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ABSTRACT: We report a ruthenium complex containing an
N,N′-diimine ligand for the selective decomposition of formic
acid to H2 and CO2 in water in the absence of any organic
additives. A turnover frequency of 12 000 h−1 and a turnover
number of 350 000 at 90 °C were achieved in the HCOOH/
HCOONa aqueous solution. Efficient production of high-
pressure H2 and CO2 (24.0 MPa (3480 psi)) was achieved
through the decomposition of formic acid with no formation of
CO. Mechanistic studies by NMR and DFT calculations indicate
that there may be two competitive pathways for the key hydride
transfer rate-determining step in the catalytic process.

■ INTRODUCTION

Formic acid (FA) has recently been proposed as a chemical
hydrogen (H2) carrier because of its favorable properties.1 FA
contains 4.4 wt % of hydrogen, and it is liquid under ambient
conditions, allowing it to be handled, stored, and transported
easily and safely. Although the decomposition of FA to H2 and
carbon dioxide (CO2) was discovered half a century ago by
Coffey using an iridium (Ir) phosphine complex with a high
turnover frequency (TOF) (1187 h−1) and a high turnover
number (TON) (>11 000),2 this reaction has been investigated
extensively only in the past decade. Several transition metal
complexes based on iron,3 rhodium,4 ruthenium,5 and iridium6

have been demonstrated as active catalysts for the dehydrogen-
ation of FA. From these systems, those with high TON in
aqueous solution are of particular interest. For example,
Himeda, Fujita, and co-workers reported an iridium-bipyr-
imidine catalyst with a TON of 308 000 h−1.6j Most impres-
sively, Li and co-workers later demonstrated that by using
N,N′-diimine ligands, the resulting Ir complexes showed
unprecedentedly high reactivities for the dehydrogenation of
FA with a remarkable TON of 2 400 000.6e While these systems
offer a great potential for practical applications, the high price
of Ir prompts us to explore a more economic option. As
ruthenium (Ru) complexes typically have very similar proper-
ties to Ir analogues, we were inspired to investigate the activity

and feasibility of Ru catalysts with an N,N′-diimine ligand for
the decomposition of FA. Herein, we report the reactivity and
mechanistic studies of the dehydrogenation of FA using a newly
developed Ru compound with 2,2′-biimidazoline.

■ RESULTS AND DISCUSSION

Formic Acid Decomposition. Complex 1 was prepared at
room temperature from the precursor [Ru(p-cymene)Cl2]2 and
ligand (2,2′-biimidazoline) (Scheme 1). A suitable single crystal
(Figure 1) was obtained from a solution of complex 1 in the
mixed solvent of ether and DMSO for X-ray crystallography.
A p-cymene (η6) is coordinated to the Ru center with a chloride
and 2,2′-biimidazoline ligands to give a saturated 18-electron
cationic complex. Complex 1 is intrinsically stable in air and is
water-soluble (30 mg/mL).
The decomposition of FA was examined with various

FA/HCOONa ratios in an aqueous solution at 90 °C (Table 1).
Using FA solution, an initial TOF of 3750 h−1 (Table 1, entry 1)
was obtained, and this rate of decomposition doubled when one
equivalent of HCOONa (SF) was mixed in the FA solution
(8150 h−1) (Table 1, entry 2). No obvious change in TOF was
identified when Na2SO4 was added, indicating that the observed
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acceleration of the reaction was not due to the presence of
Lewis acidic Na+ (Table S1).3b A maximum TOF of 12 000h−1

(Table 1, entry 4) was achieved when the ratio of SF/FA was
increased to 5. Little gas formation was observed when heating
the aqueous SF solution (5.0 M) in the presence of complex 1 at
90 °C, suggesting that formate cannot be decomposed directly in
this Ru system.7 In all cases, the composition of the evolved gas
was confirmed to be an equimolar mixture of H2 and CO2 with
no trace amount of CO detected (Figure S1). These observations
indicate that the decomposition of FA catalyzed by complex 1 is
highly selective and produces only H2 and CO2, making this
system suitable for application to fuel cells, in which CO
poisoning of electrodes must be prevented.8

■ MECHANISM STUDIES
Activation Energy. The activation energy (Ea) was

obtained by measuring the initial rates from 60 to 90 °C

in a 1:1 mixture of FA/SF solution. The estimated apparent
activation energy by the Arrhenius plot is 23 ± 0.5 kcal/mol
(Figure 2), within the range of those of FA dehydrogenation
reactions catalyzed by noble metals.3d

Plausible Active Species. Mass spectrometry was
employed to identify plausible active species in the absence
or presence of HCOONa in water. In the absence of HCOO−,
mass peaks were observed at m/z = 409, 187, and 373 and
were assigned to IN1, A, and IN5, respectively (Scheme 2).
A chloride can be dissociated from IN1 (m/z = 409) to form A
(m/z = 187) in the aqueous solution. A, a binary weak acid,
may go through a deprotonation to give IN5 (m/z = 373).
When HCOONa was added (Figure S3), the same mass peaks
were obtained, but the intensity of the 373 peak increased,
suggesting that the presence of more HCOO− species led to
the formation of more IN5 species. Although IN5 may be
further deprotonated to afford a neutral complex (B), B could
not be monitored by mass spectrometry. Because the equilibria
between these species are pH-sensitive, a pH-dependence study
on the initial TOFs was conducted. The results showed that
the highest TOF was achieved at pH = 4.3, where the
concentration of species IN5 was the highest, suggesting that
IN5 may play an important role in the catalytic process.
Next, we employed NMR to gain additional structural

insights. Two new peaks were found in the solution of complex
1 in 1:5 of H2O and D2O compared to those of complex 1 in
D2O alone (Figure S4). Note that these two peaks disappeared
when the temperature was increased to 50 °C and reappeared
when cooled to 25 °C. The intensity of these peaks increased
with the increasing ratio of H2O/D2O (5:1). On the basis of
these observations, we rationalized that these two peaks belong
to a water ligand (IN2) that can exchange with the chloride.
When HCOONa (50 μmol) was added to a D2O solution of

complex 1 (10 μmol in 0.5 mL of D2O) at 90 °C for 2 min
(Figure S5), no obvious reaction was observed and HCOO−

did not completely decompose. Two hydride signals (δ −6.70
and −7.70 ppm) were observed, indicating the presence of two
Ru−H species. When HCOOH (10 μL) and H2O (0.1 mL)
were then added (Figure S6), within 2 min at 90 °C, the
HCOOH signal had almost completely disappeared. Because
the ruthenium hydride signal was not observed under acidic
reaction conditions, we inferred that the reaction between the
hydride complex and FA (or H3O

+) to produce H2 is fast,
consistent with the regeneration of IN2.
On the basis of these observations, we proposed a plausible

reaction mechanism, comprising two different pathways
depending on the reaction conditions (Scheme 3). In the
reaction involving only an aqueous FA solution, the water-
coordinated ruthenium complex IN2 is generated and the water
ligand can be replaced by a formate to give complex IN3.
Hydride complex IN4 is formed after the decarboxylation
of formate IN3. The aqua ruthenium complex IN2 can
be regenerated with the production of H2 in the presence

Scheme 1. Preparation of Complex 1

Figure 1. Molecular structure of complex 1 with thermal ellipsoids set
at 40% probability. Hydrogen atoms were omitted for clarity. Selected
bond lengths (Å): Ru1−N3 2.086(4), Ru1−N1 2.087(3), Ru1−C2
2.175(4), Ru1−C3 2.161(4), Ru(1)−C(4) 2.202(4), Ru(1)−C(5)
2.180(4), Ru(1)−C(6) 2.179(4), Ru(1)−C(7) 2.206(4), and Ru1−
Cl2 2.4021(11); selected bond angles (deg): N1−Ru1−N3 75.76(14).

Table 1. Dehydrogenation of FA/SF in Water Using
Complex 1a

entry
SF/
FA

FA (10−2

mol)
cat. (10−2 mol

%)
TOFmax
(h−1) TON

yield
(%)

1 0 2.5 0.8 3750 11 670 93

2 1 2.5 0.8 8150 10 100 80

3 2 2.5 0.8 9400 10 420 83

4 5 1 2 12 000 4170 83

5 10 0.5 4 8250 2300 91
aGeneral: No reaction occurred in the absence of catalysts. Each
reaction was repeated at least twice with an error of less than 5%. The
maximum TOF was estimated based on the H2 production in the first
10 min. TONs and yields were determined when the reaction stopped
and no more gas was generated. Temperature: 90 °C. All the initial
volumes of reaction solutions are 5.0 mL.
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of H3O
+. Under slightly more basic conditions, in the presence of

formate, IN1 may be deprotonated with the loss of a chloride to
give intermediate IN5 (Scheme 2). Coordination of formate to
IN5 generates complex IN6, which may be in equilibrium with
IN3 and may undergo decarboxylation to give IN7.
Kinetic Isotope Effect (KIE). KIE experiments were con-

ducted to identify the rate-determining step (RDS) in the cata-
lytic process. As shown in Table 2, the KIE value was 2.1 ± 0.3
when DCO2H was used (entry 2) and 1.4 ± 0.2 when HCO2D
was employed (entry 3). Note that a maximum KIE of
3.3 ± 0.4 was obtained with DCO2D in D2O (entry 4). These
observations suggest that the decarboxylation involving the
formyl C−H bond cleavage was most likely the RDS in the
catalytic cycle.

Optimized Catalytic Performance. The performance of
our catalytic system was further optimized by adding formic
acid at a constant rate, as determined such that the rates of con-
sumption and addition of FA were the same; a maximum TON
of 350 000 was achieved in approximately 35 h (Figure 4).

High-Pressure Gas Evolution. We further evaluated the
performance of the catalyst in terms of the production of high-
pressure gases. The experimental procedure and the apparatus
used have been described in previous reports.9 Figure 5 shows
the time course of the high-pressure evolution of gas from FA
in the presence of catalyst 1. Using 6.5 M formic acid free from
sodium formate, high-pressure gases (24.0 MPa) (CO2:H2 =
1:1) with 1.8 MPa of He (total 25.8 MPa) were obtained within
4 h. No CO was detected from the analysis of the gas mix-
ture using GC/TCD at a minimum detection limit of 6 ppm.
The final conversion of formic acid was up to 98%. However,
the TOF was lower than that under atmospheric pressure
(3750 h−1, entry 1, Table 1) because of the resultant equi-
librium between FA and H2 with CO2.

10 Because the biimine
ligand can effectively activate the Ru complex even under high-
pressure conditions,11 these results indicate that complex 1
could be a possible cost-effective catalyst for the hydrogen
station to generate high-pressure hydrogen gas instead of ana-
logous Ir complexes.

Computational Mechanism Studies. Calculations were
carried out to assess the proposed mechanism in Scheme 3
and to determine transition states and energy barriers for the
reactions that were observed experimentally. The calculated
free-energy profile shows the chloride ion IN1 is easily formed
from the dimer complex [RuCl2(p-cymene)]2 (Figure S7). The
optimized structure of the chloride complex IN1 is in good
agreement with the X-ray structure.

Figure 2. (a) Relationship between volume of gases and time to decompose FA using complex 1 (0.8 × 10−2 mol %) (FA (5 mL 5[M]),
[FA]:[SF] = 1:1; T = 90, 80, 70, 60 °C). (b) Arrhenius plot of initial TOF values (first 10 min) for decomposition of FA using complex 1 (FA
(5 mL 5[M]), [FA]:[SF] = 1:1).

Scheme 2. Different Species from the Aqueous Solution of Complex 1 Observed under ESI

Figure 3. PH dependence of the initial TOF on decomposition
of FA. Conditions: Complex 1 (2.0 μmol); FA/SF (1.0 [M], 10 mL);
T = 90 °C. The initial pH values were regulated by changing the ratio
of NaOOCH and HCOOH.
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The detailed free-energy profile for the proposed mechanism
in Scheme 3 is shown in Figure 6, and the corresponding
structural parameters are presented in Figure 7. For the hydride
transfer from the chloride complex IN1 to the hydride complex
IN4, two possible pathways were evaluated (green and blue
paths in Figure 6).
In the green pathway, the replacement of the chloride ligand

in IN1 by water gives intermediate IN2, which is endothermic
by 7.8 kcal/mol. The coordination of a formate anion at the Ru
center is favorable with a bond length of 2.101 Å to give the
more stable formate intermediate IN3 with −1.0 kcal/mol,
relatively superior to the intermediate IN1. The outer-sphere
hydride transfer-transition state TS1 was located, where the
Ru−H bond and C−H bonds were 2.246 and 1.172 Å, respec-
tively. The active barrier from IN3 to TS1 was 21.3 kcal/mol.
The inner-sphere β-H elimination transition state S-TS1
involving the breakage of the Ru−N coordination bond was
also located (Figure S8), but the corresponding active barrier
was higher than that of TS1 (25.5 kcal/mol vs 21.3 kcal/mol).

The release of CO2 gives the key proposed hydride
intermediate IN4 at −1.9 kcal/mol, relatively superior to IN1.
In the blue pathway, transition state TS2 describes the

deprotonation of one of the NH moieties by a formate
anion with a low active barrier of 6.8 kcal/mol. Note that the
following intermediate IN5 losing the chloride ligand and
the proton of the NH group is in good agreement with our
experimental observations. Formate intermediate IN6 has

Scheme 3. Proposed Mechanism for the Dehydrogenation of Formic Acid

Table 2. KIE in the Dehydrogenation for FA Using
Complex 1a

entry substrate solvent TOFb (h−1) KIE

1 HCOOH H2O 2550
2 DCOOH H2O 1200 2.1 ± 0.3
3 HCOOD D2O 1800 1.4 ± 0.2
4 DCOOD D2O 800 3.1 ± 0.4

aReaction conditions: Complex Ru (2.0 μmol), FA solution (2.5 M,
5.0 mL), 90 °C. bTOF was calculated for the first 10 min.

Figure 4. Optimized performance of complex 1. Reaction conditions:
Ru (0.50 μmol), 90 °C, FA (2.0 M, 10.0 mL), [FA]:[SF] = 1:5; FA
was added to the FA/SF solution at 0.2 mL/h.
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shorter Ru−N bonds with a higher free energy compared to
IN3. However, the outer-sphere hydride transfer transition
state TS3 has a free energy similar to that of TS1 (20.2 vs 20.3
kcal/mol). From the structural parameters, TS3 is characterized
as an early transition state with a Ru−H bond of 2.523 Å and a
C−H bond of 1.155 Å. After decarboxylation, intermediate IN7
can also be readily protonated to give hydride intermediate
IN4. On the basis of the comparable activation barriers and
experimental observations, it seems likely that both blue and
green pathways are competitive under our reaction conditions
and that the blue pathway may be favorable under slightly more
basic conditions.
For the protonation of hydride intermediate IN4, two proton

sources, namely, formic acid and the hydrated proton, were
investigated.12 Transition state TS4 with formic acid as the
proton source has an activation energy barrier of 24.8 kcal/mol,
13.7 kcal/mol higher than that of transition state TS5 with the
hydrated proton (Figure 7). Note that transition state TS4 could
only be located by the intramolecular hydrogen bonds between
the carbonyl oxygen of FA and the N−H group of the ligand and
the transition state TS5 could only be located by the N atom of

Figure 5. Time-dependent gas evolution through FA decomposition in
the presence of catalyst 1. The reaction was carried out at 80 °C in an
autoclave (internal volume is 7.0 mL) with 2 MPa of He gas, FA aqueous
solution (6.5 mol/L, 4.0 mL), and catalyst (8.0 mol, 2.0 mmol/L).

Figure 6. Relative free-energy profiles for the proposed mechanism in Scheme 3.
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the ligand and the O−H group of the bridging water. TS4
is considered more strained, as it possesses longer Ru−H
(1.789 Å) and O−H bonds (1.469 Å) than those of TS5
(Ru−H, 1.700 Å; O−H, 1.186). Overall, the outer-sphere
hydride transfer stage was the rate-determining step and shall
proceed via comparable blue and green pathways. The com-
puted KIE for the RDS was 2.0, in agreement with our experi-
mental observations. The formation of H2 then occurs via TS5
with a hydrated proton as the proton source.

■ CONCLUSION
In summary, Ru complex 1 shows a good activity to give
reasonably high TOF and TON of 12 000 h−1 and 350 000,
respectively. The first application of a ruthenium complex for
the high-pressure hydrogen production from formic acid was
realized. Experimental and density function theory studies were
conducted to elucidate the plausible mechanism of the
decomposition of FA/SF. Two competitive pathways were
proposed for the key hydride transfer step. Further develop-
ment using this catalyst system for hydrogen fuel cell
applications is ongoing and will be reported in due course.

■ EXPERIMENTAL SECTION
General Procedures. All experiments (if not mentioned

otherwise) with metal complexes were carried out under an
atmosphere of dry argon in a glovebox or using standard Schlenk
techniques. All other chemicals were commercially available and used
as received. 1H and 13C NMR spectra were recorded on a Bruker 400
or 600 MHz spectrometer at 400 and 100 MHz or 600 and 125 MHz
for proton and carbon, respectively. Column chromatography was
performed on silica gel (200−300 mesh). Results of the GC analysis
were obtained with Techcomp GC7890II equipped with a TCD and a
FID. The pH values were measured on a ZDJ-400DH multifunction
titrator with a glass electrode after calibration to standard buffer

solutions. HRMS data were recorded on a Finnigan MAT 95 system.
Elemental analyses were carried out on a Flash 2000 elemental
analyzer. The X-ray diffraction data were collected using a Bruker-AXS
KAPPA-APEXII CCD diffractometer. The N,N′-diimine ligand was
synthesized,13 and TON and TOF were calculated according to
literature procedures.6e

Synthesis and Characterization of Complex 1 [Ru(p-
Cymene)(2,2′-biimidazoline)Cl]Cl. In a glovebox, dry methanol
(30.0 mL) was added to a mixture of dichloro(p-cymene)ruthenium-
(II) dimer (0.20 mmol) and 2,2′-biimidazoline (0.40 mmol) in a
reaction flask and stirred overnight at room temperature. Methanol
was then removed in vacuo. Column chromatography was used to
purify the complex using CH2Cl2/MeOH (50:1−20:1) as the eluent.
Yield: 60%. A single crystal of complex 1 was obtained from a mixture
of DMSO and ether (1:20). 1H NMR (600 MHz, DMSO-d6): δ 8.61
(s, 1H), 5.88 (d, J = 6.1 Hz, 2H), 5.60 (d, J = 6.0 Hz, 2H), 4.61−4.30
(m, 2H), 3.90−3.77 (m, 4H), 3.72 (dd, J = 24.6, 12.6 Hz, 2H), 2.71
(dt, J = 13.8, 6.9 Hz, 1H), 2.11 (s, 3H), 1.16 (d, J = 6.9 Hz, 6H).
13C{1H} NMR (125 MHz, DMSO-d6): δ (ppm) 159.09, 102.37, 99.52,
83.08, 80.98, 55.39, 46.45, 31.15, 22.49, 18.97. MS m/z (ESI+) 409.1
[M − Cl]+. Anal. Calcd for C16H24Cl2RuN4: C 43.24, H 5.44, N 12.61.
Found: C 42.79, H 5.63, N 12.73.

General Procedure for Catalytic Dehydrogenation of
HCO2H. Decomposition of FA was performed in a two-necked
round flask equipped with a reflux condenser and a magnetic stirrer at
appropriate temperature. The aqueous catalyst stock solution was
prepared freshly before use. The catalyst stock solution was injected
through a septum into a flask with 5.0 mL of the FA (sodium formate)
aqueous solution. The gas produced was monitored by an ADM 2000
flowmeter. The data were collected every 2 s. The water displacement
method was used to confirm the amount of H2 produced.

Gas Composition Analysis. The quantity of gas products during
the decomposition of FA was measured using an online precalibrated
gas chromatograph (Agilent 7890B) (H2, CO, CH4, CO2), and the
identities of the gases were confirmed as H2 and CO2 with no
detectable level of CO. The chromatograph was equipped with the fol-
lowing two channels: (1) two HayeSep Q columns and 13× molecular

Figure 7. Optimized geometries of the hydride transfer transition states (TS1 and TS3) and intermediates (IN3 and IN6) as well as optimized
geometries of the formation of H2 transition states (TS4 and TS5). Atoms Ru, C, N, and O are shown in green, gray, blue, and red, respectively.
Calculated bond distances are shown in Å.
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sieves with a thermal conductivity detector using He as a carrier gas for
CO2 and CO analysis and (2) a HayeSep Q and 13× molecular sieves
with a thermal conductivity detector using Ar as a carrier gas for H2
analysis. After an initial reaction time of 1 min, the gas produced was
analyzed by purging the produced gas directly to the online GC; the
analysis began every 15 min. The molar ratio of H2 and CO2 was
measured to be approximately 1:1 based on the calibration curve using
a standard gas.5a

Dehydrogenation of FA by Intermittent Addition of FA. A
stir bar and an FA/SF (2M, 1:5) aqueous solution were placed in a
two-necked reaction flask. After the solution was preheated at 90 °C,
the water solution of complex 1 (0.5 mL, 0.5 μmol) was injected
into the flask. FA was added at a constant rate via a syringe pump
based on the rate of consumption (0.1−0.3 mL/h).
Computational Details. All the calculations were performed in

the Gaussian 09 program package.14 The structures of all species were
optimized with no geometry or symmetry constraints using the M0615

functional with the BSI basis set (BSI denotes the basis set combi-
nation of SDD16 for transition metals and the all-electron 6-31G(d,p)
for N, O, H, and C). The M06 is a dispersion-corrected functional
and can accurately estimate the reaction energy because of the con-
sideration of weak interaction. The solvation effects of water solvent
were considered by SMD17 (solvation model density), a universal
solvation model based on the polarized continuous quantum
mechanical charge density of the solute. All stationary points were
classified as minima or transition states by frequency calculations.
Intrinsic reaction coordinate calculations at the same level of theory
were carried out to confirm the right connections among a transition
state and its forward and backward minima.18 The energy of each
species was refined by a single-point calculation at the M06/BSII-level
coupled with an SMD solvent model (BSII denotes the basis set
combination of SDD for Ru and the all-electron 6-311++G(2d,p) for
N, O, H, C).
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