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ABSTRACT: Reaction of the rhenium pincer PNN complex
[(PNN)Re(O)2][OTf] (2) with Me2PhSiH results in addition
of Si−H across the ReO bond and a complex capable of
reducing CO2 under mild conditions (ambient temperature
and 100 psig) to silyl formate in 95% yield. Reaction of 2 with
PhSiH3 yields a more reactive complex that catalytically
reduces silyl formate to silyl formal (85% yield) and over
longer times to silyl methanol (53% yield) with extrusion of
siloxane. This system represents the unusual case of a high-valent metal oxo complex capable of reducing CO2 in a two-step, one-
pot reaction to methanol.

Catalytic reduction of CO2 to formate or methanol is an
active area of research because of interest in its use as a

C1 synthon, which remains a major challenge.1−5 While a
number of heterogeneous transition-metal catalysts are capable
of hydrogenating CO2 to formic acid, most methodologies
require high temperature and pressure.6−9 A growing number
of homogeneous catalytic systems have been reported to
achieve hydrogenation of CO2 to methanol under mild
conditions.1−5

The inherent stability of the Si−O bond and the propensity
for Si−H bond scission to form metal hydrides render
organosilanes ideal for CO2 reduction.

10−15 Hydrosilylation of
CO2 generally yields silyl formate and silyl formal, which are
versatile products that can be used as building blocks for
making organic molecules and polymers.16 Ruthenium- and
iridium-catalyzed hydrosilylations of CO2 have produced silyl
formate with varying quantities of siloxane byproduct.
However, most systems require high CO2 pressure, display
low catalytic activity, or cannot convert CO2 directly to
methanol in a single-pot reaction.17

We have recently reported the synthesis of the high-valent
dioxorhenium PNN pincer complex [(PNN)Re(O)2][OTf] (2;
OTf = CF3SO3

−).18 In this communication, we describe the
catalytic conversion of CO2 to silyl formate under mild
conditions (25 °C, 100 psig) with Me2PhSiH as the reductant.
In a subsequent step, and with the same catalyst, silyl formate is
reduced further to silyl methanol via silyl formal with the
addition of PhSiH3 (Scheme 1).
Reaction of CO2 (100 psig) with Me2PhSiH (0.44 mmol) in

CH2Cl2 (DCM) at 25 °C in the presence of a catalytic amount
of 2 (0.02 mmol, 4.5 mol %) produces the silyl formate
HC(O)(OSiMe2Ph) in 95% yield (by NMR). The character-
istic singlet at δ 8.1 (1H NMR) of HC(O)(OSiMe2Ph) was
used to confirm the product.11 Furthermore, a singlet at δ 161

in the 13C{1H} NMR spectrum was observed when 13CO2 was
employed. The remaining features of the 1H and 13C spectra
were fully consistent with HC(O)(OSiMe2Ph) as the product.
The use of Me2PhSiH gave clean conversion to silyl formate.

Additional reductant and increased temperature did not result
in further reduction of the silyl formate. However, upon
addition of a primary silane, PhSiH3 (0.88 mmol), further
reduction of silyl formate was observed. Initially rapid
conversion (within 30 min) yielded silyl formal in 85% yield
(Figure 1). This conversion is marked by the characteristic
resonance of the formal protons at δ 5.2 (1H NMR). Over a
longer reaction time of 24 h, the silyl formal is reduced to silyl
methanol13−15 in approximately 53% yield (Figure 1). A unique
characteristic of this system is the kinetic resolution of the
different reduction products. One can select for silyl formate by
using a tertiary silane such as Me2PhSiH, stop at the silyl formal
with PhSiH3 and halt the reaction after 30 min, or go all the
way to silyl methanol after 24 h reaction with 2 equiv of
PhSiH3. The reaction profile in Figure 1 shows that the
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hydrosilylation of CO2 to silyl formate takes place over the
course of 24 h with excellent chemoselectivity (no formal
observed). Upon addition of 2 equiv of PhSiH3, the immediate
formation of the bis(silyl)formal was observed, along with the
simultaneous, and extremely rapid, consumption of the formate.
Reduction of the bis(silyl)formal to silyl methanol proceeds
over the course of 24 h; a longer reaction time gave no
additional production of silyl methanol or further reduction to
methane.
Attempts to perform this reaction all in a single step

(Me2PhSiH + PhSiH3 + CO2) rather than by sequential
addition of organosilanes were unsuccessful. This puzzling
result indicated that two distinct and silane-dependent
oxorhenium species were responsible for the respective catalytic
products, and thus, we sought to confirm this hypothesis.
Reaction of 2 with 1 equiv of Me2PhSiH in DCM yielded a
clean reaction to afford the siloxy hydride [(PNN)Re(H)(O)-
(OSiMe2Ph)][OTf] (3-H) (Scheme 2), which is analogous to

(PPh3)2Re(H)(O)(OSiMe2Ph)(I) reported by Toste and co-
workers.19 The 31P{1H} NMR spectrum of 3-H exhibits a
singlet at δ 60 and the 1H NMR spectrum a doublet at δ 7.7 (J
= 14 Hz), which is assigned to Re−H. Toste and co-workers
observed the Re−H in (PPh3)2Re(H)(O)(OSiMe2Ph)(I) at δ
6.5. Our assignment of the Re−H was confirmed by using
Me2PhSiD, which had a signal at δ 7.7 in the 2H spectrum and

was absent from the 1H spectrum. Additionally, the 1H{31P}
NMR spectrum of 3-H gave a singlet at δ 7.7, verifying that the
coupling is to the P of the PNN ligand.
Attempts to obtain single crystals of 3-H were not successful,

in part because of its reactivity. Nevertheless, reaction of 1
equiv of Me3SiOTf with complex 2 gave the analogous siloxy
triflate [(PNN)Re(O)(OTf)(OSiMe3)][OTf] (3-OTf). X-ray-
quality crystals of 3-OTf allowed structural determination
(Figure 2), providing credence to the proposed addition of a

Si−X bond across the oxo ligand of 2. Many features of the 1H
NMR spectrum of 3-OTf resemble those observed for 3-H,
further supporting the proposed siloxy hydride species.
Stoichiometric reaction of 3-H with CO2 produces silyl

formate at a comparable rate to that of the catalytic reaction,
thus implicating this species as a viable active complex for CO2
hydrosilylation. It is conceivable that initially PhMe2SiH
associates as a η1- or η2-silane to Re, as has been reported by
our group; however, we were not able to definitively observe
such a silane adduct.20,21 Wei and co-workers have extensively
reported with computational studies that silane adducts
(primarily the η1 complex) are pervasive in oxorhenium-
catalyzed hydrosilylations and may even function as the active
catalyst.22 The [Re(O)2(PNN)]

+ complex is Lewis acidic and
thus activates the Si−H bond by addition across the ReO
bond. To establish the need for the rhenium center, we
performed the reaction with only AgOTf, CO2, and PhMe2SiH
under identical conditions and found no formation of silyl
formate. The reaction between 3-H and CO2 likely proceeds
through formation of rhenium formate, as has been detailed
extensively by Darensbourg,23,24 followed by silylium transfer,
as has been shown by Oro, Piers, and Stephan.11,25,26 A
complete catalytic cycle for the first-step reduction of CO2 is
shown in Scheme 3.
The reduction of silyl formate to formal and all the way to

silyl methanol is proposed to proceed initially via a mechanism
similar to that in Scheme 3, with the exception of having
[−SiPhH2] on the oxo ligand. This subtle difference appears to
influence the subsequent reactivity in a significant way. The

Figure 1. Typical time profile. Conditions: CO2 100 psi, Me2PhSiH
(0.44 mmol) in DCM at 25 °C. At 24 h PhSiH3 (0.88 mmol) was
added. The lines are to guide the eye.

Scheme 2

Figure 2. ORTEP drawing of the molecular structure of 3-OTf.
Hydrogen atoms and the outer-sphere triflate anion are omitted for
clarity.
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evidence for this claim is presented next. Reaction of 2 with 1
equiv of PhSiH3 in DCM yielded compound 4, which has
spectroscopic features similar to those of 3-H. The 1H NMR
resonance of the Re−H appears as a doublet at δ 8.0. An AB
quartet, with signals at δ 4.50 and 4.64, was identified as two
diastereotopic protons of the −SiPhH2 moiety, which we
tentatively propose as residing on one of the oxo ligands, as
observed with the Si−Me groups of 3-H.27 While structurally
similar, complexes 3-H and 4 differ dramatically in their
reactivity. Fernandes and co-workers have articulated similar
observations as to the enhanced reactivity of their oxorhenium
catalysts with the use of primary versus secondary organo-
silanes.28 Zheng and Chan proposed a unique mechanism for
ketone hydrosilylation with Rh complexes that was specific to
primary versus secondary organosilanes.29 We propose a similar
mechanistic distinction for oxorhenium hydrosilylation catal-
ysis. In this mechanism, the silane undergoes an initial oxidative
addition on Rh followed by the ketone (or formal)
coordinating to the silicon and inserting into an Si−H bond.
We postulate a similar sequence of events for our oxorhenium
catalyst: (1) addition of Si−H across the ReO bond to form
the siloxy hydride 4, (2) coordination of silyl formate (or silyl
formal in the last reduction step) and insertion into an Si−H
bond of −SiPhH2 (Scheme 4), and (3) product elimination to
regenerate the dioxorhenium cationic catalyst. It has been
noted previously that primary organosilanes possess more
silylene character when they are activated by metals and it is
this character that leads to this enhanced activity toward Si−H
bond insertion into substrates.30 Recent observations by Ison
and co-workers that the rhenium−oxo bond acts as the basic

component of a frustrated Lewis pair sheds additional light on
this duality; one can imagine that subtle variations of the −R
group within the organosilane yield vastly different reactiv-
ities.31

The reported catalytic system herein marks the first example
of a high-valent metal oxo catalyst that is capable of reducing
CO2 to silyl formate, silyl formal, and all the way to silyl
methanol, depending on the organosilane employed and time
of reaction. Schemes 3 and 4 illustrate the salient features of the
operating mechanisms and the way each product can be
obtained selectively. Further studies are aimed at exploring the
extent to which these transformations can be generalized to
other high-valent metal oxo complexes.
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