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ABSTRACT: New water-soluble pentamethylcyclopentadienyl
cobalt(III) complexes with proton-responsive 4,4′- and 6,6′-
dihydroxy-2,2′-bipyridine (4DHBP and 6DHBP, respectively)
ligands have been prepared and were characterized by X-ray
crystallography, UV−vis and NMR spectroscopy, and mass
spectrometry. These cobalt(III) complexes with proton-responsive
ligands predominantly exist in their deprotonated [Cp*Co(DHBP−
2H+)(OH2)] forms with stronger electron-donating properties in
neutral and basic solutions, and are active catalysts for CO2
hydrogenation in aqueous bicarbonate media at moderate temper-
ature under a total 4−5 MPa (CO2:H2 1:1) pressure. The cobalt
complexes containing 4DHBP ligands ([1−OH2]

2+ and [1−Cl]+,
where 1 = Cp*Co(4DHBP)) display better thermal stability and
exhibit notable catalytic activity for CO2 hydrogenation to formate in contrast to the catalytically inactive nonsubstituted bpy
analogues [3−OH2]

2+ (3 = Cp*Co(bpy)). While the catalyst Cp*Ir(6DHBP)(OH2)
2+ in which the pendent oxyanion lowers the

barrier for H2 heterolysis via proton transfer through a hydrogen-bonding network involving a water molecule is remarkably
effective (ACS Catal. 2013, 3, 856−860), cobalt complexes containing 6DHBP ligands ([2−OH2]

2+ and [2−Cl]+, 2 =
Cp*Co(6DHBP)) exhibit lower TOF and TON for CO2 hydrogenation than those with 4DHBP. The low activity is attributed
to thermal instability during the hydrogenation of CO2 as corroborated by DFT calculations.

■ INTRODUCTION

Carbon dioxide is a greenhouse gas (GHG) that can retain the
energy of absorbed sunlight and regulate the temperature of the
atmosphere to sustain life on the planet. However, global
climate concerns have arisen from the rapid increase of the
atmospheric concentration of CO2 produced from the
escalating use of fossil fuels.1,2 Only plants, through photosyn-
thesis, can effectively utilize this plentiful and highly stable
molecule on a massive scale for the synthesis of organic
molecules. A long-standing goal is to develop efficient catalytic
processes that mimic photosynthesis and selectively convert
CO2 to C1 building blocks and fuels.

3−5 Hydrogenation of CO2

to formic acid (HCO2H) and/or its conjugate base, formate
(HCO2

−), catalyzed by homogeneous transition-metal com-
plexes is an important approach.6−9 Hydrogen gas is a desirable
fuel that can be utilized in fuel cells without the release of
GHG; however, obstacles remain in finding practical means for
its physical storage and transport.3,10,11 Formic acid is a
promising liquid hydrogen-storage material that takes advant-
age of the low energy barrier for CO2 hydrogenation to formate

in water (eq 1; ΔG° = −4 kJ mol−1).12−15 This strategy is also
appealing because it avoids the formation of detectable levels of
CO upon dehydrogenation of formic acid with transition-metal
complexes under mild conditions, thereby preventing fuel cell
catalyst poisoning.16

+ + ⇌ +− −H CO OH (aq) HCO (aq) H O2 2 2 2 (1)

High efficiencies and activities for the catalytic hydrogenation
of CO2 to formic acid in aqueous media have been achieved
mainly using catalysts based on expensive noble metals such as
Rh,9,17 Ru,18−21 and Ir,22−26 and partially due to the high
stability of their complexes in water. Nozaki et al. have reached
unprecedented activities with a high turnover number (TON =
3.5 × 107), and a turnover frequency (TOF = 1.5 × 105 h−1) at
elevated temperatures (120 and 200 °C) and pressures (8
MPa) using a pincer PNP−Ir(III) complex.27,28 Hazari and co-
workers prepared a pincer-supported Ir(III) hydride species
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that can form a hydrogen bond with incoming CO2 in the
second coordination sphere;23 however, the activity for CO2
hydrogenation is rather comparable to the catalyst investigated
by Nozaki et al. On the other hand, the development of
efficient catalysts with nonprecious metals is also being
pursued. In Inoue’s pioneering work, a Ni(dppe)2 catalyst
(dppe = Ph2PCH2CH2PPh2) was found to be catalytically
active, albeit with only a low TON of 7.6 Using a combinatorial
catalyst screening technique, Jessop et al. have obtained a TOF
of 15 h−1 using FeCl3 and NiCl3 with phosphine ligands such as
dcpe (Cy2PCH2CH2PCy2) or dppe in DMSO.29 Recent success
in CO2 hydrogenation to formate with catalysts employing
earth-abundant metals such as Fe30,31 and Co32 with
tetradentate P(CH2CH2PPh2)3 has been demonstrated by
Beller and co-workers. The best TOF and TON during 20 h
runs in the latter Co system were reported to be 195 h−1 and
3877, respectively.32 The reaction was carried out in an aqueous
MeOH solution containing NaHCO3 at 120 °C under high
pressure (60 atm of H2 measured at room temperature). The
CO2 hydrogenation system with Co(dmpe)2H (dmpe = 1,2-
bis(dimethylphosphino)ethane) reported by Linehan et al.
exhibits a remarkable TOF of 3400 h−1 at room temperature
and 1 atm of 1:1 CO2:H2 (74 000 h−1 at 20 atm) in THF.33

However, it is catalytic only when a superstrong base, Verkade’s
base (pKa 33.7 in acetonitrile), was used essentially as a
sacrificial reagent for the Co(dmpe)2H regeneration step.
Milstein’s PNP−Fe complex has been demonstrated to be a
remarkably efficient iron catalyst, having a TOF and TON up
to 156 h−1 and 788 at 80 °C under relatively low pressure (H2,
6.6 atm and CO2, 3.3 atm), although 2 M NaOH and 10% THF
were added to increase the pH and the solubility of the
complex, respectively.34 Interestingly, the hydrido formate
complex isolated in stoichiometric reactions in pentane was
characterized by NMR and single-crystal X-ray diffraction. The
reaction mechanism was predicted by theory.35 While the
observed activity shows a significant potential for the use of
earth-abundant metal catalysts for the hydrogenation of CO2,
the search for high-performance low-cost catalysts in aqueous
solutions under mild conditions still remains a challenging task.
While catalysts containing phosphine ligands are representa-

tive of a popular approach to CO2 hydrogenation to formate,
we have achieved high TONs and TOFs for CO2 hydro-
genation in water using proton-responsive half-sandwich Cp*
iridium(III) complexes containing hydroxyl-substituted N-
donor ligands (4,4′-dihydroxyl-2,2′-bipyridine (4DHBP), 6,6′-
dihydroxyl-2,2′-bipyridine (6DHBP), 4,4′,6,6′-tetrahydroxyl-
2,2′-bipyrimidine (THBPM), and 2,2′,6,6′-tetrahydroxyl-4,4′-
bipyrimidine (TH4BPM); see Chart 1).26,36−39 The high
catalytic activities of the well-defined iridium(III) mononuclear
[Cp*Ir(L)(OH2)]

2+ (L = 4DHBP, 6DHBP, TH4BPM) and
dinuclear [(Cp*Ir)2(L)(OH2)2]

2+ (L = THBPM) complexes
are attributed to the strong σ-electron-donating abilities of the
ligands and improved water solubility by the high polarity of
oxyanions generated from deprotonation of OH in basic
solutions. Moreover, hydroxyl groups on ortho positions of the
ligands (6DHBP, THBPM, and TH4BPM), acting as pendent
bases, were found to accelerate the rate-limiting heterolysis of
H2 and consequently lead to dramatic rate enhancements.37−39

We have, for the first time, obtained clear evidence from kinetic
isotope effects (hydrogen and water) and computational studies
of the involvement of a water molecule in the rate-determining
heterolysis of H2, and accelerated proton transfer by the
formation of a water bridge in CO2 hydrogenation in water.38

Remarkably, the dinuclear iridium catalyst containing the
THBPM ligand exhibited excellent TOF (70 h−1) in the
reversible hydrogenation of CO2 to formate at ambient
temperature and pressure (25 °C, a total 1 atm H2/CO2, 1/
1).39 These findings demonstrate that the hydroxyl groups on
the ligands play an important role in the hydrogenation of CO2.
Given our success with the iridium(III) complexes bearing

hydroxyl-substituted N-donor ligands, we envisaged the use of
less expensive earth-abundant metals such as Co to replace the
precious Ir metal in catalytic CO2 hydrogenation. Cobalt-based
catalysts are widely known for water reduction mediated by a
Co(III) hydride species.40,41 In contrast, as mentioned above,
the only known well-defined homogeneous cobalt systems for
CO2 hydrogenation are the [Co(H2)(PP3)]

+ (PP3 = P-
(CH2CH2PPh2)3) species in water with NaHCO3 reported by
Beller et al.32 and Co(dmpe)2H in THF reported recently by
Linehan et al.33 In the present study, we describe the
preparation and characterization by UV−vis and NMR
spectroscopy of new water-soluble Cp*Co(III) complexes,
which bear dihydroxyl-substituted bipyridine (DHBP) ligands
(Chart 1). Eight complexes were characterized by X-ray
crystallography (Supporting Information Table S1). We also
demonstrate, for the first time, the catalytic activity of these
proton-responsive Co(III) complexes without any phosphine
ligand toward hydrogenation of CO2 in an aqueous bicarbonate
medium without any organic cosolvent. Comparative struc-
ture−activity studies were also performed with the correspond-
ing nonsubstituted analogues [Cp*Co(bpy)(L)]2+ (bpy = 2,2′-
bipyridine) to assess the functional role of the hydroxyl
substituents in catalytic CO2 hydrogenation in 1 M NaHCO3
aqueous solutions.

■ RESULTS AND DISCUSSION
Synthesis and Characterization of [Cp*Co(DHBP)(L)]n+

Complexes. As shown in the Supporting Information (Tables

Chart 1. Structures of the Co and Ir Complexes Examined
for CO2 Hydrogenation
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S1−S14), a series of Cp*Co complexes with and without
proton-responsive bpy ligands have been prepared, and their
structures have been determined by X-ray diffraction.
Complexes [Cp*Co(4DHBP)(Cl)]PF6 ([1−Cl]PF6) and
[Cp*Co(6DHBP)(Cl)]PF6 ([2−Cl]PF6) were prepared by
the reaction of the dichloro-bridged dimer [Cp*CoCl2]2 and 2
equiv of DHBP ligand in a 1:3 mixture of water and methanol
at 50 °C for 2 h (Supporting Information Scheme S1). The
Cp*Co(III)DHBP complexes were isolated as air-stable purple
crystals from saturated aqueous solutions of NH4PF6 in 72%
and 61% yield for [1−Cl]PF6 and [2−Cl]PF6, respectively. The
structure of [1−Cl]PF6 (A) crystallized from an aqueous
solution and methanol was elucidated by single-crystal X-ray
diffraction. This contains one water molecule and one methanol
molecule of crystallization. As shown in Figure 1, the 18-

electron Co(III) species [1−Cl]+ (A) exhibits a piano-stool
geometry similar to the structurally related Ir(III) dihydroxyl-
substituted bipyridine complexes42,43 with a Co−Cl bond
distance of 2.2917(6) Å and Co−N bipyridine distances
[1.955(2) and 1.959(2) Å] typical of a Co(III) center (Table
1). The C−O bond distances found in [1−Cl]+ (A) of
1.340(2) and 1.338(2) Å indicate that the hydroxyl groups of
the 4DHBP ligand remain protonated. The aqua complexes
[Cp*Co(4DHBP)(OH2)](PF6)2 ([1−OH2](PF6)2) and
[Cp*Co(6DHBP)(OH2)](PF6)2 ([2−OH2](PF6)2) were pre-

pared in water via chloride ligand displacement by addition of
TlPF6 salt to [1−Cl]PF6 and [2−Cl]PF6, respectively. X-ray
diffraction analysis of crystals harvested from a solution of [1−
Cl]+ in 1 M NaHCO3 (pH ≈ 8.4) revealed the formation of the
neutral [Cp*Co(4DHBP−2H+)(OH2)] (1′−OH2) species. As
shown in Figure 2, the X-ray structure of 1′−OH2 exhibits the

coordination of a water ligand to the cobalt center at a Co−
O(1) distance of 1.952(2) Å. The shorter C−O bond distances
(1.294(2) Å) found in 1′−OH2 relative to those of [1−Cl]+
(A) (1.338(2) and 1.340(2) Å) are consistent with
deprotonation of the hydroxyl groups of the 4DHBP ligand
and the formation of the resonance-stabilized oxyanions under
basic conditions (Scheme 1; Table 1). This acid−base
equilibrium is similar to what has been observed for the
structurally related Ir(III) DHBP systems.22,39 Most notably,
the deprotonated 4DHBP dianionic ligand in 1′−OH2 is more
planar than in [1−Cl]+ (A) and exhibits a larger dihedral angle
between the Cp* centroid and 4DHBP ligand (38.45(9)° in
[1−Cl]+ (A) and 60.03(7)° in ([1−OH2]

2+). The intra- and
intermolecular H-bonding network in 1′−OH2 involving water
molecules (coordinated and uncoordinated) with the oxyanions
is shown in Figure 3.
The X-ray structure of the [Cp*Co(6DHBP)(Cl)]BArF

([2−Cl]BArF complex crystallized from a solution of dichloro-
methane and hexane by exchanging the PF6 counterion with
BArF (BArF = tetrakis[3,5-bis(trifluoromethyl)phenyl]borate)
was also determined. The structure shown in Figure 4
resembles the bond distances and angles found in [1−Cl]PF6
and a recently characterized iridium(III) analogue43 (see
Supporting Information experimental section for details). The
C−O bond distances found in [2−Cl]+ of 1.332(7) and
1.339(8) Å, and the hydrogen bonding indicate that the
hydroxyl groups of the 6DHBP ligand remain protonated.
Strong hydrogen-bonding interactions were found in the case
of [2−Cl]BArF between the chloride ligand and the ortho-
hydroxyl pendent base groups of the 6DHBP ligand, which
appears more geometrically distorted than the case of [1−Cl]+.
Furthermore, the X-ray structures of the [1−Cl]PF6 (B) and

the acetonitrile adduct [Co(6DHBP−H+)(NCCH3)]PF6
(6DHBP−H+ = monodeprotonated 6DHBP) were obtained
from the crystallization of [1−Cl]PF6 (A) and [2−Cl]PF6
complexes, respectively, from CH3CN.

1H NMR immediately

Figure 1. The crystal structure of [1−Cl]+ (A) crystallized from water
and methanol as a cosolvent. The counterion (PF6

−), methanol, and
water molecules are not shown for clarity.

Table 1. Summary of Bond Distances (Å) and Angles (deg)
for Complexes [1−Cl]+ (A) and 1′−OH2

complex: [1−Cl]+ (A), X = Cl 1′−OH2, X = O

protonation state: 4DHBP 4DHBP−2H+

Bond Distances
Co(1)−N(11) 1.959(2) 1.965(1)
Co(1)−N(21) 1.955(2) 1.965(1)
Co(1)−X(1) 2.2917(6) 1.952(2)
C(14)−O(14) 1.338(2) 1.294(2)
C(24)−O(24) 1.340(2) 1.294(2)
Bond Angles
N(11)−Co(1)−N(21) 81.2(6) 82.33(7)
N(11)−Co(1)−X(1) 93.66(5) 87.68(5)
N(21)−Co(1)−X(1) 92.18(5) 87.68(5)

Figure 2. The crystal structure of 1′−OH2 crystallized from
dissolution of [1−Cl]+ in bicarbonate aqueous solutions (1 M
NaHCO3).
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after preparation of a 1 mM solution of [2−Cl]+ in CD3CN
shows the rapid exchange of the chloride with acetonitrile and
the formation of [Co(6DHBP−H+)(NCCH3)]

+, although
slower ligand exchange was observed in the case of [1−Cl]+
(Supporting Information Figures S16 and S17). We also
structurally characterized [3−Cl]PF6, [3−Cl]SO3CF3, and a
decomposition product [Co(4DHBP−H+)2(4DHBP)]3[Co-
(4DHBP)3](PF6)6 (1d) (where 4DHBP−H+ indicates mono-
deprotonated 4DHBP) isolated from aqueous solutions (vide
infra). The results of all of the collected X-ray structures are
described in detail in the Supporting Information (Tables S1−
S14 and Figures S1−S10).
Acid−Base Equilibrium. The pKa of the aqua complex

[1−OH2](PF6)2 was determined from the inflection points of

sigmoidal least-squares fitted curves of the UV−vis spectra of
the complex between pH 2−14 (Figure 5). The average pKa

value of the hydroxyl protons in [1−OH2]
2+ is pKa1+2 = 5.3. In

addition, we observed changes in the spectrum above pH 10
[pKa(OH2) ≈ 11], which are attributed to the deprotonation of
the coordinated aqua complex. These pKa values are quite
similar to those found previously for the [Cp*Ir(4DHBP)-
(OH2)]

2+ complex (pKa1+2 = 5.0)37 and imply that the metal
does not appear to significantly influence the acidity of the
DHBP ligand or the coordinated water molecule.44 Curiously,
the higher pKa of the aqua ligand in complex [1−OH2]

2+ (pKa

≈ 11) relative to that of the unsubstituted bpy complex
[Cp*Co(bpy)(OH2)]

2+ [3−OH2]
2+ (pKa ≈ 8.4)44 is perhaps

due to a contribution from the more electron-donating

Scheme 1. Acid−Base Equilibrium between Complexes [1−OH2]
2+ and 1′−OH2

Figure 3. The hydrogen-bonding schemes in [1′−OH2] (left, intra-; right, intermolecular water bridged H-bonding interactions) between water and
the two deprotonated hydroxyl groups of the 4DHBP ligand.

Figure 4. Left: The crystal structure of [2−Cl]BArF crystallized from methylene chloride and hexane. The counterion (BArF) is not shown for
clarity. Right: A view of the hydrogen bonding. Co(1A) is related to Co(1) by 2 − x, 2 − y, 1 − z. The two rings of the bipyridine ligand exhibit a
dihedral angle of 16.3(4)° to form the intramolecular and intermolecular hydrogen bond with the chloride ligand.
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deprotonated DHBP and possible H-bonding interactions
between the coordinated water and the oxyanions of other
cobalt units in basic media as found in the X-ray structure.
Structural elucidation data for the complexes [1−Cl]+, [1−

OH2]
2+, [2−Cl]+, and [2−OH2]

2+ were also obtained by 1H
NMR in D2O, UV−vis, ESI/MS, and elemental analysis (see
the Experimental Section and the Supporting Information for
details). The comparative UV−vis spectra of complexes [1−
OH2]

2+, [2−OH2]
2+, and [3−OH2]

2+ in water are shown in
Supporting Information Figure S12. At neutral pH, these cobalt
complexes exhibit visible absorption bands between 530 and
550 nm with similar molar absorption coefficients (ε = 750−
940 M−1 cm−1). Complex [2−OH2]

2+ displays an intense UV

band absorption at lower energy (λ = 355 nm, ε = 10 550 M−1

cm−1) as compared to [1−OH2]
2+ and [3−OH2]

2+ possibly
due to a ligand-to-metal charge-transfer (LMCT) arising from
the strong electron-donating nature of the deprotonated DHBP
ligand and some influence of pendent bases near the Co center.
A similar trend has been observed in the analogous Ir
complexes.37,43 In basic solutions (1 M NaHCO3, pH 8.4),
the UV−vis features of the Co DHBP complexes ([1−Cl]+,
[1−OH2]

2+, [2−Cl]+, and [2−OH2]
2+) are practically the same

as the corresponding spectra obtained in neutral water.
Although all of the cobalt complexes ([1−Cl]+, [1−OH2]

2+,
[2−Cl]+, and [2−OH2]

2+) have distinguishable chemical shifts
in D2O (Supporting Information Figures S13 and S14)
indicating that the metal−chlorine bond is intact, the 1H
NMR of the chloride and aqua complexes with 4DHBP or
6DHBP displayed identical chemical shifts in 1 M NaHCO3/
D2O solution (Supporting Information Figure S15). Thus, our
collective data based on single-crystal X-ray analysis, pKa
determination, spectroscopic data, and 1H NMR studies
indicate that complexes [1−Cl]+, [1−OH2]

2+, [2−Cl]+, and
[2−OH2]

2+ predominantly exist as their doubly deprotonated
[Cp*Co(DHBP−2H+)(OH2)] forms in 1 M NaHCO3.

Carbon Dioxide Hydrogenation with [Cp*Co(DHBP)-
L]n+ in Water. CO2 hydrogenation with the [Cp*Co(DHBP)-
(L)]n+ complexes in aqueous bicarbonate solutions (using a 1:1
mixture of CO2 and H2) was carried out under varied
temperatures and pressures (H2/CO2). To optimize the
reaction conditions, we examined various catalysts and base
concentrations, and temperature and pressure settings (Figure
6 and Supporting Information Figures S19−21, Table S15).
Table 2 summarizes the activities for the Co complexes
examined in this study ([1−OH2]

2+, [1−Cl]+, [2−OH2]
2+, [2−

Cl]+, [3−OH2]
2+, and [3−Cl]+). Complexes [1−Cl]+ and [1−

OH2]
2+ (2 μmol) afforded direct hydrogenation of CO2 to

formate in 1 M NaHCO3 aqueous solutions. The similar
catalytic activity of [1−Cl]+ and [1−OH2]

2+ is not surprising
because both compounds exist in their deprotonated forms as
[1′−OH2] at that pH. The production of HCO2

− (formate)
was detected (15−24 mM) with a maximum TOF of 39 h−1 at
80−100 °C and 4 MPa within 1−2 h. To our knowledge, these
results represent the first example of a nonphosphine Co(III)
complex that can mediate CO2 hydrogenation under aqueous
conditions without any addition of organic solvents. It should

Figure 5. Acid−base pH titration of [1−OH2]
2+ in 20 mM Britton−

Robinson buffer between pH 3−12. Top panel: UV−vis spectral
changes. Bottom panel: Absorbance changes at single wavelengths
(322, 245, and 226 nm).

Figure 6. Optimization for CO2 hydrogenation reaction with [1−OH2]
2+. Left: Plot of TON versus [HCO3

−] (5 μmol of [1−OH2]
2+, 5 mL of

sodium bicarbonate solution, 4 MPa H2/CO2 (1/1), 80 °C, 1 h). Right: Plot of TOF versus reaction temperature (2 μmol of [1−OH2]
2+), 5 mL of

NaHCO3 (1 M), 4 MPa H2/CO2 (1/1), 1 h).
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be noted that the use of water as a solvent medium for these
cobalt complexes is critical for the catalysis, and switching to
organic solvents (such as methanol, THF) did not result in
detection of the formate product. For [1−OH2]

2+, the formate
product was also detected at room temperature (entry 7, TOF:
0.18 h−1), and increases in reaction temperature (80−100 °C)
improved the reaction rate (up to 39 h−1) and yields of the
formate product (TON: 39−59 for 1−7 h, entries 1−6).
However, catalyst decomposition was observed at temperatures
>100 °C (see Figure 6) accompanied by a significant decrease
in CO2 hydrogenation activity. A meaningful activation energy
could not be estimated due to the decomposition of the
catalysts at higher temperatures.
In comparison to the 4DHBP complexes, the 6DHBP

complexes and the nonsubstituted bpy complexes exhibited
lower (TOF < 2 h−1) and negligible catalytic activities,
respectively (Table 2 and Supporting Information Table
S15). Because complexes [3−OH2]

2+ and [3−Cl]+ do not
have proton-responsive ligands, we expect lower activities for
CO2 hydrogenation. In contrast, the low activities observed for
[2−OH2]

2+ and [2−Cl]+ may be due to the poor stability of
these complexes under the reaction conditions. In fact, we
observed the decomposition of [2−OH2]

2+ at T > 50 °C
(Supporting Information Table S15). Evidently, the 6DHBP
complex is less stable than the corresponding 4DHBP complex,
and the steric congestion around the cobalt center may cause
the decomposition (see DFT section). [3−OH2]

2+ is unstable
even at room temperature in 1 M NaHCO3 and decomposes
completely upon heating at 50 °C for 1 h. These findings
suggest that the thermal stabilities of Co 4DHBP complexes are

most likely due to the strong electron-donating properties of
the 4DHBP ligand;26 however, as compared to their Ir
analogues, they still decompose faster. One of the decom-
position products was isolated, and structural characterization
by single-crystal X-ray diffraction showed the formation of
[Co(4DHBP−H+)2(4DHBP)]3[Co(4DHBP)3](PF6)6 with
monodeprotonated and nondeprotonated 4DHBP ligands
(Supporting Information Figure S9). Notably, we detected
only a trace amount of formate with 1 M NaHCO3 with catalyst
[1−OH2]

2+ at 80 °C in the absence of CO2. This suggests that
introduction of CO2 gas is necessary to increase the yield of
formate unlike other cases reported.21,30,32 These results are in
agreement with our findings in the Ir DHBP systems, and our
proposal that CO2 and not bicarbonate is reduced by the
catalyst.39

DFT Calculations. On the basis of our previous results that
showed the Cp*Ir(6DHBP) complex to be more catalytically
active for CO2 hydrogenation than the Cp*Ir(4DHBP)
complex,37 we took the former species to be the prototype
for exploring theoretically the lower activity of its Co analogue
[2−OH2]

2+. Having established that H2 heterolysis was the
rate-determining step in CO2 hydrogenation to formate with
the Ir complexes,37,38 we searched for a relatively low-energy
water-assisted H2 heterolysis “relayTS” transition state
comparable to that we found for Cp*Ir(H···H···OH2)-
(6DHBP−2H+) (where “6DHBP−2H+” indicates a doubly
deprotonated 6DHBP) (see Figure 7 and Table 3). We found
such a transition state to exist for the Co complex, with
geometric properties close to those of the Ir analogue, but
occurring somewhat later along the reaction coordinate as

Table 2. Hydrogenation of CO2 in NaHCO3 Solutions with Co Complexesa

entry cat. /μmol conc. of NaHCO3/M temp/°C P/MPa time/h conc. of formate/mM TON TOF/h−1

1 [1−OH2]
2+/2 1 100 4 1 15.6 39 39

2 [1−OH2]
2+/2 1 100 4 2 16.9 42 21

3 [1−OH2]
2+/2 1 90 4 2 19.6 49 25

4 [1−OH2]
2+/2 1 90 4 3 18.0 45 15

5 [1−OH2]
2+/2 1 80 5 5 21.1 53 11

6 [1−OH2]
2+/2 1 80 4 7 23.6 59 8.4

7 [1−OH2]
2+/2 1 25 4 38 2.8 7.0 0.18

8 [1−Cl]+/2 1 100 4 1 14.0 35 35
9 [2−OH2]

2+/2 1 50 4 1 0.51 1.3 1.3
10 [2−Cl]+/2 0.1 50 4 1 0.49 1.2 1.2
11 [3−OH2]

2+/5 1 60 4 3 0.66 0.66 0.22
12 [3−Cl]+/5 1 60 4 3 0.66 0.66 0.22

aReaction conditions: aqueous NaHCO3 solution (5 mL), H2/CO2 (1/1).

Figure 7. Comparison of the DFT-calculated transition state structures for water-assisted H2 heterolysis via a “relayTS” for Cp*M(6DHBP−2H+),
M = Co and Ir, in a cpcm treatment of the water solvent. The relevant atoms are labeled the same way in the two pictures.
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shown in Figure 7, where the two structures are compared. Key
geometric and activation parameters of the two transition state
structures are listed in Table 3. The free energy of activation is
calculated to be somewhat lower for the Co relayTS than for
the Ir relayTS when starting from H2(g), H2O(liq), and the 5-
coordinate (i.e., coordinatively unsaturated) Cp*M(6DHBP−
2H+). However, unlike the Ir analogue, the 5-coordinate
Cp*Co(6DHBP−2H+) complex is predicted to bind a solvent
H2O molecule in the sixth coordination position by 16.4 kcal/
mol prior to H2 coordination. It should be noted that the
structurally characterized [Cp*Co(OH2)(4DHBP−2H+)] (i.e.,
[1′−OH2]) shows a water molecule coordinated to the cobalt
center (Figure 2). The free energy of the relayTS (i.e.,
[Cp*Ir(H···H···OH2)(6DHBP−2H+)] is raised by this amount
when the Co aquo complex is taken as a reactant (as presented
in Table 4 and Supporting Information Table S16). It is
possible that the H2O bound at the sixth coordination position
actually becomes the bridging water in the relayTS upon attack
by H2 on the metal center (Figure 8). The Co(6DHBP)
complex also exhibits a somewhat more distorted bpy ligand.
This is especially true for the “heteroTS” Co complex shown in
Supporting Information Figure S23, where it is compared to the
much less distorted Ir heteroTS complex. The key geometric
parameters of both heteroTS complexes are listed in
Supporting Information Table S17.
These results prompt us to speculate that, like its Ir analogue,

the Co 6DHBP complex is intrinsically more reactive than the
corresponding 4DHBP complex, perhaps so much so that
geometrical distortion during the initial stages of reaction may
cause it to decompose. The 4DHBP complex, which has no
pendent base available to assist H2 heterolysis, may be less
intrinsically reactive, but more stable, especially at higher
temperatures.
To confirm that H2 heterolysis is the rate-determining step in

CO2 hydrogenation by the Co 6DHBP catalyst, we also
calculated the absolute free energies of the Cp*Co(H)-

(6DHBP−H+), the transition state for CO2 insertion into the
Co−H bond, and the Cp*Co(OCHO)(6DHBP−2H+)−

species. Table 4 lists the free energies of all of the intermediates
in the catalytic cycle to produce the formate anion and a proton
in aqueous solution at pH 8.3 relative to the Co aquo complex
and a reservoir initially consisting of a molecule of H2(g) and a
molecule of CO2(g). A more detailed breakdown of the
contributions to the energetics is presented in Supporting
Information Table S16. Supporting Information Figure S24
shows the data in Table 4 presented as a free-energy profile
along the reaction coordinate. As various species are added to
(or removed from) the catalyst complex, they are removed
from (or added to) the reservoir, as indicated in the table.
When the initial state of the catalyst complex is regenerated at
the completion of the cycle, the initial H2(g) and CO2(g) in the
reservoir have been converted to H+

(aq) and HCO2
−
(aq) with a

calculated free energy change of 1.58 kcal/mol (Figure 9). The
transition state for CO2 insertion into the Co−H bond
resembles a formate complex bound through the H atom to the
metal center (see Supporting Information Figure S25), similar
to the hydride transfer transition state found by Yang35 in
calculations of CO2 hydrogenation by a Co−PNP catalyst. The
activation free-energy transition state from the hydride complex
Cp*Co(H)(6DHBP−H+) is much smaller than that for H2
heterolysis from the aqua complex Cp*Co(OH2)(4DHBP−

Table 3. Comparison of Calculated Geometric Properties of
Cp*M(6DHBP−2H+), M = Co and Ir, Water-Assisted H2
Relay Transition States Cp*M(H···H···OH2)(6DHBP−2H+)
in Aqueous Solutiona

property Co TS Ir TS

M−H1 (Å) 2.066 2.036
M−H2 (Å) 1.575 1.688
H1−H2 (Å) 0.947 0.994
H1−O3 (Å) 1.309 1.359
O3−H3 (Å) 1.063 1.041
O3−H4 (Å) 0.981 0.981
H3−O1 (Å) 1.413 1.481
H2−O2 (Å) 2.910 3.011
M−N1 (Å) 1.988 2.139
M−N2 (Å) 1.956 2.121
C1−O1 (Å) 1.291 1.287
C2−O2 (Å) 1.264 1.264
H1−M−H2 (deg) 25.93 29.09
M−H1−O3 (deg) 142.47 145.19
M−H1−O3−H3 (deg) −13.59 −21.27
H1−O3−H3−O1 (deg) −5.53 −3.07
νi (cm

−1) 1000.29i 981.02i
ΔG⧧ (kcal/mol) 8.23 9.62

aAtoms are labeled as in Figure 7. The free energies of activation are
relative to Cp*M(6DHBP−2H+) in kcal/mol at pH 8.3.

Table 4. Calculated Energetics of Various Cp*Co(6DHBP−
2H+) Complexes at the B3LYP/6-31++G(d,p) 5d Using the
CPCM Solvation Model with UAHF Radii

cobalt complex reservoir rel. G*tot
b

Cp*Co(OH2)(6DHBP−2H+) H2(g), CO2(g) 0.00
Cp*Co(6DHBP−2H+) H2(g), CO2(g),

H2O(liq)

16.41

Cp*Co(H···H···OH2)(6DHBP−2H+)
relayTSa

CO2(g) 24.64

Cp*Co(H···H)(6DHBP−2H+)
heteroTSa

CO2(g), H2O(liq) 31.79

Cp*Co(H)(6DHBP−H+) CO2(g), H2O(liq) 13.11
Cp*Co(H···CO2)(6DHBP−2H+)− TSa H+

(aq), H2O(liq) 16.77
Cp*Co(OCHO)(6DHBP−2H+)− H+

(aq), H2O(liq) 9.44
Cp*Co(OH2)(6DHBP−2H+) H+

(aq), HCO2
−
(aq) 1.58

aImaginary frequencies of transition states for H2O-assisted H2
heterolysis and unassisted H2 heterolysis are 1000.29i and 970.51i,
respectively. The imaginary frequency of the transition state for CO2
insertion into the Co−H bond is 38.65i. bFree energy relative to
Cp*Co(OH2)(6DHBP−2H+), H2(g), and CO2(g) in kcal/mol at pH
8.3.

Figure 8. Cp*Co(6DHBP−2H+) complexes and transition states: (a)
Cp*Co(OH2)(6DHBP−2H+); (b) Cp*Co(6DHBP−2H+); (c) the
relayTS, Cp*Co(H···H···OH2)(6DHBP−2H+); and (d) the heteroTS,
Cp*Co(H···H)(6DHBP−2H+).
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2H+), confirming that the heterolysis of H2 is the rate-
determining step.
Dihedral angles (deg) in cobalt(III) bpy complexes in this

study and the related iridium complex investigated by Papish et
al. are shown in Table 5. The two rings of the bipyridine and

hydroxy-substituted bipyridine ligands in the complexes
reported in this work display dihedral angles, which range
from 1.09(6)° in [1−Cl]PF6 (B) to 16.3(4)° in [2−Cl]BArF.
The dihedral angle between the two rings of the bpy ligand
ranges between 1.09(6)° and 13.13(12)° in the complexes
containing the bpy and 4DHBP ligand but is much larger in the
complexes containing 6DHBP (i.e., 18.3(2)° and 16.4(4)°).
While the dihedral angles could be affected by crystal packing
effects, the dihedral angles for the 6DHBP complexes are larger
in the calculated transition states than those found in the crystal
structures of [2″−NCMe]PF6 and [2−Cl]BArF, indicating that
the 6DHBP complexes have steric problems associated with the
small cobalt radii in the coordination sphere. In comparison,

the Ir analogues appear to have smaller dihedral angles.
Furthermore, the dihedral angles between the plane of the Cp*
and the 12-membered bpy ligand are equal to or larger in the
complexes containing 4DHBP than in those containing bpy.
These angles are the smallest in complexes containing 6DHBP.
These results suggest that the 6DHBP complexes may
decompose easily due to steric strain.

■ CONCLUSIONS
We have synthesized a series of new [Cp*Co(III)(L)-
(DHBP)]n+ complexes and investigated their activity toward
CO2 hydrogenation under aqueous conditions. Although the
noble iridium-based DHBP complexes exhibit superior
activities and efficiencies for CO2 hydrogenation in water
relative to their cobalt analogues, the appreciable activities
found using Cp*Co(4DHBP) complexes are promising as
earth-abundant metal catalysts. While [1−Cl]+ and [1−OH2]

2+

can hydrogenate CO2 to formate in 1 M NaHCO3 with a
maximum TOF of 39 h−1 at 80−100 °C, lower and negligible
activity were observed from Cp*Co(6DHBP) ([2−Cl]+ and
[2−OH2]

2+) and their nonsubstituted analogues ([3−Cl]+ and
[3−OH2]

2+), respectively. The low TOFs observed for Co
6DHBP and Co bpy complexes were attributed to the poor
thermal stability of these catalysts at the optimized temperature.
Furthermore, we have illustrated that the Cp*Co(III) DHBP
complexes exist predominantly as the isolable [Cp*Co-
(DHBP−2H+)(OH2)] species in 1 M NaHCO3 solution. The
strong electron-donating ability of the deprotonated (i.e.,
dianionic) 4DHBP ligand imparts better stability and activity
than the bpy ligand in these cobalt complexes. Future work will
target the electrocatalytic reduction of CO2 by these water-
stable Co DHBP complexes in aqueous solutions.

■ EXPERIMENTAL SECTION
General. All synthetic reactions were carried out under an argon

atmosphere using standard Schlenk techniques or in a glovebox, and
all aqueous solutions were degassed prior to use. NMR spectra were
recorded at room temperature on a Bruker Avance spectrometer
operating at 400 MHz for 1H and 13C, respectively. Chemical shifts are
reported in parts per million (ppm) referenced to the residual solvent
peak for 1H and solvent peak for 13C NMR, respectively. The J values
are ±0.5 Hz. pH values were measured on a Fisher Scientific
“accumet” Micro glass electrode after calibration with standard buffer
solutions. Electronic absorption spectra were recorded with a UV−
visible Agilent 8453 diode-array spectrophotometer and were
corrected for the background spectrum of the solvent. Electrospray
ionization mass spectra (ESI−MS) were acquired with a Thermo
Finnigan mass spectrometer. Elemental analyses were performed by
Robertson Microlit Laboratories elemental analyzer. Research grade
CO2 (>99.999%) and H2 (>99.9999%) or mixed gas (CO2/H2 = 1/1)
through O2 trap was used for CO2 hydrogenation; formate
concentrations were monitored by HPLC on an anion-exclusion
column (Tosoh TSKgel SCX(H+)) using aqueous H3PO4 solution
(20 mM) as eluent and a UV detector (λ = 210 nm). Water used in
the reactions was obtained from a Simplicity water purification system
or a Milli-Q water purification system. 4DHBP,22 6DHBP,37 and [3−
OH2]

2+ were synthesized according to literature procedures.44,45 All
other chemicals were procured from commercial sources. Additional
synthetic schemes, catalytic tables and plots, spectroscopic data, DFT
calculations, and X-ray single crystal diffraction studies are shown in
the Supporting Information.

Synthesis of [Cp*CoCl2]2. The synthesis was adapted from the
literature.46 Under an argon atmosphere, a Schlenk flask was charged
with brown/red crystals of Cp*Co(CO)2 (5 g, 20 mmol) and
dissolved in 60 mL of ether to give a brown solution. Chlorine gas was
then carefully bubbled in the flask with a vented outlet needle for ca.

Figure 9. Proposed mechanism of hydrogenation of CO2 by complex
Cp*Co(OH2)(6DHBP−2H+). Computed free energies at pH 8.3 are
indicated in units of kcal mol−1 relative to 1 M Cp*Co(OH2)-
(6DHBP−2H+) in aqueous solution and 1 atm H2 and CO2 gases. The
calculated change in free energy around the cycle is 1.58 kcal/mol.

Table 5. Dihedral Angles (deg) in Cobalt(III) bpy and
DHBP Complexes in This Study and Related Iridium
Complexes

complex
two pyridine rings

in bpy
(Cp*) and

bpy(OH)2 rings ref

[1−Cl]PF6 (A) 9.36(12) 38.45(9) this
work

[1′−OH2] 3.32(4) 60.03(7) this
work

[1−Cl]PF6 (B) 1.09(6) 49.57(10) this
work

[3−Cl]SO3CF3 13.13(12) 39.15(5) this
work

[3−Cl]PF6 4.6(3) 41.7(2) this
work

[2″−NCMe]PF6 18.3(2) 29.8(2) this
work

[2−Cl]BArF 16.3(4) 30.4(3) this
work

[Cp*Ir(Cl)(6DHBP)]
BArF

14.05 36.03 43

relayTSa 26.61 34.21 this
work

heteroTSa 27.49 28.47 this
work

aGeometries of the complex are determined by DFT calculations.
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10 min. The resultant green solution was stirred for 30 min under the
chlorine blanket. A green precipitate was formed, which was filtered off
under air and washed with ether (twice with 10 mL) and dried under
vacuum to give 5 g (94%) of the product. Purity was determined by IR
and 1H NMR in D2O as previously reported.
Synthesis of [Cp*Co(4DHBP)(Cl)]PF6 ([1−Cl]PF6). The free 4DHBP

ligand (0.28 g, 1.6 mmol) was added to a blue solution of
[Cp*CoCl2]2 (0.40 g, 0.75 mmol) in an 80 mL (1:3) mixture of
water and methanol. The mixture was stirred for 2 h at 50 °C to give a
dark purple solution. The solution was concentrated under air and
reduced to 1 mL of volume and the extracts were taken back in 20 mL
of water. The solution was filtered on a fine frit to remove insoluble
materials. The resultant clear purple solution was pipetted to a
saturated solution of NH4PF6, and upon cooling at 5 °C for a few
hours a purple crystalline powder precipitated. The purple solid
product was filtered, collected, and dried under vacuum overnight to
give 700 mg of [1−Cl]PF6 (72% yield). The compound is air and
water stable for days; however, it was kept in the glovebox for long
storage purposes. Purple crystals suitable for X-ray diffraction were
obtained from dilute solutions of [1−Cl]PF6 in water with a small
amount of methanol as cosolvent at 5 °C. Crystallization of [1−
Cl]PF6 in 1 M NaHCO3 solution at 5 °C and X-ray analysis showed
the formation of [1′−Cl]PF6. 1H NMR (400 MHz, D2O): δ 9.39 (d, J
= 6.8 Hz, 2H (DHBP)), 7.71 (d, J = 2.8 Hz, 2H (DHBP)), 7.40 (d, J =
6.8 Hz, 2H (DHBP)), 1.25 (s, 15H, Cp*). 1H NMR (400 MHz, D2O/
NaOD): δ 8.78 (t, J = 6.8 Hz, 2H (DHBP)), 7.12 (d, J = 2.8 Hz, 2H
(DHBP)), 6.80 (d, J = 6.8 Hz, 2H (DHBP)), 1.12 (s, 15H, Cp*). 13C
NMR (400 MHz, MeOD): δ = 170.55, 158.95, 155.89, 117.75, 112.54,
95.98, 9.20. ESI−MS(+): m/z 417.1 [M]+, 381.2 [M−Cl−H]+,
282.1[M−DHBP]+. Anal. Calcd: C, 42.69; H, 4.12; N, 4.98. Found: C,
42.76 (0.07%); H, 3.78 (0.34%); N, 4.88 (0.10%).
Synthesis of [Cp*Co(4DHBP)(OH2)](PF6)2 ([1−OH2](PF6)2). [1−

Cl]PF6 (0.22 g, 0.39 mmol) was dissolved in 100 mL of water, and
solid TlPF6 (0.300 g, 0.86 mmol) was added and the solution was
stirred for 3 h. A purple precipitate crashed out of solution, which was
filtered and washed twice with 2 mL of water and dried under a
vacuum to give 165 mg (61% yield) of [1−OH2](PF6)2.

1H NMR
(400 MHz, D2O): δ 8.98 (d, J = 8 Hz, 2H (DHBP)), 7.24 (d, J = 2 Hz,
2H (DHBP)), 6.98 (d, J = 8 Hz, 2H (DHBP)), 1.23 (s, 15H, Cp*). 1H
NMR (400 MHz) of [1−OH2](PF6)2 in (D2O/NaOD) is identical to
[1−Cl]PF6, indicating ready dissociation of Cl− ligand and exchange
with water in basic solution. 13C NMR (400 MHz, D2O/KOD): δ =
176.41, 157.73, 152.08, 119.7, 113.75, 92.03, 7.94. UV−vis (H2O or 1
M NaHCO3): λmax, nm (ε, M−1 cm−1) 528 (940), 277 (32 635), 243
(53 308). ESI−MS(+): m/z 381.1 [M−H2O−H)]+. Elemental analysis
was obtained by crystallizing its chloride complex [Cp*Co(4DHBP)-
(OH2)](Cl)2. Anal. Calcd: C, 50.97; H, 5.35; N, 5.94. Found: C, 51.04
(0.07%); H, 4.89 (0.46%); N, 5.80 (0.14%).
Synthesis of [Cp*Co(6DHBP)(Cl)]PF6 ([2−Cl]PF6. The synthesis of

[2−Cl]PF6 was similar to that of complex [1−Cl]PF6. The free
6DHBP ligand (150 mg, 0.797 mmol) was added as a solid to a blue
solution of [Cp*CoCl2]2 (0.20 mg, 0.38 mmol) in a 75 mL mixture of
water and methanol (1:2). The mixture was heated at 50 °C for 2 h to
give a dark purple solution. The solution was evaporated to dryness,
and the resultant residue was extracted with 40 mL of water and
filtered on a fine frit to remove unreacted solid materials. Addition of
excess NH4PF6 and further cooling to 5 °C allowed for the
precipitation of a purple powder. The product was collected and
dried under a vacuum to give a dark purple brown powder as 280 mg
(43%). 1H NMR (400 MHz, D2O): δ 7.78 (t, J = 8 Hz, 2H (DHBP)),
7.42 (d, J = 8 Hz, 2H (DHBP)), 6.78 (d, J = 8 Hz, 2H (DHBP)), 1.16
(s, 15H, Cp*). 1H NMR (400 MHz, D2O/NaOD): δ 7.51 (t, J = 8 Hz,
2H (DHBP)), 7.10 (d, J = 8 Hz, 2H (DHBP)), 6.40 (d, J = 8 Hz, 2H
(DHBP)), 1.1 (s, 15H, Cp*). 13C NMR (400 MHz, MeOD): δ =
172.76, 157.96, 142.17, 116.34, 111.64, 95.93, 9.84. ESI−MS(+): m/z
398.1 [M−Cl+(OH2)]

+, 381.2 [M−Cl−1H]+. UV−vis (H2O): λmax,
nm (ε, M−1 cm−1) 550 (750), 350 (10 550), 280 (7280). Anal. Calcd
for C20H25ClCoF6N2O3P ([2−Cl](PF6)·H2O): C, 41.36; H, 4.34; N,
4.82. Found: C, 41.30 (0.06%); H, 4.38 (0.04%); N, 5.22 (0.40%).

Synthesis of Cp*Co(6DHBP)(OH2)(PF6)2 ([2−OH2](PF6)2). [2−
Cl]PF6 (0.12 g, 0.21 mmol) was dissolved in 50 mL of water, and
solid TlPF6 (0.0745 g, 0.21 mmol) was added and the solution was
stirred for 3 h. The solution was then filtered, and the filtrate was then
concentrated to about 10 mL. The solution was chilled to 5 °C, and
purple crystals of the product were collected on a fine frit and dried
under a vacuum to give 50 mg (34%) of [2−OH2](PF6)2. An
alternative synthesis was developed that is higher yielding: A basic
solution of 6DHBP ligand (150 mg, 0.80 mmol) dissolved in 30 mL of
0.2 M NaOH was added to the blue solution of [Cp*CoCl2]2 (200
mg, 0.38 mmol) in 20 mL of water and was stirred for 2 h. The
solution was then acidified by addition of aqueous sulfuric acid (1 M)
to pH 3 and then evaporated to dryness to give a purple residue. The
residue was extracted with 50 mL of water and filtered on a fine frit to
remove insoluble materials. Addition of a solution of excess NH4PF6
and further cooling to 5 °C resulted in the precipitation of the product
as a purple powder (300 mg, 57%). 1H NMR (400 MHz, D2O): δ 8.11
(t, J = 8 Hz, 2H (DHBP)), 7.89 (d, J = 8 Hz, 2H (DHBP)), 7.26 (d, J
= 8 Hz, 2H (DHBP)), 1.14 (s, 15H, Cp*). 1H NMR (400 MHz) of
[2−OH2](PF6)2 in (D2O/NaOD) is identical to that of [2−Cl]PF6.
13C NMR (400 MHz, MeOD): δ = 168.90, 156.71, 143.86, 116.66,
114.06, 96.50, 10.1. UV−vis in water is the same as that of [2−Cl]PF6.
ESI−MS(+): m/z 381.1 ([M−1H−(OH2)]

+. Elemental analysis was
carried out for the Cl salt. Anal. Calcd for C20H27Cl2CoN2O4 ([2−
OH2]Cl2): C, 49.10; H, 5.56; N, 5.73. Found: C, 49.38 (0.28%); H,
4.96 (0.6%); N, 5.57 (0.02%).

Synthesis of Cp*Co(bpy)(Cl)(PF6) ([3−Cl]PF6). A solution of
[Cp*CoCl2]2 (0.20 mg, 0.38 mmol) was stirred with bpy (0.12 mg,
0.78 mmol) in 40 mL of a methanol and water (1:1) mixture and was
heated at 50 °C for 1 h. The solvents were evaporated to dryness. The
solution was extracted with 20 mL of water, and addition of excess
NH4PF6 and further cooling to 5 °C resulted in the formation of
purple crystals to give 310 mg (80%). Anal. Calcd: C, 45.26; H, 4.37;
N, 5.28. Found: C, 44.95; H, 4.55; N, 5.57.

Typical Procedure for Hydrogenation of CO2 with Co Complexes.
To a freshly degassed NaHCO3 aqueous solution (1 M, 5 mL) in a 10
mL glass autoclave was added a cobalt complex (2−5 μmol). After
being purged with CO2/H2 (1/1) three times, the solution was
warmed to 100 °C (or the temperature shown in Table 2) and stirred
vigorously under 4 MPa of CO2/H2 (1/1) for 1 h. After the reaction,
the formate concentration was determined by HPLC.

DFT Calculations. All calculated results for the Co complexes
presented in this work were carried out with the Gaussian 09 suite of
programs,47 and employed the B3LYP hybrid functional48−51 with the
6-31++G(d,p) 5d basis.52−54 Geometry optimizations were carried out
in the solution phase in water solvent, which was treated by the CPCM
solvation model employing UAHF radii,55−57 and were corrected for
zero-point energy and thermal effects. As in our previous calculations
on the analogous Ir complexes,38 the contribution from the gas-phase
translational entropy was omitted from the absolute free energy of all
species with standard states in solution or the pure liquid solvent. All
calculated data for Ir complexes quoted in the present work were taken
from ref 38.
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