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ABSTRACT: One bottleneck in the realization of CO2 conversion into value-
added compounds is the lack of catalysts with both excellent activity and
recyclability. Herein, a catalyst is designed for the hydrogenation of CO2 to
formate to boost up these features by considering the leaching pathway of
previously reported heterogenized catalyst; the design strategy incorporates
oxyanionic ligand(s) in the coordination sphere to provide a pathway for both
preventing the deleterious interactions and assisting the heterolysis of H2. The
tailored heterogenized catalyst, [bpy-CTF-Ru(acac)2]Cl, demonstrated ex-
cellent recyclability over consecutive runs with a highest turnover frequency of
22 700 h−1, and produced a highest formate concentration of 1.8 M in 3 h. This
work is significant in elucidating new principles for the development of
industrially viable hydrogenation catalysts.

KEYWORDS: design of hydrogenation catalyst, heterogenized CO2 hydrogenation catalyst, oxyanionic ligated Ru complex,
covalent triazine framework, formic acid production

■ INTRODUCTION

Research into the mass production of value-added chemicals
and fuels using the greenhouse CO2 gas has attracted much
interest over the past few decades.1−5 To date, the commercial
production of urea, carbonates, polycarbonates, and salicylic
acid utilizes CO2 as a carbon feedstock, and recently, methanol
has been produced at a pilot-plant scale through CO2
hydrogenation.6−9 Among the multitude of CO2 conversions
reported, very few are anticipated to have the quantitative
potential to reduce/consume CO2 while providing economic
benefits.10,11 In this regard, the hydrogenation of CO2 to formic
acid/formate is one of the most promising conversions, because
it offers the storage of renewable energy via H2 in the liquid
state12,13 and produces a chemical with significant applications
in various industries.14

During the last decades, CO2 hydrogenation using
homogeneous catalysts has been intensively investigated,15,16

and several catalyst design approaches, including the use of
proton-responsive ligands, second-coordination sphere groups,
etc., have been introduced to develop the efficient homoge-
neous catalysts.17−21 However, a key obstacle to the
industrialization of homogeneous CO2 hydrogenation catalysis
is the separation of formic acid or formate adducts from
catalyst/reaction media,22−25 because the homogeneous
catalyst present in the reaction media effectively converts the
produced formic acid/formate adduct back to CO2 and H2
during the product isolation process. To overcome this

difficulty, the use of heterogeneous catalysts is highly desirable
as these catalysts can be easily secluded via simple filtration
prior to the product separation step and can be continuously
used for successive runs.
Accordingly, many supported/unsupported metal-nanopar-

ticle-based heterogeneous catalysts and several heterogenized
catalysts have been considered in the search for active and
recyclable CO2 hydrogenation catalysts.23,26−37 However, the
reported catalysts seriously suffer from either activity or
recyclability, and the formate concentrations ([HCO2

−])
obtained by most of these systems are remained low (see
Table S1 in the Supporting Information (SI)). Hence, a potent
catalyst-design strategy that provide a pathway for both
enhanced catalytic activity and recyclability is currently essential
to develop industrially viable heterogeneous catalysts.
Recently, we heterogenized a half-sandwich Ir-bipyridine

complex on a bipyridine-based covalent triazine framework
(CTF) [bpy-CTF-IrCp*Cl]Cl (Scheme 1a) for this con-
version.38 The Ir catalyst showed the best turnover frequency
(TOF) of 5300 h−1 in the heterogeneous catalysis during the
publication. However, its efficiency was decreased over
consecutive runs (∼10% in each cycles). A similar diminished
activity upon successive runs (∼12% in each cycles) was also
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observed in the heterogenized half-sandwich Ru analogue [bpy-
CTF-Ru(C6Me6)Cl]Cl (the detailed experimental procedure
and results are discussed in the SI), suggesting that the
decomposition pathway might be similar to that of the Ir
catalyst. Although the homogeneous [IrCp*(bpy)Cl]Cl and
[Ru(C6Me6)(bpy)Cl]Cl are well-known stable complexes, the
decomposition/leaching was also observed in some conver-
sions.39

Considering the density functional theory (DFT) study
performed by Himeda et al.,40,41 which indicated that the
heterolysis of H2 occurs via the transfer of a proton to the
bicarbonate anion (HCO3

−), the heterolysis of H2 may occur as
a minor pathway through proton transfer to the bipyridine
(bpy) N-site (Scheme 1a); this may be because bpy N is always
vicinal to both the metal center and the incoming H2 molecule
[the bulky half-sandwich lignads (Cp* and C6Me6) pushes bpy
and other ligands to one side]. Consequently, the bond
between the metal and bpy could dissociate and allow the metal
species to leach out. To understand this, DFT calculations were

performed for the Ir catalyst. The results revealed that the
heterolysis of H2 via proton transfer to the bpy N-site is
feasible, given its modest uphill energy of 14.3 kcal/mol
(Scheme 1a) which is reliable with the reaction temperature
used (120 °C) in the experiments. With this understanding, we
hypothesized that ligands such as acetylacetonate (acac),
carboxylate, and HCO3

− would be potential candidates for
blocking such undesirable interaction, because the oxyanion
present in the arm of the ligand (not the pyridinic N in the
CTF) could rapidly abstract the proton from H2 by changing
the coordination mode from bidentate to monodentate and
thus form the metal-hydride complex in a desired pathway
(Scheme 1b). In addition, catalysts having such ligands would
be more efficient, since they assist the heterolysis of H2, a step
that is considered as the rate-determining step for this
conversion.40,41 Hence, the introduction of oxyanionic
ligand(s) in the coordination sphere would intercept the
proton transfer to the ligated bpy site and simultaneously
facilitate the heterolysis of H2.

Scheme 1. (a) Proposed Leaching Pathway for the Previously Reported [bpy-CTF-IrCp*Cl]Cl Catalyst−Deleterious Interaction
between the bpy N-site and H2, Which Causes the Leaching. (b) Plausible Design Strategy That Incorporates Oxyanionic
Ligand(s) in the Coordination Sphere To Prevent the Leaching Pathway and Assist the Heterolysis of H2. (c) Representative
Structure of Oxyanionic Ligated Catalyst [bpy-CTF-Ru(acac)2]Cl (1), and Its Homogeneous [Ru(bpy)(acac)2]Cl (2)
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The hydrogenation of CO2 to formate using homogeneous
Ru complexes is well-known and in most non-half-sandwich
complexes, Ru showed higher activity than its Ir counterpart,
and ligands such as acetate, acac, and phosphine (PPh3, triphos)
have been studied in this regard.42−47 Therefore, we envisioned
incorporating acac species in the Ru-bound bpy-CTF (Scheme
1c) for developing a highly robust and industrially viable
catalytic entity for the hydrogenation.
Herein, we report a novel, recyclable, and highly efficient

catalyst [bpy-CTF-Ru(acac)2]Cl for the hydrogenation of CO2
to formate. Catalyst 1 exhibited an unprecedented initial TOF
of 22 700 h−1 and a turnover number (TON) of 21 200 at 120
°C under a total pressure of 8 MPa, and generated a maximum
final [HCO2

−] of 1.8 M in a short reaction time (3 h).
Furthermore, as designed, this catalyst demonstrated excellent
recyclability over consecutive runs.

■ RESULTS AND DISCUSSION

Synthesis and Characterization. A porous bpy-incorpo-
rated CTF (bpy-CTF) was synthesized by polymerizing 5,5′-
dicyano-2,2′-bipyridine in ZnCl2 at 400 °C.38,48,49 The designed
catalyst [bpy-CTF-Ru(acac)2]Cl (1) (Scheme 1c), which
incorporated acac ligands in the coordination sphere, was
synthesized through the metalation of bpy-CTF with a Ru
precursor via the following homogeneous [Ru(bpy)(acac)2]Cl
(2) synthesis.50,51 Briefly, a suspension of bpy-CTF in
methanol was stirred with RuCl3 under N2 atmosphere, and
the resulting solid was treated with 2,4-pentanedione to obtain
complex 1 as a robust black solid. Complex 1 is stable in air and
insoluble in nearly all common organic solvents and water.
Scanning electron microscopy (SEM) and energy-dispersive

spectroscopy (EDS) mapping showed that the block-shaped
irregular morphology of complex 1 (with a mean size of >30(5)
μm) was evenly distributed with N, O, Cl, and Ru atoms (see
Figures 1a and 1b, as well as Figure S2 in the SI), indicating
uniform metalation throughout the CTF matrix. The Ru:Cl
ratio was 1:1, which implied the formation of complex 1, as
expected (see Table S2 in the SI). Elemental analysis revealed
that the carbon content in 1 increased compared to bpy-CTF
support, suggesting the presence of acac species in the
framework (Table S3 in the SI). Fourier transform infrared

(FT-IR) spectrum of complex 1 showed that the peak for Ru-
bound carbonyl species (−C−O···Ru-), which exhibited at
1519 cm−1 in complex 2, was overlapped with the broad signal
of triazine species (Figure S3 in the SI). Inductively coupled
plasma optical emission spectrometry (ICP-OES) analysis
revealed that Ru species was loaded onto CTF at 1.68 wt %.
X-ray photoelectron spectroscopy (XPS) was performed to
examine the coordination environment of Ru ions. As shown in
Figure 1c, the C 1s and Ru 3d core level XPS spectrum of 1 was
deconvoluted into five peaks. The peak at a binding energy of
281.4 eV for the Ru 3d5/2 level demonstrated that the oxidation
state of Ru in 1 is +3 (the peak for the Ru 3d3/2 level
overlapped with the C−N species binding energy of 285.5
eV).52 The peaks at 284.6, 285.2, 286.5, and 288.4 eV indicated
the presence of C−C/C−H, C−N, C−O, and CO
species.52−55 The deconvoluted N 1s spectrum had peaks at
398.2 and 399.2 eV (see Figure 1d); the peak at 398.2 eV
corresponded to pyridinic N species, and the peak at 399.2 eV
corresponded to metal-bound N species.56 Similarly, the O-1s
deconvoluted peaks at 531.4 and 532.7 eV indicated that 1
contained two types of oxygen species, i.e., C−O and CO,
respectively (Figure 1e).57 To confirm the coordination
environment of Ru ions, the XPS of 2 was compared. As
shown in Figure 1f, the binding energy of Ru ion in 2 (281.4
eV) corresponded to that of 1, reiterating the similarity in the
coordination environments of Ru in both complexes.
Finally, the textural parameters of 1, such as surface area and

total pore volume, were analyzed by performing N2

adsorption−desorption measurements at 77 K. The material
exhibited both microporous and mesoporous structures similar
to that of bpy-CTF (Figure S4 in the SI). However, compared
to the bpy-CTF,38 its surface area, estimated using the
Brunauer−Emmett−Teller model, and total pore volume
were reduced from 684 m2/g to 502 m2/g and from 0.40
cm3/g to 0.29 cm3/g, respectively. This result, coupled with
XPS studies, indicated the partial occupancy of {[Ru-
(acac)2Cl]} units on the pore surfaces of bpy-CTF. Notably,
the pores with large surface areas in complex 1 are expected to
allow the smooth diffusion of small molecules such as CO2, H2,
and H2O during catalysis.

Figure 1. (a) SEM image of 1; (b) EDS mapping of the Ru atoms in 1. Deconvoluted XPS of 1 (c) C 1s and Ru 3d, (d) N 1s and (e) O 1s core
levels; and (f) C 1s and Ru 3d core level of 2.
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Catalytic Hydrogenation of CO2 to Formate. The
hydrogenation of CO2 is performed in a basic aqueous solution
to overcome thermodynamic barriers (see eqs S1−S3 in the
SI).58 Thus, the hydrogenation catalyzed by 1 was systemati-
cally investigated under various reaction conditions (Table 1);
initially, this investigation was performed in a 1 M aqueous
triethylamine (Et3N) solution. The production of formate at
various temperatures was screened at a total pressure of 4 MPa.
As shown in entries 1−3 in Table 1, [HCO2

−] gradually
increased with temperature and reached a maximum of 0.42 M
at 120 °C with a TON of 5050. Further increases in the
temperature (140 °C) resulted in a decrease of [HCO2

−]
(entry 4 in Table 1); this might be attributed to the
exothermicity of the reaction. Then, the hydrogenation was
monitored at different pressure ranges; [HCO2

−] increased
with total pressure and a [HCO2

−] of 0.58 M was obtained
under 8 MPa with a TON of 6980 (entries 3, 5, and 6 in Table
1). Under the optimized temperature and pressure conditions,
catalyst 1 exhibited an unprecedented initial TOF of 22 700 h−1

(entry 6 in Table 1), which is the best TOF value reported in
the literature for this heterogeneous hydrogenation26−36 and is
∼10 times higher than the heterogenized half-sandwich Ru
catalyst, [bpy-CTF-Ru(C6Me6)Cl]Cl (see the SI). This
indicates that the incorporation of oxyanionic ligands can
significantly improve the efficiency of CO2 hydrogenation
catalysts as hypothesized.
As shown in entries 6 and 7 in Table 1, the generation of

formate in a 1 M solution of Et3N was saturated at 0.58 M,
indicating that the reaction has reached chemical equilibrium; a
similar remark was observed previously.38,59 Consequently,
hydrogenation was performed using different concentrations of
the Et3N solution. In a 2 M Et3N solution, a [HCO2

−] of 0.90
M was achieved in 2 h (entry 8 in Table 1), which then
increased to 1.23 M over 5 h and reached equilibrium at this
point (entries 9 and 10 in Table 1). At the same time, a
[HCO2

−] of 1.78 M (35.6 mmol) was achieved in a 3 M
aqueous Et3N solution (entries 11 and 12 in Table 1). Notably,
the highest TON of 21 200 was observed during this time.
Finally, to generate this high [HCO2

−] in a short reaction time,
the feeding amount of 1 was increased to 0.831 mM, and a final

[HCO2
−] of 1.79 M was obtained within just 3 h (entry 13 in

Table 1).
It is noteworthy that, upon hydrogenation in the absence of

water, i.e., in a neat Et3N solution or in the nonaqueous
solvents such as tetrahydrofuran (THF) (entries 14 and 15 in
Table 1), the reaction rate was significantly reduced, indicating
that water plays a crucial role in the performance of 1 (this is
discussed later in the Theoretical Studies section).

Heterogeneity and Recycling Studies. To investigate
whether catalyst 1 is actually working in a heterogeneous
manner, the solid catalyst was filtered over a reaction duration
of 15 min (for which a [HCO2

−] of 0.47 M was observed in the
filtrate); the resulting colorless filtrate was used as the catalytic
solution. Even after an extended period of time, no increase in
[HCO2

−] was observed (Figure S5 in the SI), whereas the
original reaction had a tendency to produce a [HCO2

−] of 0.58
M in 2 h. This result suggests that catalyst 1 works in a purely
heterogeneous fashion.
To demonstrate the excellent recyclability of prepared

oxyanionic ligated complex, the use of 1 over multiple runs
was studied. For this, the hydrogenation was initially performed
in a 1 M aqueous Et3N solution at 120 °C under a total
pressure of 8 MPa for 2 h. After the initial run, the catalyst was
separated by simple filtration, washed thoroughly with water,
and dried under vacuum for 6 h. The dried catalyst was then
directly used for the next run with a fresh 1 M Et3N solution.
As shown in Figure 2, 1 showed excellent recyclability over
consecutive cycles; moreover, a total of 6.4 g of formate adduct
(44.0 mmol) was obtained. Furthermore, to be industrially
viable, the catalyst should also demonstrate good reusability in a
highly basic Et3N solution. Accordingly, the efficiency of 1 in
the 3 M aqueous Et3N solution over consecutive cycles was
excellently maintained (Figure 2); a total of 20.5 g of formate
adduct (140.0 mmol) over four cycles was generated. Hence, all
these results reiterate that the introduction of oxyanionic
ligand(s) in the coordination sphere remarkably enhances both
reusability and activity of the hydrogenation catalysts.
SEM-EDS mapping of the recovered catalyst confirmed that

the uniform distribution of Ru ions is maintained throughout
the matrix (see Figure S6 in the SI). XPS analysis of the
recovered catalyst revealed that the oxidation state of Ru

Table 1. Catalytic Activity of 1a

entry temperature (°C) total pressureb (MPa) [Et3N] (M) time, t (h) [HCO2
−] (M) turnover number,c TON

1 90 4 1 2 0.06 (10) 720
2 100 4 1 2 0.160 (20) 1920
3 120 4 1 2 0.420 (16) 5050
4 140 4 1 2 0.290 (17) 3490
5 120 6 1 2 0.510 (10) 6140
6 120 8 1 2 0.580 (14) 6980 (22 700)d

7 120 8 1 5 0.580 (22) 6980
8 120 8 2 2 0.900 (13) 10 830
9 120 8 2 5 1.230 (14) 14 800
10 120 8 2 10 1.290 (17) 15 520
11 120 8 3 5 1.780 (14) 21 200
12 120 8 3 10 1.770 (16) 21 180
13e 120 8 3 3 1.790 (17) 2150
14f 120 8 20 0.0020 (5) 300
15g 120 8 1 20 0.0060 (8) 900

aReaction conditions: 0.083 mM of 1 in an aqueous Et3N solution (20.0 mL). bTotal pressure at room temperature (CO2/H2 = 1). cTurnover
number, which is defined as TON = moles of formate/moles of Ru. dInitial TOF; calculated from the initial part of the reaction (after 15 min).
e0.831 mM of 1. fNeat Et3N solution. gSolvent = tetrahydrofuran (THF).
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species (i.e., +3) was identical to that of fresh catalyst (Figure
S7a in the SI). However, the intensity of the C−O species in
the C 1s and Ru 3d spectra was partially decreased.
Surprisingly, a new peak at 533.5 eV, which corresponds to
metal-bound H−O−C = O species,60 was observed in the O 1s
spectrum (Figure S7b in the SI). These results may indicate
that the coordination environment around the Ru(III) cation
was altered, suggesting that 1 acted as a precatalyst and that the
real active species formed in situ. However, the coordination
adopted by Ru in the active species has not yet been completely
identified, and further studies are required to determine the
structure of the active species.
Theoretical Studies. To validate the design strategy and

understand the mechanistic details, DFT calculations were
performed (see Figure 3). The pathway involves the following
two steps: (1) the formation of a metal−hydride intermediate
from the reaction between H2 and the catalyst metal center and
(2) the generation of formate by the nucleophilic attack of the
metal hydride on CO2. The direct reaction between H2 and 1
involves a change in the coordination mode of the acac ligand

from bidentate to monodentate in order to open up one of the
coordinate sites to accommodate H2. This process is ender-
gonic (ΔG = 30.4 kcal/mol) and involves an immense energy
barrier of ΔG⧧ = 47.2 kcal/mol (see Figure S8 in the SI), which
does not reflect the fast reaction rate observed. Thus, 1 is
considered to act as a precatalyst, as suggested above, and
another active form of the Ru complex is involved in the
formation of the Ru−H bond. Because of the high CO2
pressure and the use of aqueous media, HCO3

− is present to
a significant extent in the reaction media and may replace the
acac ligand of 1 during the reaction (see Figure 3). Thus, the
resulting [Ru(acac)(HCO3)(bpy)] can react with H2 with an
energy barrier of ΔG⧧ = 16.5 kcal/mol (more-detailed
information is given in Figure S9 in the SI), which is consistent
with the TOF observed, and form the Ru−H complex via
carbonate-assisted heterolysis of H2 through the formation of a
six-membered transition state (see Figure 3). Hence, one of the
most important causes for the low activity of 1 in the absence of
water (entries 14 and 15 in Table 1) may be the negligible
generation of bicarbonate anions. Then, the nucleophilic attack
of the thus-formed Ru−H complex on CO2 occurs
exothermally (ΔG = −11.2 kcal/mol), which is consistent
with the exothermicity expected from experimental results, i.e.,
an energy barrier of ΔG⧧ = 8.1 kcal/mol (see Figure S10 in the
SI). Compared with the heterolysis of H2, a much smaller free-
energy requirement for the addition of CO2 to the Ru−H bond
indicates that Ru−H formation is the rate-determining step.
Finally, the release of the formate from the Ru−formate
complex completes the catalytic cycle.

■ CONCLUSION

In summary, the leaching pathway of previously reported [bpy-
CTF-IrCp*Cl]Cl was studied using DFT calculations, indicat-
ing that the interaction between bpy sites and H2 during
heterolysis of H2 causes the leaching. Therefore, a new design
strategy that incorporates oxyanionic ligands in the coordina-
tion sphere is developed to both prevent the deleterious
interaction and improve the activity of the catalysts. The
designed catalyst, [bpy-CTF-Ru(acac)2]Cl (1) efficiently
converts CO2 to formate by hydrogenation with a TOF of
22 700 h−1, which is the highest value reported to date for a
heterogeneous catalyst, and exhibits excellent recyclability over
consecutive runs. The viability of designed strategy was
validated by DFT calculations. Further studies will focus on
the comprehensive characterization of Ru coordination in the
active species and involve detailed theoretical and experimental
investigation into the mechanism and kinetics of the catalysis.

■ EXPERIMENTAL SECTION

Materials and Methods. All chemicals purchased were of
analytical grade and used without further purification, unless
otherwise mentioned. Zinc chloride, ruthenium(III) chloride,
triethylamine were purchased from Sigma−Aldrich. Pentane-
2,4-dione was purchased from Alfa Aesar. CO2 (99.99%) and
H2 (99.99%) were purchased from Sinyang Gas Industries. The
homogeneous complex 2 was prepared according to the
published procedures.50,51

Characterization Techniques. SEM and EDS measure-
ments were carried out using a Model JEM-7610F system
(JEOL, Ltd., Japan) that was operated at an accelerating voltage
of 20.0 kV. Fourier transform infrared (FT-IR) spectroscopy
measurements were performed on a Nicolet iS 50 (Thermo

Figure 2. Recyclability of catalyst 1 at 120 °C under a total pressure of
8 MPa.

Figure 3. Proposed mechanism for the hydrogenation of CO2 to
formate, using complex 1. Computed free energies are indicated in
units of kcal/mol.
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Fisher Scientific). Elemental analysis was carried out on a Vario
MICRO Cube instrument. X-ray photoelectron spectroscopy
(XPS) data were recorded on a Model ESCA 2000 system (VG
Microtech) at a pressure of ∼3 × 10−9 mbar, using Al Kα
radiation as the excitation source (hν = 1486.6 eV) with
concentric hemispherical analyzer. Ruthenium content in
complex 1 was analyzed using inductively coupled plasma
optical emission spectroscopy (ICP-OES) (iCAP-Q, Thermo
Fisher Scientific), using microwave-assisted acid digestion
system (MARS6, CEM/U.S.A). N2 adsorption−desorption
measurements were carried out in an automated gas sorption
system (Belsorp II mini, BEL Japan, Inc.) at 77 K; the samples
were degassed at 200 °C for 2 h before the measurements.
High-performance liquid chromatography (HPLC) was meas-
ured on a Waters Alliance 2695 (Waters Corporation) system
that was equipped with an Aminex HPX-87H column and an
RI detector at 50 °C using 5.00 mM H2SO4 solution (0.6 mL/
min).
Computational Methods. All computations were per-

formed by using the Gaussian 09 (g09) package61 with the
Becke-Perdew86 (BP86) functional62,63 and the LANL2DZ
basis set/ECP combination64−66 for geometry optimizations
and frequency calculations. For single-point calculations, the
LANL2TZ basis set was used for the Ru center.64−66 The
potential energy surfaces for the Ru−H formation were
constructed in two dimensions along the Ru−O (of acac or
bicarbonate) bond and Ru−H2 distances, while that for the
formate formation was constructed in one dimension along the
hydride−CO2 distance. From the saddle points, transition
states were searched and validated using g09 intrinsic reaction
coordinate calculations.67,68

Synthesis of bpy-CTF. In a glovebox, 5,5′-dicyano-2,2′-
bipyridine38 (1.00 g, 4.80 mmol) (see the SI for the synthesis)
and zinc chloride (3.33 g, 24.0 mmol, 5 equiv) were taken in a 5
mL ampule(s) and closed with vacuum adapters. The
ampule(s) was/were removed from a glovebox and sealed
under vacuum, and the ampule(s) was/were heated to 400 °C
in a furnace at a heating rate of 60 °C/h. After 48 h, the furnace
was cooled to 200 °C at a cooling rate of 10 °C/h. The ampule
was broken and the monolith was ground well in a mortar and
stirred in 250 mL of water for 3 h and filtered, washed with
water (600 mL) and acetone (600 mL). The resulting black
solid was then refluxed in 1 M HCl (500 mL) overnight and
was filtered and washed with 1 M HCl (3 × 100 mL), H2O (3
× 100 mL), tetrahydrofuran (3 × 100 mL), and acetone (3 ×
100 mL). Finally, the black powder was dried under vacuum at
200 °C for 15 h. Yield: 0.920 g.
Synthesis of Complex 1. To a solution of ruthenium(III)

chloride (0.30 g, 1.44 mmol) in methanol (100 mL,
anhydrous), bpy-CTF (0.500 g) was added and gently heated
(60 °C) under N2 atmosphere for 5 h and filtered. To the
resulting solid, pentane-2,4-dione (3.5 mL) dissolved in
H2O:ethanol mixture (1:1) was added under N2 atmosphere
and heated for 10 h. The black solid was filtered at room
temperature, washed with ethanol (3 × 500 mL), water (3 ×
500 mL), and acetone (3 × 250 mL). Finally, the powder was
dried under vacuum for 24 h.
Representative Procedure for the Hydrogenation of

CO2 to Formate. The hydrogenation was carried out in a 100
mL homemade stainless steel reactor equipped with a heater
(temperatures up to 300 °C can be used), a burst disk pressure
(which holds pressure of up to 30 MPa), and pressure and
temperature sensors. In a typical run, complex 1 ([Ru] = 0.083

or 0.83 mM) was dispersed in a CO2 saturated aqueous Et3N
solution. The reactor was tightly closed without any leak. After
flushing with CO2, the reactor was initially pressurized with
CO2 and then with H2 (1:1) to the desired pressure at room
temperature and heated at 80−140 °C. The reaction was
cooled to room temperature after an appropriate time and the
pressure was slowly released. The concentration of formate was
analyzed by HPLC.
In the recycling experiments, the catalyst was recovered after

each cycle by filtration, washed with water and acetone, and
dried under vacuum before next run. By following the similar
procedure, the solid was then used for successive runs.
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