric reductive disproportionation of CO; to carbonate
(COs*) and metal-bound CO,?"* while on the other hand, the
reverse comproportionation reaction of Mo-bound CO and
COs? is catalyzed by a bisphosphine supported Mo complex.*
Recently, the electrocatalytic reduction of CO,to CO mediated
by [Mo(CO)s]*' and later on by bipyridine (bpy) supported
molybdenum carbonyl complexes (e.g. [Mo(bpy)(CO)]?,
[Mo(n3-allyl)(NCS)(bpy)(CO),]*) has been investigated.
Reactivity studies of related Mo complexes were extended to
the coupling of CO, with ethylene under formation of acrylic
acid.3*3¢ Bisphosphine-arene complexes were employed as a
platform to study the Fischer-Tropsch related reductive
coupling of CO to multi-carbon products.*”**

Molybdenum (Mo) plays a central role in a variety of enzymatic
systems involved in the conversion of small molecules,
particularly within the iron-molybdenum cofactor (FeMoco) of
nitrogenases, and within the active site of nitrate reductase,
formate dehydrogenase, carbon monoxide dehydrogenase, and
sulfite oxidase enzymes.!”* Most of these enzymatic systems
operate in the higher oxidation states of Mo (+IV to +VI), and
the coordination chemistry as well as the corresponding
reactivities of high oxidation state Mo complexes have been
extensively studied,’'* and applied for the design of bioinspired
electrocatalysts.'* ° In this context, the redox non-innocence of
the molybdopterin ligand plays a key role to stabilize both high
and low-valent forms of the complex'® and enable complex,
multi-electron transformations.

The preparation and reactivity of low-valent molybdenum

compounds (+III and lower) has been comparatively low-valent o complex | o\ pR, 7 N N
underexplored, despite promising activities in a multitude of ! =N N=
reductive transformations. Pioneering studies demonstrated the ,\O"'[ o] common: neutral, 7-back bonding ligands.
ability of tris(amide) supported Mo(IIl) complexes to promote o rare: anionic ligands.
dinitrogen activation and reduction.!”!® Pincer ligands were supported by mono-
most widely employed for stabilizing low-valent oxidation or multidentate NR; 'OR "R

ligands. this work

states of Mo and the corresponding complexes were exploited
as catalysts for hydrogenation of alkynes' and nitriles,”
dinitrogen reduction,?'? olefin isomerization,”* and CO»
reduction, 2>? among others. In the context of reactivity with

Scheme 1. Coordination of neutral vs. anionic ligands in
low-valent molybdenum complexes.
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In most of these examples, strong m-acceptor ligands such as
CO and phosphines were used to stabilize Mo in its lower
oxidation states, yet also decreasing its overall reducing power.
Surprisingly, the reactivity of octahedral low-valent Mo
complexes with CO; and small molecules in the absence of such
strong m-acidic ligands, of high relevance to better understand
and replicate the activity of Mo-based enzymatic systems,** has
not been extensively documented (Scheme 1).

Our group has recently focused on using [-diketonate
supported Mo compounds as a platform to investigate the
fundamental chemistry of mid- to low-valent , octahedral Mo
complexes,*’ building on the early report of one of the simplest
homoleptic Mo(III) complexes, [Mo™(Mediket);] (M*Mo(IIL))
(Mediket = acetylacetonate), first prepared in the 1960s.*!
Compared to the generally well-explored chemistry of
transition metal complexes supported by [S-diketonate ligands,
MeMo(III) so far did not attract a lot of attention in literature.
However, it played a key role in establishing the potential of
low-valent molybdenum for small molecule activation by
serving as the starting material for the preparation of the first
reported molybdenum dinitrogen complex.** Interestingly,
despite the recent observation of the redox non-innocence of
B-diketonate ligands in chromium diketonate derivatives,* 46
the use of f-diketonate ligands to facilitate electron transfer
through non-innocent behavior, has not been extensively
explored.

In the present work, we have explored the chemical and
electrochemical properties of a series of homoleptic Mo
B-diketonate complexes, [Mo(*diket); (R = Me (MMo(I1I)),
R = Bu ("B*"Mo(I1I)) in oxidation states +IV, +III and +II (z =
+1, 0, -1). The latter constitutes a very rare example of a formal

Mo(II) complex uniquely supported by anionic ligands. This
highly reduced complex exhibits reactivity towards both CO,
and CS, yet with a very distinct outcome: it undergoes
exclusively a stoichiometric reaction with CO,, whereas it
catalytically promotes the reduction of CS,, selectively yielding
tetrathiooxalate. Based on the isolation of reaction
intermediates using the more soluble B'diket ligand, we propose
a reaction mechanism involving the (dithio)carboxylation of
one of the diketonate ligands, demonstrating that S-diketonate
ligands can exhibit both redox and chemical non-innocence.

RESULTS AND DISCUSSION

We developed here a simple, multigram scale synthesis of
[Mo(Mediket);] (MMo(I1I)), inspired by reported syntheses,*!*’
in two steps from inexpensive ammonium molybdate and under
exclusively aqueous conditions (see Figure la and SI
Section 2.1.1 for details). Analytical data (elemental analysis,
UV-Vis, magnetic susceptibility) of the obtained brown-purple
crystalline solid matches previous literature reports.*® In
addition, we noted that despite its paramagnetism, M*Mo(III)
can be easily characterized by 'H NMR (e.g. in MeCN-d;),
displaying two signals with relative integral intensities of 6:1 at
6 =126.6 ppm (CHs) and 41.3 ppm (CH) respectively (see SI
Figure S16). The cyclic voltammetry (CV) of M*Mo(III)
(Figure 2, see SI Figure S50-S52 for details) displays two
reversible redox waves at Ei, =-2.09 V and E, =-0.21 V (all
potentials are given vs. [Fe'Cp,)/[Fe"'Cp.]* (Fc/Fc*), unless
otherwise noted), which were assigned to the one electron
reduction- and oxidation of M*Mo(IIl) to the corresponding
homoleptic Mo(II) and Mo(IV) complexes, respectively.
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Figure 1. a.) Synthesis of M*Mo(I1I) followed by its oxidation (right arrow) and reduction (left arrow), respectively. b.) Corresponding
solid state structures. Thermal ellipsoids at 50% probability level are shown, co-crystallized solvent and hydrogen atoms were removed for

clarity.
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Figure2. CV of [Mo(Mediket);s] (1 mM) in TBAPF¢/MeCN
(0.1 M) at a scan rate of v =100 mV-s!.

The reversibility of the redox waves in the CV studies prompted
us to isolate the oxidized and reduced complexes by chemical
means. Oxidation of M*Mo(III) with either [Fe"'Cp,][PFs] or
AgPF; afforded a dark red crystalline solid. Single crystal X-
ray diffraction (XRD) analysis confirmed the successful
oxidation to the expected product [Mo(Mediket);]PFs
(M*Mo(IV), Figure 1b and SI Section S4) and the CV of
MeMo(IV) results in an identical trace as for M*Mo(I1I) (see SI
Section S2.2 for details on synthesis and analytical data, and
Figure S54 for CV). On the other hand, the reduction of

MeMo(III) with several alkali-metal based reducing agents (Na-
naphthalene, K-naphthalene, KCs) afforded blue to green
precipitates with very limited solubility and stability. Elemental
analysis suggested formulations of reduced products in between
M[Mo(Mdiket);] (with M = Na" or K*) and [Mo(M°diket)] of
which the latter is known for its chromium analogue
[Cr(Mediket),].* Dissolving the solids obtained after reduction
in neat pyridine (Py), or alternatively, conducting the reduction
in pyridine as solvent, resulted in an abrupt color change to deep
purple. Slow diffusion of either diethyl ether or "pentane led to
the precipitation of a crystalline solid, which was identified as
trans-[Mo(Mediket)2(py)2] (MMo(ID)(py)2), further confirming
the +II formal oxidation state of the reduced complex
(Figure 1). The same reactivity was observed with neat triethyl
phosphine (PEts), affording purple crystals of trans-
[Mo(Mediket),(PEt3)2] (M*Mo(II)(PEt;),) (see SI Section 2.4 for
details on synthesis and analytical data).

Aiming at increasing the solubility of the complexes in apolar
solvents, we carried out an analogous set of reactions with the
2,2,6,6-tetramethylheptadionate (®'diket) ligand, where both
terminal methyl groups are permethylated. The homoleptic
Mo(1II) complex [Mo(®diket);] (B"Mo(I1I)) was prepared by
an alternative synthetic route, from [Mo(CO)s] and excess
ligand in refluxing toluene, due to the complete immiscibility
of ®udiketH with aqueous solutions (see Figure 3a and SI
Section S2.1.2). After recrystallization, ®*Mo(I1I) was isolated
with a yield of 59% and its identity was confirmed by standard
analytical methods (elemental analysis, single crystal XRD). In
the '"H NMR spectrum of ®*Mo(IIl) (in benzene-ds), the
methine protons (CH) of the ligand backbone appear at a similar
chemical shift (§ = 44.1 ppm) as for M*Mo(III), whereas the
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Figure 3. a.) Synthesis of B*Mo(III) followed by its oxidation and reduction, respectively. b.) Corresponding solid state structures. Thermal
ellipsoids at 50% probability level are shown, co-crys- tallized solvent and hydrogen atoms were removed for clarity.
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protons of the ‘Bu groups show up at § = 7.0 ppm (br) (see SI
Figure S17-S18). ®"Mo(Ill) displays a similar CV as
MeMo(III) with two reversible redox waves, yet shifted
cathodically by 0.2V, in line with the stronger o-donating
nature of the ‘Bu groups (Figure 4 and SI Figure S55-S57).
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Figure 4. CV of [Mo(*Bdiket);] (B"Mo(III)) (1 mM, solid line)
and [Mo(Mediket)s] (1 mM, dashed line) in TBAPFs/MeCN (0.1 M)
at a scan rate of v =100 mV-s!.

In analogy to the synthetic routes described above for
MeMo(III), we were able to synthesize both the oxidized
Mo(I1V) complex [Mo(®Udiket);]PFs (®B"Mo(IV)), and the
reduced Mo(Il) complex K[Mo(®'diket);] ("B"Mo(Il))
(Figure 2).

BuMo(II) was isolated as a dark green crystalline solid, soluble
in most common organic solvents including ethers and alkanes.
Its "H NMR spectrum shows multiple broad signals in the range
of -5 - 13 ppm and its magnetic moment was determined to be
Uerr=2.70 B.M., suggesting an overall S=1 spin state (see SI
Figure S33). X-ray diffraction analysis revealed the solid-state
structure displayed in Figure 3: the Mo-center is surrounded by
three " diket ligands and the presence of one potassium cation
per Mo suggests the formation of an anionic Mo(II) complex.
In combination with elemental analysis, the obtained product
can thus be described as K[Mo(®'diket);] (B"Mo(Il)).
Interestingly, the potassium counter cation is strongly bound to
the oxygen atoms of a distorted ®diket ligand, and could not be
displaced upon addition of crown ethers, while addition of
[2,2,2]-cryptand did not afford any crystalline material suitable
for X-ray diffraction studies (see SI Section S4 for solid state
structures involving 15-crown-5 and 18-crown-6). The use of
Na-based reducing agents did not lead to clean reductions and
isolation of the reduced complex, highlighting the important
role of the alkali counter cation.

To the best of our knowledge, ®*Mo(II) only represents the
second report of a divalent Mo complex bearing only anionic
ligands that do not display a strong m-accepting character.*
However, the solid state structure of ®'Mo(II) (Figure 3b)
reveals that one of the 'diket ligands changed its binding mode
upon reduction, with one of the carbonyl groups bound in an n*-
mode via its oxygen atom (duo.01 = 2.0401(8) A), and carbonyl
carbon (dwo-c1 = 2.1780(12) A). The C-O bond is tilted from the
plane spanned by the two adjacent carbon atoms and the second
oxygen atom of the B'diket ligand by 53.17(9) °. In addition to

significantly elongated carbon oxygen bond lengths
(dc1.01: 1.3737(14) A, dcs.0o= 1.3509(14) A), this deviation
from planarity within the diketonate ligand may be regarded as
an indication for its redox non-innocent behavior; the
geometrical change allows for accommodation of additional
electron density onto the ligand by increasing its m-accepting
abilities. This metallaoxirane, or oxymetallacyclopropane motif
is to the best of our knowledge unprecedented in transition
metal [B-diketonate coordination chemistry, but redox non-
innocence of S-diketonate ligands has been recently observed
for chromium diketonate derivatives e.g. [Cr'(Mdiket)>(py)a],*
4 and n>-CO bound ketone and aldehyde ligands have been
reported in a handful of Mo complexes.’'>* While redox non-
innocence has not been extensively investigated for p-
diketonate ligands, it has been documented in multiple
instances for closely related S-diketiminate (nacnac) transition
metal complexes.™ In analogy to the metallaoxirane feature
present in B"Mo(II), Schrock and co-workers, structurally
characterized a Mo(IV) complex supported by an n':n*nacnac
ligand metallaaziridine structure.® More generally, the
formation of metallaoxiranes has been observed upon oxygen
atom transfer to a carbene ligand,”” * via CO insertion into
metal-alkyl bonds,” or as in the present case via the direct
coordination of a ketone to a low-valent metal center, mostly
under reducing conditions. %%

BuMo(I1) reacts with excess neutral ligands such as pyridine or
tertiary phosphines (e.g. PEt;) to afford the corresponding
[Mo"(®Budiket)>(L)] complexes (L = pyridine, PEt;), in exact
analogy to what was observed with the Mdiket complexes (see
SI Section 2.4 for details). This, together with the reversible
reduction to Mo(II) observed with both M*Mo(IIl) and
BuMo(III) in CV studies, suggests that analogous anionic
[Mo"(Rdiket);]” complexes are formed regardless of the ligand
used.

The formation of such stable Mo(II) complexes prompted us to
investigate their reactivity with CO,. When the CV of
MeMo(III) is recorded in CO,-purged electrolyte, the
reversibility of the Mo(Ill)/Mo(II) redox wave is lost and
accompanied by the appearance of a small increase in peak
current (1,“°%/I,* = 1.34) at low scan rates (v=20mV's-',
Figure 5a and SI Figure S52), suggesting that the
electrogenerated Mo(I) complex reacts with CO,. However,
the characterization of the reaction products appeared non
straightforward. Analyses of the head space and the cathodic
solution after controlled potential electrolysis (CPE, see
Figure 5b and SI Section 8.2) did not allow for the detection of
any expected CO, reduction products, in particular no CO was
observed in the gas phase, and no formic acid was detected in
solution by '"H NMR, despite a ca. 2.7-fold enhancement in the
passed charge in the presence of CO,. However, the strong
paramagnetic nature of solutions combined with the presence of
a 20-fold excess of supporting electrolyte prevented the
unambiguous identification of formed products by a multitude
of analytical methods (see SI Section S8.2.1 for details).
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Figure 5. a.) CV of M*Mo(III) (1 mM) under Ar (black, dashed
line), under CO; (light blue, solid line), and in presence of CS;
(1 equiv.) in TBAPF¢/MeCN (0.1 M) at a scan rate v =20 mV-s..
b.) Passed charge (Q-Qy) vs. time of CPE for 2 hours of MeMo(III)
(5 mM) under Ar (black, dashed line), under CO, (light blue, solid
line) and in presence of excess CS, (56 equiv.).

To gain a deeper understanding on this reactivity, we
investigated the reactivity of chemically reduced "Mo(II) with
CO; (see SI Section 3.1 for details). Analysis by *C NMR
spectroscopy (in methanol-ds) revealed two major signals at
6 =176.0 & 161.4 ppm, both of which remarkably increased in
intensity when the same experiments were conducted with
BC-labelled '*CO, (see SI Figure S32), suggesting that C- or
O-carboxylation of the Mediket ligand has occurred, but the
functionalized complex could not be crystallized. The observed
deuteration of the Mediket ligand in deuterated solvent, which
has already been reported for M°diket complexes of vanadium,
cobalt and aluminum,**7° further supports the reactive nature of

the ligand in the reduced complex (see SI Section S3.3 for
details).

Compared to the absence of catalytic turnover of M*Mo(ILI)
under CO», a very different behavior was observed in the
presence of CS,. The CV trace of M*Mo(IIl) after addition of
1 equiv. of CS, (Figure 5a) displays a large cathodic current
at -2.08 V (vs. Fc/Fc"), together with the loss of reversibility of
the Mo(III)/Mo(II) redox wave, while the reversibility of the
Mo(IIT)/Mo(IV) redox couple remains unchanged. This suggest
that M*Mo(II) catalyzes the reduction of CS,. Preparative
electrolysis of M*Mo(III) at a constant potential of -2.1 V in
presence of excess CS; (56 equiv.) resulted in a linear charge
consumption of 33 C, suggesting multiple turnover. Product
analysis by *C NMR spectroscopy showed the formation of
tetrathiooxalate [C»S4]* as the main reduction product (see
SI Section S8.3 for details). Using tetracthyl ammonium
tetrafluoroborate (TEABF,) as the supporting electrolyte,
[TEA][C»Ss] was obtained as a pure product with a faradaic
yield of 42%.

To better understand the different behavior of M*Mo(III) in
presence of either CO, versus CS, under reducing conditions,
we focused on chemical reactivity studies employing
BuMo(III), given the increased solubility and stability of its
reduced congener, ®*Mo(II). In exact analogy to M*Mo(III), the
BuMo(III) CV reduction wave to Mo(II) becomes irreversible
in the presence of CO, (SI Figure S58), together with a small
peak current enhancement (Z,°°%/I,*"=1.60 at a scan rate of
v =20 mV-s"). However, at the difference of the less soluble
Mediket analogue, the increased solubility of ®'Mo(Il)
facilitated the identification of the products resulting from its
reactivity with CO,. Exposing a solution of B*Mo(II) to CO, in
diethyl ether led to an abrupt color change from green to
brown/red. Upon extraction with "pentane, a dark green
precipitate could be separated from the brown/red filtrate by
centrifugation. ®*Mo(I1I) was identified as the main species in
the filtrate, while a very distinct broad feature at § =2.39 ppm
in the 'H NMR spectrum of the dark green solid (see SI
Figure S22-S23) indicated the formation of a new paramagnetic
species. Crystallization of this solid from saturated THF or
DME solutions at ambient temperature revealed the formation
of Ko[Mo(*®udiket- CO,)(®Bdiket),] (®"Mo(I)-CO»),
crystallizing as a tetramer and where the CO, moiety has been
added to the central carbon of the ®"diket ligand via a new C-C
bond (dcc=1.541(10) A) (Figure 6b). The modified ligand
now consists of a 8,5’-diketo-carboxylate. Since the negative
charge of the carboxylated ligand [®'diket-CO,]" is located on
the carboxylate group, the diketo group is formally neutral. This
induced a further change in its binding mode; ®Udiket-CO»
coordinates as a diketone ligand to the Mo-center in an 1°-n*
fashion, with both keto groups pointing into the same direction,
leading to a formally 8-coordinate Mo-complex (Figure 7c).
The IR spectrum of ®*Mo(I)-CO; displays distinct vibrations
assigned to the carboxylate group (Vc.o= 1556 cm™) and the
newly formed C-C single bond (vc.c= 1371 cm™), respectively,
both of which exhibited a bathochromic shift when *CO, was
employed during the preparation of the Mo(I) complex
(B*"Mo(I)-3CO,) (Figure 6c, see SI Figure S45-S46 for full
spectra). Noteworthy, the subtraction of IR spectra of M*Mo(II)
exposed to either ?CO, or CO, reveals nearly identical
bathochromic shifts (Figure S47), implying analogous
reactivity of B'Mo(II) and M*Mo(II) with CO,. Due to the
paramagnetic nature of ®*Mo(I)-CO,, no signal in *C NMR
could be detected, even if the labelled compound
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BuMo(I)-"*CO, was employed. Interestingly, despite several
reports of similar ligand-based reactivity with S-diketiminate,
pyridine diimine as well as PNP-pincer transition metal
complexes,’!"” the formation of ®*Mo(I)-CO; represents to the
best of our knowledge the first example of carboxylation of a
[-diketonate bound to a transition metal center.

The presence of two potassium cations per Mo-center,
supported by three anionic ligands, suggests a formal oxidation
state of +1 for Mo. This is in good agreement with its measured
Uese 0f 1.70 B.M., consistent with an overall spin state of § = Y.
The formation of B*"Mo(I1I) and B*Mo(I)- CO; from E*Mo(II)
implies that CO, induces a formal disproportionation of Mo(II)
to Mo(Ill) and Mo(I) (Figure 6a). This overall reductive
disproportionation pathway is in good agreement with the ca.
2.7-fold enhancement in the charge passed in CPE experiments
in the presence of CO, introduced above. We hypothesize that
the slight excess of charge passed (a 2-fold enhancement only
would be expected to afford the carboxylated product
quantitatively) results from the limited stability of the
carboxylated product in solution. We indeed observed that
BuMo(I)-CO; slowly decomposes upon long term storage in
solution. ~Worthy of note, a few crystals of
K[Mo(®diket),(B'diket-H)]  (®*Mo(I)-H), where the
carboxylate is replaced by a proton, could be isolated from these
reaction mixtures. The exact origin of the proton in this
decomposition product is unclear and ®*Mo(I)-H could not be
isolated upon reaction of ®*Mo(I)-CO; with proton sources.
We believe that this structure is however worth mentioning due
to the unique coordination mode of the B diket-H ligand, which
adopts a zig-zag geometry with the two keto groups pointing
into opposite directions (Figure 7d). To the best of our
knowledge, such binding modes have not been documented in
transition metal $-diketonate coordination chemistry.
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Most importantly, as highlighted by the plateau observed in the
charge passed in CPE experiments, the carboxylated complex
is not catalytically active for the reduction of CO,. A similar
situation has been observed by Kubiak and co-workers with a
pyridine monoimine supported Mo-complex’ and the potential
disadvantages of redox-active ligands for electrocatalysis were
recently more generally summarized by Queyriaux.”®
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Figure 6. a.) Reductive disproportionation of B*Mo(II) upon
exposure to CO,. b.) XRD solid state structure of B"Mo(I)-COs..
c.) IR-spectrum of B"Mo(I)-1>CO; (green), B*Mo(I)-13CO; (dark
blue) and the corresponding subtraction spectrum (/ight blue).
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Figure 7. Different coordination modes of the B-diketonate ligand of a.) B*Mo(III), b.) B*Mo(II), c.) B"Mo(I):CO, and d.) B*Mo(I)-H:
connectivity of Lewis-structures (fop) and corresponding fragments of solid-state structures obtained from XRD studies (counter cations and

co-crystallized solvent molecules are omitted for clarity).
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However, this appears in sharp contrast with the electrocatalytic
reduction of CS; mediated by M*Mo(I1I), given its analogy with
CO,. To further analyze this divergence in reactivity, we
explored the chemical reactivity of ®"Mo(II) with CS..
Exposing a solution of ®*Mo(II) to CSin THF led to an instant
color change from dark green to brown/red, and the
precipitation of a light brown solid. At the difference to the
reaction with CO,, potassium tetrathiooxalate (K,[C»S4]) was
identified and isolated as the main reaction product, while
BuMo(III) is cleanly regenerated as the sole Mo complex (see
Scheme 2a, and SI Section S3.2).
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Scheme 2. a.) Reactivity of *Mo(II) with CS, in absence of
18-crown-6 and b.) on a preparative scale in presence of
18-crown-6  (“isolated  yield after recrystallization,
bspectroscopic yield by UV-Vis). c.) Thiocarboxylation of
K[®udiket] with CS; and concomitant formation of potassium
methyl xanthate.

To probe the role of ®*Mo(II) in this reaction, and to investigate
the possible intermediacy of a Mo-bound dithiocarboxylated
ligand, we turned to preparative scale reactions using ®*Mo(II)
or potassium metal (K° as reducing agents for CS, (SI
Section S2.7). Equimolar amounts of 18-crown-6 were added to
increase the solubility of the potassium salt of tetrathiooxalate
and hence facilitate its analysis. Significantly higher yields of
tetrathiooxalate were observed in the presence of ®*Mo(II) than
in the presence of K°, suggesting a catalytic role ®*Mo(IIl) in
the formation of tetrathiooxalate (Scheme 2b). To attempt
observing the formation of the thiocarboxylated ligand, we
performed the same reaction, using ®*Mo(II) in the presence of
an excess of CS,, and quenched the crude extract with MeOH.
Methoxy dithiocarbonate (potassium methyl xanthate,
K[S,COMe], Scheme 2a) was identified as a by-product in the
reaction mixture. K[S;COMe] is not observed upon mixing
tetrathiooxalate or CS; with methanol, but was observed when
reacting MeOH with K[®Bdiket-'*CS,] (observed upon mixing
K["®udiket] and *CS; (10 equiv.) in THF-ds see Scheme 2c and
SI Section S3.5 for details,). The formation of K[S,COMe]
hence suggests the presence of a Mo-complex coordinated to a

dithiocarboxylated ligand [®'diket-CS,]. In direct analogy,
potassium methyl carbonate (K[O,COCDs]) was quantitatively
observed upon reaction of ®*Mo(I)-CO, with MeOH (see SI
Section S3.4 for details).

The reactivity and isolated complexes observed allow to
propose a general reaction mechanism for the reduction of CO,
and CS, by the Mo(Il) S-diketonate complexes reported here.
The nucleophilic addition recognized upon reacting CS, and
CO; on K[®'diket]" (see SI for details), as well as reported
carboxylation reactions of (di-)ketones in the presence of strong
bases (e.g. DBU),”” suggests that the first step of the reaction to
be redox neutral and involves the formation of a transient
Mo(II) (dithio)carboxylated complex, B*Mo(II)-CE; (E = O,
S), in the reaction mixture (Scheme 3). We propose that the less
electron withdrawing nature of the formed dithiocarboxylate
moiety relative to a carboxylate moiety accounts for the
difference in reactivity between CO; and CS,. The more anodic
redox potential associated to the oxidation of B*Mo(I)-CO; to
BuMo(II):CO; at En=-1.80 V (with respect to B*Mo(II)/
BuMo(ILD), £1/» = -2.29 V) observed in the CV of B*Mo(I):CO,
(see SI Figure S59) and in good agreement with the lower
electron donating properties of the carboxylated ligand,
highlights that B*Mo(II)-CO, is more oxidizing than the parent
BuMo(II) complex and is consequently further reduced by an
additional equivalent of “®'Mo(II) (see SI Scheme S2).
Comparatively, the [BUdiket-CS,] ligand is expected to be a
better donor than [®diket-CO,]". This prevents the formation of
the Mo(I) complex observed in the presence of CO; (red arrow),
and instead results in the formation of tetrathiooxalate (yellow
arrow), in analogy with what observed by Murray and
co-workers, with tris(B-diketiminate) cyclophane ligands.” The
quantitative formation of ®*Mo(III) in the presence of CS;
further supports this hypothesis, suggesting that the observed
difference in activity in the presence of CS, and CO, arises from
the reducibility of the (dithio)carboxylated ligand (see SI
Scheme S2). Mo has no direct role in the dimerization of CS,,
yet it is essential here, enabling a redox-non innocent character
of the p-diketonate ligand, consequently increasing its
nucleophilicity as well as facilitating electron transfer from the
electrode (or chemical reducing agent) towards the substrate.
These two roles are well exemplified by the metallaoxirane
formation observed for ®*Mo(II) as well as by the reversible
electrochemistry of M¢Mo(III)-complexes in absence of
substrate, which turns irreversible in the presence of CO, or
CS.. Note that, while non-catalytic, this property could also be
exploited to synthetize the free carboxylated ligand
[Budiket'CO,],, generally requiring demanding synthetic
conditions to be synthetized with low yields.””’®% We found
that the addition of ®UdiketH (2 equiv.) to B*"Mo(I)-3CO,,
cleanly afforded ®"Mo(I1I), while releasing the carboxylated
ligand [®Udiket-CO,]". Isolation of [B'diket-CO,] is however
made challenging due to the known lability of the carboxylate
group located in [-position to two carbonyls, prone to
decarboxylation (see SI Section S3.4 for details).®!
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Scheme 3. Generalized mechanistic pattern for the reactivity of
RMo(II) with CO; (red arrow) vs. CS, (yellow arrow).
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Overall, the RMo(Ill) reductive carboxylation and
(electro)catalyzed reductive dimerization of CS, to
tetrathiooxalate allow to illustrate another aspect of the non-
innocence of the f-diketonate ligands. Here, bond forming- and
breaking events with the substrate exclusively occur at the
ligand, acting as a chemically non-innocent ligand.*®> This
cooperative character of the ligand is a consequence of its
redox-non innocent nature when coordinated to low-valent Mo,
highlighting the synergistic roles of Mo and the f-diketonate
ligand in facilitating CO, and CS; activation.

CONCLUSION

In summary, we have introduced here new synthetic protocols
for the preparation of [-diketonate supported Mo(III)
complexes (MMo(III) and ®'Mo(IIl)), as well as their
transformation to the corresponding oxidized (+IV) and
reduced (+II) species. This allowed for a detailed study of the
rich redox-chemistry of such low-valent octahedral
molybdenum complexes bearing exclusively anionic ligands by
electrochemical methods combined with chemical synthesis. X-
ray crystallographic studies revealed a clear redox non-innocent
behavior of the pf-diketonate ligands, expressed by an
unprecedented binding mode switch from k-O to n?-CO upon
reduction. ®*Mo(II) represents a rare example of a formal
Mo(II) complex exclusively supported by anionic ligands,
giving it a sufficiently strong reducing power to react with both
CO; and CS,, yet with distinct outcomes: Exposure of B*Mo(II)
to CO, resulted in a disproportionation reaction yielding
BuMo(III) and B"Mo(I)-CO;, while quantitative formation of
BuMo(III) along with the formation of tetrathiooxalate was
observed in the presence of CS,. Reactivity studies suggest a
mechanism involving an analogous intermediate for both
substrates, resulting from the formation of a C-C bond between
the central carbon of a B-diketonate ligand and CO,/CS, to yield
a Mo-bound (dithio)carboxylated ligand (B*Mo(II)-CE,).
Although this ligand-centered reactivity undermines the use of
RMo(I1I) for the catalytic reduction of COs, it however does not
prevent the reductive dimerization of CS, to tetrathiooxalate,
for which RMo(I1I) was found to be a suitable (electro)catalyst.
This work emphasizes the redox and chemical non-innocent
nature of the [-diketonate ligands, highlighting that this
non-innocent character can be either beneficial or detrimental
to catalytic turnover, depending on the nature of the reactive
substrate studied.
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