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ABSTRACT: The reaction chemistry of both silanes and
hydrogen at para-terphenyl diphosphine-supported molybdenum
complexes was explored within the context of carbon dioxide
(CO2) reduction. CO2 hydrosilylation commonly affords reduction
products via silyl acetals. However, while silyl hydride complexes
were characterized in the present system, synthetic, spectroscopic,
and kinetic studies suggest C−O cleavage of CO2 occurs
independently of silanes. In their presence, a putative molybdenum
oxo intermediate is hypothesized to undergo O-atom transfer,
yielding silanol. In contrast, hydrogenation chemistry does occur
through an intermediate molybdenum dihydride capable of
inserting CO2 to yield a formate hydride complex. This process
is reversible; slow deinsertion under dinitrogen affords a mixture of
molybdenum dihydride, η2-CO2, and N2 complexes. The molybdenum hydride formate species is a competent precatalyst for both
CO2 hydrogenation to formate (in the presence of lithium cations and base) and formic acid dehydrogenation to CO2 and hydrogen
(in the presence of base). Mechanistic studies of both catalytic processes are presented.
KEYWORDS: CO2 reduction, hydrogen storage, formic acid dehydrogenation, hydrosilylation, molybdenum

1. INTRODUCTION
Carbon oxygenates (particularly carbon dioxide) represent
quintessential precursors for the formation of solar fuels
renewable reservoirs of transportable energy generated via
reducing equivalents sourced from sunlight.1 Technologies
enabling this process would alleviate societal reliance on fossil
fuels for dependable and stable energy. While abundant, the
kinetic and thermodynamic stability of carbon dioxide (CO2)
hamper its conversion chemistry.2 Recent strategies to
overcome these limitations employ energy-rich reactants,
including high-energy electrons,3 epoxides,4 and reactive E−
H bonds (boranes,5 silanes,6−8 or dihydrogen9−11).
The hydrosilylation of CO2 can proceed in a well-defined

manner, furnishing a series of reduction products utilizing the
electrons stored in Si−H bonds and driven by the formation of
strong Si−O bonds.12,13 Commonly, this chemistry invokes
CO2 insertion into a M−H (generated via Si−H bond
activation) and subsequent silyl formate formation, which
can serve as a synthon for myriad value-added chemicals.14

Though a common byproduct in CO2 hydrosilylation catalysis,
silanol is generally formed via nucleophilic substitution
reactions of silyl formates, meaning that the C−O bond of
CO2 is broken after reduction and dissociation from the
metal.15 Herein, we disclose reversible Si−H oxidative addition
to low-valent molybdenum and C−O cleavage of CO2. Silyl

hydride complexes, while proving capable of efficient CO2
reduction to carbon monoxide (CO) and silanol, are not the
species responsible for the observed C−O bond scission.
In conjunction with exploring CO2 hydrosilylation chem-

istry, hydrogenation chemistry was targeted for comparison.
Though H2 is a potential clean fuel, its low energy density
makes storage and transportation challenging.16 CO2 is a viable
carrier for solar-generated H2;

16,17 both the hydrogenation of
CO2 to formate18 and the dehydrogenation of formic acid
(HCOOH, FA)19 are topical subfields in green-energy
research.10,20−22

Many effective catalysts for FA (de)hydrogenation are
known, with turnover numbers (TONs) exceeding the
millions. Several of these catalysts utilize precious metals, but
robust examples with earth-abundant metals are also known.16

Less common are examples of catalysts capable of both FA
dehydrogenation and the reverse CO2 hydrogenation.
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This reversible catalysis is rarely achieved with base metals.32

The more challenging reaction, CO2 hydrogenation, often
requires high pressures of both CO2 and H2 and/or strong
bases to achieve high TON.16 Significantly, we disclose here a
Mo formate hydride complex that forms, at ambient temper-
ature and atmospheric pressure, from CO2 and H2. This
complex is demonstrated to serve as a precatalyst for both FA
dehydrogenation and CO2 hydrogenation. Stoichiometric
studies inform reasonable operative mechanisms for each
process, which are proposed to share a monohydride cation
intermediate. Over 100 turnovers for both H2 storage and
release are achieved, both under basic conditions.

2. RESULTS AND DISCUSSION
2.1. Small-Molecule Binding and Activation Chem-

istry. We previously described the equilibrium binding of
dihydrogen (H2) and CO2 in competition with dinitrogen
(N2) starting from complex 1 within the context of H2
storage33 and CO2 reduction,34 respectively (Scheme 1).

Under a H2 atmosphere, the dinitrogen ligand of 1 is displaced,
affording dihydride 2. This process is reversible, and complex 1
is regenerated when 2 is placed under N2.

33 Similarly, an
equilibrium between N2 (1) and CO2 (3) binding is
established for this system, favoring the N2 adduct except in
the presence of Lewis acid additives.34 These findings support
a relatively flat potential energy surface for small-molecule
binding/exchange and suggest the possibility for an additional
equilibrium between H2 and CO2.
Placing intermediate dihydride complex 2 under one

atmosphere of CO2 afforded a mixture of 2 and 3. With
time, a new resonance was observed in the 31P{1H} NMR
spectrum at 89.8 ppm. The addition of CO2 (1 atm) and H2
(ca. 4 atm) to 1 led to quantitative conversion to this new
complex. The 1H NMR spectrum displayed a diagnostic low-
field resonance at 8.9 ppm, consistent with CO2 insertion and
formation of formate hydride complex 4.35−37 While there
were no high-field signals in the 1H NMR spectrum, an
apparent triplet (2J(P,H) = 86.3 Hz) was observed at 1.9 ppm.
This large scalar coupling and a weak correlation with the

central arene protons at 6.2 ppm (Figure S3) both support the
assignment of this spectral feature to a hydride.
Complex 4 reverts to 1 under a N2 atmosphere on the

timescale of crystallization, inhibiting structural character-
ization of 4. However, a related complex, carboxylate hydride
5, can be prepared and crystallographically characterized.
Treating Mo N2 adduct 1 with 1 equiv of tBuC6H4C(O)OH in
C6H6 confers quantitative conversion to carboxylate hydride 5
(Figure 1A). The spectroscopic signature of 5 closely

resembles that of 4, with a hydride resonance at 2.1 ppm,
showing a 2J(P,H) scalar coupling of 90.7 Hz. The solid-state
metrics for 5 are in accord with the structure inferred from
solution spectroscopy; an η6 Mo−arene interaction is observed
with trans-spanning diphosphines and a κ1 carboxylate (Figure
1B).

2.2. Silane Coordination Chemistry. While the for-
mation of 4 represents the successful two-electron reduction of
CO2, we sought to liberate the formate fragment to facilitate
further chemistry. Silanes have been shown to insert into metal
formates, driven by the formation of a strong Si−O bond, with
concomitant generation of a metal hydride.6,12f In the present

Scheme 1. Small-Molecule Binding Equilibria at Low-Valent
Molybdenum

Figure 1. Synthesis (A) and solid-state structure (B) of carboxylate
hydride complex 5. Thermal anisotropic displacement ellipsoids are
shown at a 50% probability level. Hydrogen atoms are omitted for
clarity. Whereas the hydride is discernable in the Fourier map, we
elect to omit it given the positional uncertainty resulting from
hydrogen’s low electron density.40 Selected bond distances [Å]:
Mo1−Carene(ave.): 2.266(2), Mo1−O1: 2.196(1), O1−C31:
1.284(2), and C31−O2: 1.237(2).
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system, this sequence would regenerate complex 2, closing a
catalytic cycle. Considering the deinsertion chemistry observed
for 4 (vide supra), it is best formed in situ under a mixed
atmosphere of CO2 and H2. We therefore explored the
reactivity of dinitrogen adduct 1 with silanes for comparison
with H2.
The addition of silanes to electron-rich Mo complexes has

been shown to result in Si−H bond activation chemistry,38,39 a
reactivity feature that holds true for 1 (Figure 2A). Treating a

solution of 1 with PhSiH3 leads to a lightening of the reaction
mixture and effervescence, consistent with N2 loss. The 1H
NMR spectrum shows both a highly shielded triplet (2J(P,H) =
43.6 Hz) at −3.13 ppm and a singlet at 5.51 ppm with clear
29Si satellites (2J(29Si,H) = 166.34 Hz). The 31P{1H} NMR
spectrum shows a single peak at 70.82 ppm. Combined, these
spectroscopic features are consistent with the formulation of
the product as phenylsilyl hydride 6, resulting from Si−H
oxidative addition. Single crystals of 6 were obtained by
cooling a concentrated hexanes solution to −35 °C,
corroborating the proposed molecular structure (Figure 2B).
Reactions with secondary silanes demonstrate that the

oxidative addition chemistry is sensitive to the steric
environment at silicon. Addition of PhMeSiH2 (1 equiv)
afforded 40% conversion (31P{1H} NMR integration) to 6′;
adding excess silane (5 equiv) or degassing the reaction via
sequential freeze−pump−thaw cycles resulted in the quantita-
tive formation of the oxidative addition product 6′ (Figure
S11). The hydride resonance for 6′ (δ = −3.32 ppm) shows a
smaller 2J(P,H) scalar coupling constant (38.9 Hz), a

spectroscopic manifestation attributed to a more crowded
coordination sphere and a contracted ∠P1-Mo1-P2. The
tertiary silane, Et3SiH, showed no reactivity with 1 even when
present in 100-fold excess and after rigorous removal of N2
from the headspace.

2.3. Carbon Dioxide Reduction with Silanes. With
precedent for CO2 insertion into the Mo−H bond of 2, similar
reactivity was sought from silyl hydride compounds (Scheme
2A). Disappointingly, no reaction was observed upon treating

6 or 6′ with 1 atm. of CO2 (cf. 6→ A, Scheme 2). Under more
forcing conditions, heating to 70 °C for 12 h, a complex
mixture of species results prior to the nearly quantitative
formation of the previously reported molybdenum(0) carbonyl
complex, 8 (Figure S15). Kinetic analysis of this C−O cleavage
reaction showed substrate inhibition; from 1 to 5 equiv, added
silane increased the rate of reaction (Figure S14). However,

Figure 2. Synthesis (A) and solid-state structure (B) of silyl hydride
complex 6. Thermal anisotropic displacement ellipsoids are shown at
a 50% probability level. Hydrogen atoms are omitted for clarity.
Whereas the hydride is discernable in the Fourier map, we elect to
omit it given the positional uncertainty resulting from hydrogen’s low
electron density.40 Selected bond distances [Å]: Mo1−Carene(ave.):
2.268(1) and Mo1−Si1: 2.5313(4).

Scheme 2. Proposed CO2 Reduction Mechanism in the
Presence of Silanea

aProposed intermediates are designated with square brackets. The
same putative C−O cleavage product, 7, is invoked in the absence of
silane, leading to phosphine oxide formation and demetallation.
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higher silane concentration impeded the reaction, suggesting
an abnormal CO2 reduction mechanism (vide inf ra). While
cooperative M/Si cleavage of CO2 is known,41−43 this
reactivity would proceed from a Mo silyl complex and is
therefore inconsistent with the observed inhibition (Scheme
2B, left). Additionally, increased steric bulk at silicon resulted
in faster reactivity, with 6 forming 8 more slowly than 6′,
further supporting the premise that CO2 reactivity requires
silane dissociation.
A control reaction demonstrated that silane was superfluous

to C−O cleavage chemistry. Heating a C6D6 solution of 3
afforded a mixture of 8 (56%), para-terphenyl diphosphine
oxide (P2O; 17%), and free diphosphine (P2; 27%), as
determined by relative integration of the 31P{1H} NMR
spectrum (versus a PPh3 capillary standard). Heating isotopi-
cally labeled 3-13C provided 8-13C, as evidenced by 31P{1H}
and 13C{1H} NMR spectroscopies, confirming the source of
the CO unit. Though molybdenum CO2 complexes are known
to undergo ligand redistribution reactions, providing carbonyl
carbonate complexes from bound CO2,

44 the observations of
both >50% conversion to 8 and phosphine oxide, P2O,
contradict this reactivity manifold. Phosphine-supported
transition-metal CO2 adducts have been demonstrated to
cleave CO2 to the corresponding carbonyl complex and
phosphine oxide,19a,45 a reaction pathway that is more
congruent with the observed experimental data.
But what is the fate of the cleaved O-atom in silane

reactions? Oxygen atom transfer to silane seemed most likely,
as no phosphine oxide was observed and conversion to 8 was
effectively quantitative. Gas chromatography/mass spectrom-
etry (GC/MS) analysis of the reaction mixture following
heating 6′ under CO2 for 12 h demonstrated the formation of
both phenyl methyl silanol as well as polysiloxanes, both of
which were absent in the control (Figure S16).
At this juncture, two mechanisms seemed plausible, both

involving Mo-mediated C−O cleavage to a MoII oxo complex
that is subsequently reduced by silane (Scheme 2). A pre-
equilibrium between silyl hydride and CO2 is consistent with
the reaction kinetics; reversible oxidative addition of η2-Si−H
bonds at Mo has precedent.39 Bulky silanes favor the formation
of 3, the species proposed to undergo C−O scission, while less
sterically imposing silanes (and high silane concentrations),
sequester Mo as unreactive 6. Relatively low PhMeSiH2
concentrations increase the rate of formation of 8, supporting
a silane-dependent rate affecting step. The initial equilibrium
between silane oxidative addition and CO2 binding (inverse
order in [Si]), in conjunction with silane addition to the
putative carbonyl oxo 7 (first order in [Si]),12i,46 is consistent
with the complex silane dependence observed in the reaction
kinetics. In contrast, intermolecular reactivity, oxo trapping via
molybdenum silyl hydride 6, is expected to be zeroth order in
silane and second order in Mo, inconsistent with our findings.
However, we cannot conclusively rule out intermolecular
reactivity involving a Mo-mediated oxygen abstraction and
downstream silylation of the resultant Mo(II) oxide. Notably,
these pathways contrast reactivity established for Ir pincer
complexes in which silyl formates are decarbonylated en route
to an Ir−CO complex and silanol.12d

2.4. Evidence for On-Metal C−O Cleavage. Additional
evidence supporting an intramolecular pathway was provided
by reactions with carbonyl sulfide (OCS). Placing a C6D6
solution of 1 under an atmosphere of OCS resulted in the
immediate formation of an asymmetric complex, as demon-

strated by two coupling doublets (83.41 and 54.34 ppm,
2J(P,P) = 17.8 Hz) in the 31P{1H} NMR spectrum. Upon
standing, X-ray quality single crystals were obtained, evincing
the formation of carbonyl phosphine sulfide complex 9 (Figure
3). The asymmetry in two chelating donors explains 31P NMR

features. Compound 9 likely forms via initial cleavage of the
more reactive C−S bond of OCS, giving a transient Mo
carbonyl sulfide complex, 10. Oxidative cleavage of CE
multiple bonds has been demonstrated on W;47−49 a similar
process is likely operative here. Analogously to the P−C bond
formation reported from MoII methylidene complexes
supported by this ancillary ligand,47 the MoII sulfide afforded
by C−S cleavage inserts into the Mo−P bond, giving the
observed phosphine sulfide product. Under CO2 reduction
conditions, the oxo congener of sulfide 11 (cf. 7, Scheme 2) is
proposed to oxidize silanes faster than the phosphine ligand,
but in the absence of silanes, the oxygen congener of 9 is likely
formed, leading ultimately to the observed decomposition to
P2O.

2.5. Carbon Dioxide Hydrogenation Catalysis. Stymied
by unsuccessful conversion to free silyl formate using silanes,
we investigated the potential of adding base to complex 4 in an
attempt to exploit a thermodynamically viable route to
dissociate formate anion. As amines are mild bases that render
CO2 hydrogenation exergonic, complex 4 was treated with 10

Figure 3. Synthesis (A) and solid-state structure (B) of 9. In the
reaction scheme, dashed arrows show a proposed pathway for the
formation of 9 via putative intermediates 10 and 11 (square brackets).
In the solid-state structure, thermal anisotropic displacement
ellipsoids are shown at a 50% probability level. Hydrogen atoms are
omitted for clarity. Selected bond distances [Å]: Mo1−S1: 2.5016(3)
and S1−P2: 2.0053(4).
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equiv of 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) under N2

(Scheme 3). No reaction was observed, even over the course of
24 h.

Motivated by reports of Lewis acids (LAs) assisting in
formate dissociation,32 alkali metal salts were screened as
reaction additives. Addition of 10 equiv of LiOTf to 4 in C6D6
results in moderate conversion to a mixture of species,
including 1, 3, and an unidentified product (Figure S21).
This new complex, 12, bears a triplet with strong scalar
coupling (2.27 ppm; 2J(P,H) = 86.1 Hz) in its 1H NMR
spectrum, attributed to a Mo hydride, with corresponding
central arene resonances at 4.21 and 3.94 ppm. Formulation of
12 as a hydride cation is further supported by independent
synthesis; the same spectroscopic signature is observed when
treating dinitrogen complex 1 with lutidinium trifluoromethane
sulfonate (LutHOTf) in C6D6. Moreover, when acetonitrile is
added to complex 12 synthesized from 1, the previously
characterized acetonitrile adduct, 13, is formed quantitatively
(Figure S22).33,50

While the generation of 12 corresponds to successful
formate dissociation, monitoring LiOTf addition to 4 over
12 h showed less than 50% total conversion of the starting
material. In contrast, treating a C6D6 solution of 4 with 10
equiv of both base (DBU) and LA (LiOTf) resulted in
quantitative conversion to Mo0 complexes, 1 (86%) and 3
(14%), in just 30 min at room temperature (Figure S21).
These stoichiometric reactions map out a catalytic cycle for

CO2 hydrogenation to formate (Scheme 4). As a first step, LA-
assisted formate dissociation gives Mo-hydride cation 12; 12 is
observed in the stoichiometric reaction of 4 with LiOTf.
Deprotonation of 12 affords a Mo(0) species, consistent with

conversion of 4 to N2 adduct 1 in the presence of both LiOTf
and DBU under a dinitrogen atmosphere. Employing the
additive ligand acidity constant equation of Morris, the pKa of
12 can be estimated to be 18, in agreement with the proposed
deprotonation with DBU (pKa

THF [DBUH]+ ≈ 20).51 CO2/H2
addition and insertion, the initial synthetic route to access 4,
closes the cycle.
Applying this mechanistic understanding to catalysis proved

successful (Table 1). Utilization of strong lithium bases

substantially increased the turnover number (TON) for
formate generation with LiOtBu surpassing 50 turnovers and
LiHMDS exceeding 100.52 While these numbers are lower
than those achieved in contemporary CO2 hydrogenation
catalyses, reactions operate at much lower pressures and
outperform comparable molybdenum catalysts.18h

2.6. Formic Acid Dehydrogenation Catalysis. To
complete a reversible hydrogen storage cycle, coupled to
two-electron CO2 reduction, requires the dehydrogenation of
formic acid. Akin to the synthesis of carboxylate hydride 5, the
direct reaction of dinitrogen adduct 1 with formic acid was
expected to provide a route to 4, which has already been
demonstrated to undergo decarboxylation (vide supra).
Addition of 5 equiv of formic acid to complex 1 and
subsequent heating (70 °C) resulted in complete consumption
of the FA and generation of formate hydride compound 4.
Heating a C6D6 solution of formate hydride 4 to 70 °C, in a
sealed tube, afforded 85% conversion of the starting material to
a mixture of N2 adduct 1 (23%), CO2 adduct 3 (19%), and H2
complex 2 (40%) after 1 h (Figure S20). Though insertion of
CO2 into Mo-dihydride 2, is favored at room temperature, at
higher temperature, deinsertion is entropically preferred,
leading to reversion to the gaseous small molecules. However,

Scheme 3. Stoichiometric Reactions of 4 with Base (Top),
Lewis Acid (Down), and Both (Diagonal)

Scheme 4. Plausible Catalytic Cycle for CO2 Hydrogenation
from 4

Table 1. Reaction Optimization for Mo-Catalyzed CO2
Hydrogenation

entry base/additive PCO2
:PH2

(atm) TON

1 DBU/NaOTf 1:1 6
2 LiHMDS 1:1 106
3 LiOtBu 1:1 55
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attempted catalysis with complex 1 in dioxane at 80 °C in an
open system (i.e., eudiometer), demonstrated only slightly
super stoichiometric reactivity for formic acid dehydrogenation
(1.5 equiv; Table 2).

Literature reports have disclosed profound LA effects on the
activity of formic acid dehydrogenation catalysts.19e The
proposed mechanism invokes a LA-assisted formate decarbox-
ylation step; the same elementary step presumed to be slow in
the present system. Unfortunately, screening a sampling of
Lewis acid additives proved unsuccessful, mirroring the activity
of compound 1 alone (Table 2, Entries 2−5). Extending the
reaction time resulted in no additional gas evolution, even in
cases with (super)stoichiometric conversion (Table 2, Entries

1−4). Investigating sodium formate (NaOOCH), a postulated
source of sodium cation, drastically improved formate
dyhdrogenation, achieving almost 300 turnovers. Given the
inefficacy of other sodium sources, the improved performance
was deemed related to the Brönsted basicity. Other bases were
explored, showing optimal activity with DBU (Table 2, Entry
8).
The present data support two distinct pathways for FA

dehydrogenation (Scheme 5). An inefficient, but demonstra-
ted, cycle involves thermal decarboxylation of 4 to a mixture of
2 and 3 (Scheme 5, right). As reported above, a decomposition
pathway from CO2 adduct 3 is thermally induced C−O
cleavage to monocarbonyl 8 with concomitant formation of
phosphine oxide (P2O). If the rate of this process is
comparable to that of deinsertion, it may explain the low
TON observed in the absence of additives (vide supra); Mo
complexes would ultimately be converted to inactive 8 (Figure
S18). In a productive sense, both 2 and 3 could react with
formic acid to return complex 4, closing the cycle.
The alternative pathway, which is hypothesized to be

responsible for the higher turnover numbers observed in the
presence of Brönsted bases, involves protonation of 4 to afford
a formate cation (14; Figures S23 and S24). We cannot
explicitly rule out a step-wise protonation/H2 reductive
elimination from a Mo(IV) dihydride formate cation or a
protonation, decarboxylation, H2 reductive elimination se-
quence invoking a Mo(IV) trihydride cation. This latter
Mo(IV) species has been characterized on the para-terphenyl
diphosphine ligand scaffold previously and readily loses H2.

33

Decarboxylation of 14 (or the aforementioned series of steps
proceeding via Mo(IV) intermediates) would yield hydride
cation 12, the same intermediate species proposed in CO2
hydrogenation above. Formate coordination regenerates 4,
closing the catalytic cycle (Figure S25).

Table 2. Additive Optimization for FA Dehydrogenation
Catalysis

entry additive time (h) TON

1 1 3
2 LiCl 1 3
3 B(C6F5)3 1 3
4 NaBAr24F

a 1 3
5 NaBF4 1 0
6 NaOOCH 5 298
7 DMAPb 3 196
8 DBU 3.3 615

aBAr24
F = tetrakis(3,5-bis(trifluoromethyl)phenyl)borate. bDMAP =

N,N-dimethyl-4-aminopyridine.

Scheme 5. Plausible Mechanisms for Formic Acid Dehydrogenation from 4a

aComplex 14 is proposed without any direct spectroscopic characterizationit has been designated as a putative intermediate with square
brackets.
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The role of basic additives is not immediately obvious, but
all of the bases used are sufficiently strong to deprotonate
formic acid. This would increase the solution concentration of
formate anion, which may in turn aid turnover (12 → 4), if
formate coordination is rate limiting. Alternatively, amine bases
may act to provide a soluble source of formate, both keeping
Mo intermediates from precipitating over the course of the
reaction and aiding in the regeneration of 4. The catalytic
conditions are run with excess formic acid such that
protonation (4 → 14) would still be viable, even after the
observed turnovers. A different mechanism involving deproto-
nation of 12 is not consistent with the lack of reactivity in the
presence of a base under stoichiometric conditions.

3. CONCLUSIONS
Two modes of Mo-mediated CO2 reduction have been
presented. Stoichiometric reactions with silanes afford CO
and silanol from CO2 via a mechanism involving Mo-promoted
intramolecular C−O bond cleavage and O-atom transfer to
silane. Catalytic CO2 hydrogenation proceeds in the presence
of both a Lewis acid additive and base, affording respectable
turnover numbers considering the low pressures of H2 and
CO2 employed. The same species demonstrated to be
catalytically competent for formate formation catalyzes the
reverse reaction, formic acid dehydrogenation. The isolation of
intermediates and studies of their reactivity have provided
mechanistic insights into the divergent modes of CO2
reduction at Mo.
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