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ABSTRACT: Iridium dihydride complexes supported by
PCP-type pincer ligands rapidly insert CO2 to yield κ2-
formate monohydride products in THF. In acetonitrile/
water mixtures, these complexes become efficient and
selective catalysts for electrocatalytic reduction of CO2 to
formate. Electrochemical and NMR spectroscopic studies
have provided mechanistic details and structures of key
intermediates.

In solar fuels formationwater splitting to give hydrogen or
CO2 reduction to CO, other oxygenates, or hydrocarbons

a key is electro- or photoelectrocatalyzed reduction of CO2.
Progress has been made in identifying electrocatalysts,1 with the
dominant product being CO in most systems.2 A few molecular
electrocatalysts yield formate/formic acid;3 however, these
catalysts are often accompanied by nonselective formation of
CO and H2 or operate with low efficiency. For example, the
[(η5-Me5C5)Rh(bpy)Cl]

+ (bpy = 2,2′-bipyridine) catalyst3e

yields a 2:1 formate/H2 mixture upon electrochemical
reduction of CO2 in 5% water/acetonitrile. In contrast, formate
dehydrogenase4 selectively reduces CO2 to formate at the
thermodynamic potential with a high turnover frequency of ca.
280 s−1. Since formic acid could serve as a hydrogen storage
material,5 a precursor to methanol, or a fuel in its own right,6

more efficient electocatalysts for selective conversion of CO2 to
formic acid are desirable.
The insertion of CO2 into metal−hydrogen bonds7,8 has

recently received attention, particularly in connection with
hydrogenation of CO2.

7a−f Nozaki and co-workers7c have
shown that the six-coordinate, 18-electron Ir(III) pincer
trihydride complex 1 (Scheme 1) reacts with CO2 in
tetrahydrofuran (THF) at 25 °C to yield the formate complex
1CO2. Under 1 atm CO2, 1 and 1CO2 are in equilibrium and
present in approximately equal concentrations. Hazari and co-
workers7d reported that six-coordinate Ir(III) pincer trihydride
2 inserts CO2 to yield 2

CO2, in which formation of the adduct is
driven by formation of a hydrogen bond as shown. A density
functional theory (DFT) study by these authors suggested that
insertion of CO2 into six-coordinate Ir(III) trihydrides is
normally endothermic. Both the Nozaki and Hazari systems
hydrogenate CO2 to formate under basic conditions. We report
here that five-coordinate, 16-electron Ir(III) pincer dihydrides
readily insert CO2 and can be used as electrocatalyts for the
selective reduction of CO2 to formate or formic acid.8

Treatment of either (POCOP)IrH2 (3) or (PCP)IrH2 (4)
with CO2 (1 atm) in THF at 25 °C rapidly yields the

corresponding κ2-formate complexes 3CO2 and 4CO2, as shown
in Scheme 1. 3CO2 exhibits a formyl proton resonance at 9.3
ppm correlated to a carbon resonance at 173 ppm in 1H−13C
HMQC spectra (additional NMR data are summarized in the
SI9). Purging these solutions with Ar at 25 °C results in CO2
loss and regeneration of 3 and 4. The second-order rate
constants for formation of these adducts, k1, were determined at
−65 °C, and the data are summarized in Table 1. The first-
order rate constants for loss of CO2 from the formate chelates,
k−1, were determined by preparing the adducts using 13CO2 in
THF, cooling to −65 °C, purging with Ar to remove excess
13CO2 from solution, and then adding a large excess of CO2.
The rates of labeled 13CO2 loss from the adducts (k−1) followed
first-order kinetics, as expected. Determination of the rate
constants k−1 over a series of temperatures between 0 and −20
°C and subsequent Eyring analysis provided the ΔH⧧ and ΔS⧧
values summarized in Table 1. Extrapolation of the first-order
rate constants k−1 to the temperature where the second-order
rate constants k1 were determined provided equilibrium
constants, Keq, corresponding to ΔG values of −5.9 kcal
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Scheme 1. CO2 Insertion by Ir Pincer Hydrido Complexes

Communication

pubs.acs.org/JACS

© 2012 American Chemical Society 5500 dx.doi.org/10.1021/ja300543s | J. Am. Chem. Soc. 2012, 134, 5500−5503

pubs.acs.org/JACS


mol−1 for 3 and −7.7 kcal mol−1 for 4 at −65 °C. These
energetically favored insertions are apparently driven by
stabilization through κ2-chelation, an option unavailable to
six-coordinate hydrides.10

Electrocatalytic reduction of CO2 to formate was achieved by
using 3 as the catalyst. In the cyclic voltammogram (CV) in
MeCN with 5% H2O (v/v, 0.1 M nBu4NPF6) saturated by 1
atm CO2 (Figure 1 left),11 an electrocatalytic onset for CO2

reduction appears at ca. −1.2 V vs NHE. The onset is shifted to
ca. −1.6 V in 5% H2O/THF. In view of the more positive
potential in MeCN/H2O, it was the solvent system of choice
for further electrochemical studies. Controlled-potential elec-
trolysis at −1.45 V in 5% H2O/MeCN for 25 h (glassy carbon,
7.1 mm2) yielded formic acid as the predominant product upon
acidic workup, with a turnover number of ca. 40 by NMR
analysis and a Faradaic efficiency of 85%.9 H2 was found as a
side product (15%) by headspace GC analysis; it was formed
via a nonspecific background reduction of water by the
electrode.12 Notably, no detectable amount of CO was found
(<1%). The catalytic current gradually decreased over the
extended period of the electrolysis as the solution eventually
became basic (apparent pH > 9). Similar to 3, 4 exhibits a
catalytic current in 5% H2O/THF under CO2, yet the onset
potential occurs more negatively, at ca. −1.8 V vs NHE.
The redox-active species in the catalytic cycle was

investigated by cyclic voltammetry. As shown in Figure 1 left,
in 5% H2O/MeCN (0.1 M nBu4NPF6) under Ar in the absence
of CO2, 3 exhibits no significant reduction wave to the solvent
limit at −1.7 V. Rather, two oxidation waves were found at
anodic peak potentials (Ep,a) of 0.25 and 0.72 V vs NHE
(Figure S19). The lack of a reduction wave for 3 points to it as

the “reduced” form. A cationic complex with a single hydrido
ligand, [(POCOP)IrH(MeCN)2](BAr

F
4) (3a·BArF4), was

synthesized9 as an “oxidized” counterpart of 3. Indeed, 3a+

exhibited an irreversible reduction wave at a cathodic peak
potential (Ep,c) of −1.4 V in MeCN under Ar (Figure 1 right),
coincident with the onset potential for electrocatalytic CO2
reduction by 3.
The peak current (ip,c) for the reduction of 3a+ varies linearly

with the square root of the scan rate (υ1/2) from 10 to 500 mV
s−1 under Ar (Figure S29), consistent with diffusional reduction.
Following a reductive scan, oxidation waves reappear at Ep,a =
0.25 and 0.72 V, characteristic of 3, thus confirming
electrochemical generation of 3 from 3a+. The integrated area
of each oxidation wave is ca. 50% of that for the reduction wave
at −1.4 V. On the basis of an internal comparison of the
integrated currents, the oxidation waves at 0.25 and 0.72 V
probably correspond to one electron each, accounting for net
oxidation of one of the hydrido ligands; reduction of 3a+ at
−1.4 V is overall a two-electron process. The latter is consistent
with Ir(III) → Ir(I) reduction, which is supported by the result
of a DFT calculation showing that the LUMO of 3a+ is
predominantly iridium-centered (Figure S99). There is
precedent for two-electron Ir(III)/Ir(I) electrochemical reduc-
tion.3e

The electrochemical observations are consistent with a
mechanism in which the catalyst resides largely as 3a+ in the
electrocatalytic steady state, with 3 as the reactive form.
Reduction of 3a+ remains irreversible even at higher scan rates
(up to 1 V s−1) in formally dry MeCN, suggesting rapid
protonation of the Ir(I) intermediate to regenerate the iridium
dihydride species, which is reactive toward CO2.
The kinetics of the reaction between 3 and CO2 was

investigated by cyclic voltammetry in MeCN with 5% H2O.
Relative to ip,c for 3a

+ under Ar, the peak current for 3 (or 3a+)
under CO2 (icat) is enhanced ca. 3.8-fold at a scan rate of 100
mV s−1. The catalytic peak current (icat) varies linearly with the
Ir concentration (Figure S39), consistent with a mechanism for
CO2 reduction that is first-order in catalyst. When normalized
for the scan rate (icat/υ

1/2), the catalytic peak current increases
with decreasing scan rate from 500 to 5 mV s−1 (Figure S49),
consistent with a catalytic process in which 3a+ is regenerated
and reduced at the electrode. Rate constants were evaluated by
measurements of peak current ratios with (icat) and without
(ip,c) CO2 at saturation. In eq 1,13 n is the electrochemical
stoichiometry (assumed to be 2 for both the diffusional and
catalytic currents), υ is the scan rate in V s−1, F is the Faraday
constant, and kcat is the observable catalytic rate constant, or
turnover frequency. From the plot of icat/ip,c versus υ−1/2

(Figure S4 right9), kcat = 20(2) s−1 in MeCN with 5% H2O
at 25 °C and 1 atm CO2. The dependence of kcat on [CO2] was
not investigated.
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As shown by the data in Figure 2 left, in addition to acting as
a proton source, water plays a key role in the CO2 reduction.
From the plot of icat/ip,c versus [H2O] (Figure 2 right), the
catalytic rate increases with added water, reaching saturation at
ca. 4%. In the absence of CO2, there is no significant current
enhancement with added H2O up to 5% under Ar (Figure S59).
An NMR study showed that 3 is stable with added H2O for

Table 1. Kinetic and Thermodynamic Data for the Reactions
of CO2 with 3 and 4 in THF-d8 at Low Temperaturesa

3 4

k1,208K (M−1 s−1)b 4.4(2) × 10−4 1.00(8) × 10−2

ΔG1,208K
⧧ (kcal mol−1) 15.3(2) 14.0(2)

k−1,273K (s−1) 5.7(6) × 10−4 1.2(1) × 10−3

ΔH−1
⧧ (kcal mol−1) 25(2) 28(2)

ΔS−1⧧ (cal mol−1 K−1) 19(4) 30(10)
Keq,208K (M−1) 1.6(9) × 106 1.3(9) × 108

ΔG208K (kcal mol−1) −5.9(4) −7.7(6)
aErrors shown represent two standard deviations. bThe CO2
concentration in 1 atm CO2 saturated THF at 208 K is 5.6 M by
quantitative 13C NMR analysis.

Figure 1. Left: CVs of 1 mM 3 in MeCN under Ar (black) or 1 atm
CO2 (red) and in THF under 1 atm CO2 (blue). Right: CVs of 1 mM
3a+ under Ar (black) and CO2 (red) in MeCN. Conditions: glassy
carbon electrode, 7.1 mm2, 5% H2O, 0.1 M nBu4NPF6, 100 mV s−1,
room temperature.
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days. There is no evidence that 3 is catalytically active for water
reduction to hydrogen.
An NMR investigation clarified the role of water in the

overall CO2 reduction mechanism. In anhydrous MeCN, 3
exists as a six-coordinate acetonitrile complex, (POCOP)Ir-
(H)2(MeCN) (3MeCN), which forms no detectable insertion
product under CO2. When water is added, 3MeCN reacts with
CO2 to yield the cationic hydride [(POCOP)IrH(MeCN)2]

+

(3a+), releasing formate anion, HCOO− (Scheme 2). There is a

measurable equilibrium between 3MeCN and 3a+ + HCOO−,
with the ionic reaction products present at >95% conversion
with 4% added water (Figure 2 right and Figure S69). The
equilibrium in Scheme 2 is likely driven largely by stabilization
of the formate anion by solvation and hydrogen bonding to
water. Saturation at 4% water in the catalytic electrochemical
reduction matches the “saturation” in the equilibrium formation
of 3a+, confirming 3a+ to be the species that is reduced.
Scheme 3 shows an electrocatalytic mechanism consistent

with the experimental observations. In acetonitrile, the
dihydride exists as the acetonitrile adduct 3MeCN. As shown
above, 3MeCN is in rapid equilibrium with 3a+, which likely
forms via a κ1-formate complex, 3I.14 At water concentrations
above 4%, the dominant form of the catalyst in the
electrocatalytic steady state is 3a+. Two-electron, one-proton
reduction of 3a+ yields dihydride 3MeCN. Water is the proton
source, so hydroxide is generated and reacts with a second CO2

to form bicarbonate, HCO3
−.15 Both 3MeCN and 3a+ as the

BArF4
− salts have been independently prepared and charac-

terized.9

The results reported here provide quantitative data for
insertion of CO2 into five-coordinate iridium hydrides and a
detailed mechanistic analysis of electrocatalytic CO2 reduction
by an Ir(III/I) hydride couple. There are two particularly
notable features of these reductions in acetonitrile/water: (1)
The catalysts are selective for reduction of CO2 to formate. No
CO is formed, and the small amount of hydrogen that is
formed results from background reduction of water. The

dihydrides are unreactive toward water under the conditions
employed here for electrochemical experiments. (2) The role of
the solvent is remarkable. Addition of water to 3MeCN in
CH3CN/CO2 results in the formation of cationic 3a+ and
formate. Cationic 3a+ is much more easily reduced than the
neutral Ir(III) species. Thus, added water plays a critical role in
lowering the reduction potential for electrocatalysis and
minimizing background reduction of protons to H2. These
observations are potentially significant in the design of useful
catalysts and procedures for generation of formate/formic acid
in solar fuel schemes. We are expanding our investigations of
this class of electrocatalysts for CO2 reduction to further
enhance the rates, lower the reduction potentials, and transfer
the observed reactivity to electrode surfaces.
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