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ABSTRACT: Formic acid is decomposed to H, and CO, in the presence of
RuCl; and triphenylphosphines in an emulsion. In situ formed ruthenium
carbonyls, such as [Ru(HCO,),(CO),(PPh;),] (1), [Ru(CO),(PPh,),] (2),
and [Ru,(HCO,),(CO),(PPh;),] (3), and a large cluster, involving a Ru,,
core, were identified and structurally characterized from the reaction
mixtures. The catalytic activity of the mono and binuclear complexes was
also investigated and it was found that [Ru,(HCO,),(CO),(PPh;),] (3)
shows high stability even at elevated temperatures and pressures and its
activity is 1 order of magnitude lower than those measured for the
mononuclear complexes. It was also attempted to use [Ru-
(HCO,),(CO),(PPh;),] (1) as a catalyst for the hydrogenation of CO, to
formic acid under neutral conditions. Although the reduction of CO, did not
take place, the conversion of [Ru(HCO,),(CO),(PPh;),] (1) to an
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unexpected carbonate, [Ru(CO;)(CO),(PPh;),]-H,O was observed.
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urning of fossil fuels, mainly coal, natural gas, and oil, to

fulfill the ever increasing energy demand of humankind
has resulted in the accumulation of carbon dioxide in the
atmosphere where its concentration will exceed 400 ppm this
year. The global anthropogenic carbon dioxide emissions rose
by more than 5% in 2010, representing the largest increase per
annum in the last two decades.' The finite nature of fossil fuels
and the increasingly severe consequences of high carbon
dioxide levels in the atmosphere, such as global warming and
seawater acidification calls for a sustainable energy cycle to
replace our existing one. It can be expected that as a result of
the conscious effort to decrease anthropogenic greenhouse gas
emission, the contribution of renewable energy sources to the
total energy production will be increasing.

Extensive exploitation of renewable energy sources like solar,
wind and hydro in addition to the utilization of nuclear power
will provide enough energy for the future and predictions
indicate that humankind may indeed face energy storage and
transportation problems as well as shorta%e of carbon sources
rather than an actual energy shortage.” A more eflicient
utilization of our limited fossil fuel sources may delay the
difficulties associated with carbon shortage."’_5

Using electricity from renewable sources to produce
hydrogen by splitting water followed by storage and then
utilization of hydrogen to generate electricity on demand would
be a “clean” approach to store energy since the only product
generated by burning hydrogen is water, an environmentally
benign compound. Although this technology would not emit
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harmful side products, storing and transporting hydrogen in
large quantities is quite challeréging because of its volatile,
flammable, and explosive nature.

Numerous substances, for example, ammonia borane,” alkali
borohydrides,8 hydrous hydrazine,8 methane, methanol,6 etc.,
have been suggested for chemical energy storage in addition to
hydrogen. However, the practical applicability of some of these
substances may be hampered because of their relatively high
price, toxicity, or safety issues.

Formic acid (FA) is a low volatility, low toxicity organic
acid,® which can be synthesized by decomposition of biomass,
or by catalytic hydrogenation,'®~"* and direct electrochemical
reduction™"* of carbon dioxide. Subsequently, FA can be
decomposed to a mixture of H, and CO, resulting in a “carbon
neutral” energy/hydrogen storage system (Figure 1).'°">* The
required CO, can also be captured from industrial streams or
even directly from air.”*"*®

The decomposition of FA can follow two main pathways: (a)
decarbonylation resulting in carbon monoxide and water (1:1)
and (b) decarboxylation providing a 1:1 mixture of carbon
dioxide and hydrogen (Scheme 1). The latter mixture can be
used directly as a feedgas for hydrogen/air fuel cells,””*° and
the hydrogen depleted exhaust may be recycled for FA
synthesis.
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Figure 1. Carbon neutral energy storage using FA as storage medium.

Scheme 1. Decomposition Pathways of FA: (a)
Decarbonylation and (b) Decarboxylation
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Since CO may deactivate the catalysts of fuel cells, the
development of high activity homogeneous catalysts for the
selective decarboxylation of FA suppressing the decarbon-
ylation has received increasing attention.'”~'>**

Ruthenium catalysts developed by Beller et al,, which are
formed in situ from [RuCl,(benzene)], in the presence of 1,2-
bisdiphenylphosphinoethane (dppe) and a variety of amine
additives e.g. Et;N exhibited excellent performance for FA
decomposition. For example, the [RuCl,(benzene)],/dppe/
dimethyloctylamine (DMOA) system showed one of the
highest activity (TOF = 16000 h™' 60 °C) reported for
hydrogen generation from FA.>!

Another outstanding example was reported by Laurenczy et
al. in 2009 using [Ru(H,0)¢](tos),], [Ru(H,0)s](tos);], or
RuCl; in an aqueous solution of FA/Na-formate (9:1) (TOF =
460 h™') and meta-trisulfonated triphenylphosphine (TPPTS)
as catalyst precursors.32

Although these systems showed excellent performance, their
large scale application may bring up feasibility concerns due to
the relatively high cost of the catalyst precursors.

In addition to this, volatile amine additives (e.g., Et;N) may
contaminate the gaseous products, necessitating gas purification
before their utilization in a fuel cell. To avoid this problem,
application of less volatile amines (e.g, HexNMe,) has been
already suggested.'®’

For the wide practical application of continuous hydrogen
generation from FA, the development of more cost-effective
systems would however be essential for example (a) by using
less expensive and stable ligands that can be produced on a
large scale or (b) development of active catalysts using
nonprecious metals. The highest activity and productivity
results (TOF of 9425 h™' at 80 °C) for nonprecious metal-
based catalyst systems were observed using P(CH,CH,PPh,),
as a ligand and Fe(BF,),,6H,0 as the metal precursor.”'
However its long-term stability remains to be studied.

The aim of this work is to gain an insight into the underlying
chemistry of formic acid decomposition in the presence of cost-
effective and commercially available ligands (e.g., PPh;) and
RuCl;, through identification of organometallic species formed
in situ under relatively harsh conditions, such as aqueous acidic
solutions at elevated temperatures.

Triphenyl phosphine (PPh,) is a commonly used P-donor
ligand in organometallic chemistry. However, its poor solubility
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in water disfavors its application in aqueous reaction mixtures.
On the other hand, transition metal salts like RuCl;, as well as
FA and sodium formate are mainly soluble in water.
Substitution of the aromatic rings in triphenyl phosphine may
not only change the electron density on the phosphorus atom
but may also modify the solubility of the ligand in organic and
aqueous solutions as it was demonstrated with TPPTS ligand.**

The miscibility of aqueous and organic phases can be
enhanced by the addition of surfactants to form emulsions.
Even though these emulsions may not be stable over the entire
reaction time due to dramatic changes in the composition of
the reaction mixture, the initial presence of an emulsion can
provide the proper medium for the in situ formation of active
catalytic species. The role of such emulsions in the
decomposition of FA has now been explored.

The aqueous solution of FA, sodium formate and RuCl; was
added dropwise to the vigorously stirred mixture of toluene,
PPh, and sodium dodecyl sulfate (SDS) followed by sonication
of the formed emulsion for 15 min at room temperature. The
light brown emulsion was then transferred to a high pressure
Monel autoclave and heated to temperatures of 90 to 117 °C.
The internal temperature of the reactor and the pressure of the
gaseous product was recorded using Lab View and the rate of
decomposition was calculated on the basis of the pressure
versus time profiles (Figure 2) at various temperatures (e.g.
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Figure 2. Pressure vs time diagram for the FA decomposition in the
presence of RuCl;—PPh;—SDS: (a) first run and (b) second run. FTIR
spectra of gaseous products (c and d).

1.692 X 1075 M-s! at 90 °C, Table 1). To determine the
selectivity of the decomposition, the chemical composition of
the gas mixture was analyzed by gas chromatography using a
thermal conductivity detector (TCD) and in some cases by
Fourier transform infrared spectroscopy (FTIR) as well.

The high selectivity of the reaction was reflected by the lack
of CO peak in the chromatogram as illustrated in Supporting
Information Figure Sla. Using FTIR spectroscopy, a more
sensitive analytical method, only traces of CO were detected in
the gas mixture (Figure 2c and d). After the first run, 97% FA
was added and the rate of decomposition was measured (2.001
X 107 M-s™! at 90 °C). As Figure 2 illustrates, the system
showed a higher reaction rate in the second run due to the
formation of more active species. However, gas chromato-
graphic measurements revealed the accumulation of 0.25% CO
(Supporting Information Figure S1b).
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Table 1. Reaction Rates of FA Decomposition in the Presence of Various Phosphine Ligands and Composition of Gaseous

Products
gas composition (%)”

phosphine” t (°C) 10® X reaction rate (M-s~!) H, Cco, Cco
1° PPh, 90 16.920 54.20 45.80 nd
29 PPh, 90 20.010 56.19 43.56 0.25
3¢ P(C{H,~CH,), 90 13.990 5471 45.29 nd
4 P(C¢H,~CH,); 90 7314 5570 44.10 020
5¢ PPh;-HBr 90 30.172 53.46 46.54 nd
64 PPh;-HBr 90 61.243 51.31 48.69 nd
7¢ P(CgH,—Cl); 90 16.288 53.60 46.40 nd
8¢ O=PPh,* 90 4.428 54.17 45.83 nd
9? O=PPh,* 90 1.096 54.01 45.99 nd
10° P(C¢H,—F), 90 0.579 48.67 47.57 376
11¢ P(C¢H,—F); 110 0.997
12 no catalystf 117 0.377 39.39 50.58 10.1

“[RuCly] = 2.43 mM, [Phosphine] = 5.0 mM, [FA] = 3.6 M, [HCO,Na] = 04 M, [SDS] = 19.65 mM, 25 mL aqueous solution, S mL toluene.
YDetermined by gas chromatography using TCD, nd: no CO could be detected. “First run. 9Second run. ®No SDS was added. /[FA] = 9 X
[HCO,Na] = 3.6 M, 25 mL aqueous solution, no catalyst, Table S1 shows the reaction rates at variable temperatures (see Supporting Information).
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Figure 3. C NMR (a—c) and *'P NMR spectra (d) of crude catalyst mixture and the stucture of the Ru complexes formed in situ (e) (* =

unidentified species).

In another experiment, the emulsion was separated by
centrifugation directly after the first run and the aqueous phase
was extracted with toluene. In order to understand the nature
of the organometallic species formed in situ that may contribute
to the catalytic activity, the identification of Ru-complexes was
carried out directly from the crude reaction mixture. The 'H
NMR spectra of the crude extract showed the presence of
unreacted FA and Na-formate, ruthenium coordinated formate,
the mixture of PPhy and O=PPh,. >*C NMR studies (Figure
3) revealed the presence of [Ru(HCO,),(CO),(PPh,),] (1)
(196.7 ppm (t, 11.2 Hz, CO), 167.5 ppm (s, HCO,")),
[Ru(CO),(PPh,),] (2) (208.0 ppm (t, 16.1 Hz, CO)), and
[Ru,(HCO,),(CO),4(PPh;),] (3) complex (204.7 ppm, (t, 4.1
Hz, CO), 176.3 ppm (t, 8.2 Hz, HCO,")).

*P NMR measurements (Figure 3d) also confirmed the
presence of complex [Ru,(HCO,),(CO),(PPh;),] (3), [Ru-
(HCO,),(CO),(PPh;),] (1), and [Ru(CO);(PPhy),] (2) at
12.6, 31.2, and 55.6 ppm, respectively. Interestingly, Wills et al.
have not reported the presence of 1 and 2 in the reaction
between FA and RuCl;, [RuCl,(DMSO),] or [RuCl,(NH;)e]

in the presence of PPh; and Et;N. Instead, the authors
described the formation of the binuclear
[Ru,(HCO,),(CO),(PPh;),] (3) and the tetranuclear
[Ru,(HCO,),(CO)g(PPh;),] complex; the latter being a fairly
unstable species.

In our system, the lack of a peak at 5.8 ppm (*'P NMR)
revealed the absence of tetranuclear Ru species
[Ru,(HCO,)4(CO)4(PPh;),]. However, it should be noted
here that P NMR measurements of the crude reaction
mixture also revealed the presence of an unidentified
phosphorus containing species with a peak at 24.3 ppm.

The isolated crude catalyst mixture was washed with hexane
and recrystallized from chloroform by pentane diffusion. The
obtained yellow prisms were characterized by various
spectroscopic methods (Supporting Information Figure S2
and Figure 3) and subjected to X-ray crystal structure analysis.

The 'H, BC, and 3P NMR measurements revealed that
these prisms were complex 1. The FTIR spectrum of the yellow
prisms collected in carbon tetrachloride exhibits intense bands
at 2052.8, 1991.1, 1957.0 cm™" due to the stretching vibration
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Table 2. Crystallographic Parameters for [Ru(HCO,),(CO),(PPh,),]-2CHCl;, [Ru(CO);(PPh,),]-toluene, and
[Ru;,C30H 4Na,05°6(C,5H;sOP)-2(C,H;) 4(H,0) ]

1-2CHCl,
formula C4,H;,Cl,O4P,Ru
MW (g/mol) 1010.40
space group PT
a (A) 9.915(2)
b (A) 11.919(2)
¢ (&) 20.194(4)
a (deg) 97.563(3)
p (deg) 91.490(3)
7 (deg) 112.378(3)
V (A% 2180.0(8)
VA 2
T (K) 133(2)
A (A) 0.71073
Deyea (g/cm®) 1.539
u (mm™) 0.847
crystal size (mm) 0.15 X 0.15 X 0.15
reflections collected 13889

independent reflections
goodness-of-fit on F*
Final R indices [I > 26(I)]
R indices (all data)

9554 [R(int) = 0.0344]
1.047

R1 = 0.0447, wR2 = 0.0802
R1 = 0.0720, wR2 = 0.1004

2-toluene 4
Ci220H34Cly 300, 7, P,Ru Cr6HgsNaO30P3Rug
757.84 2181.61
P2,/c PT
17.7301(6) 16.3958(9)

12.3659(4) 17.5531(9)

18.3431(6) 17.6055(9)

90 101.4600(10)
102.9990(10) 113.7560(10)

90 107.5850(10)
3918.6(2) 4111.9(4)

4 2

100(2) 100.(2)

0.71073 0.71073

1285 1.762

0.554 1220

0.32 X 0.24 X 0.15 0.570 X 0.080 X 0.080
94892 99952

13990 [R(int) = 0.0365] 24604 [R(int) = 0.0275]
1.132 1.088

R1 = 0.0566, wR2 = 0.1579
R1 = 0.0739, wR2 = 0.1704

R1 = 0.0279, wR2 = 0.0602
R1 = 0.0391, wR2 = 0.0648

Figure 4. Crystal structure of complexes 1, 2, and 3. Hydrogen atoms and the solvent molecules have been omitted for clarity. Thermal ellipsoids are

drawn at the 50% probability level.

of coordinated CO ligands. Furthermore, the bands at 1606.6
and 1300.6 cm™ can be attributed to the asymmetric and
symmetric carbonyl stretching vibration of unidentate formate
ligand, respectively (Supporting Information Figure S2). These
values are in good agreement with those reported by Johnson et
al. for the same compound (1)

The X-ray crystal structure of the obtained yellow-colored
prisms revealed that the mononuclear hexacoordinated Ru(II)
compound [Ru(HCO,),(CO),(PPh;),] crystallizes together
with two molecules of chloroform solvent in the triclinic space
group PI with two symmetry related units in the unit cell (Z =
2).

Further crystallographic parameters are listed in Table 2. The
crystal structure of 1 is depicted in Figure 4. In this compound,
the ruthenium atom is hexa-coordinated by two triphenylphos-
phine, two carbonyl and two formate ligands. The arrangement
is derived from an octahedron with both PPh; ligands
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occupying the axial positions and the formate and carbonyl
ligands arranged cis in the equatorial positions. The Ru atom
lies in the equatorial plane formed by the oxygen atoms O(3)
and O(S) of the formate ligands and the carbon atoms C(1)
and C(2) of the carbonyl ligands.

Although it has been reported by Johnson et al.*® that the
reaction between [Ru(CO);(PPhs),] and formic acid under
toluene reflux results in the formation of 1, the same complex
has never been synthesized directly in a reaction between
RuCl;, PPh; and formic acid in which the acid acts as both,
carbonylating as well as reducing agent. Moreover, the X-ray
crystal structure of [Ru(HCO,),(CO),(PPh;),] had not been
established until our current studies.

After isolating [Ru(HCO,),(CO),(PPh,),] from the chloro-
form solution by pentane diffusion, the supernatant was
evaporated and redissolved in toluene. Hexane was diffused
into the toluene solution and stored at 0 °C for a week giving

dx.doi.org/10.1021/cs4007974 | ACS Catal. 2014, 4, 311-320
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Scheme 2. Formation of Complexes 1—4

[Ru2C30H14Naz050'6(C1gH150P)-2(C7Hg)-4(H0)]  (4)

ii i
RuCly —mM8M8M8M8m8 ™

[Rug(CO)12Ha]

[Ru’(CO)(PPh3);l (2)

7

FA\i

[Ru'(HCO,),(COY(PPh3);] (1)

\

[Ru'5(HCO,),(CO)4(PPh3);] (3)

—

“Reaction conditions: (i) FA, Na-formate, PPh;, toluene, SDS, 90 °C; (ii) FA, Na-formate, O = PPh;, toluene, 90 °C.

two different types of crystals: yellow plates and yellow blocks.
The yellow plates were found suitable for single crystal X-ray
diffraction and the structure determination revealed the
binuclear complex [Ru,(HCO,),(CO),(PPh;),] with two
bridging formato ligands (Figure 4). The determined crystallo-
graphic parameters of the binuclear ruthenium complex
(Supporting Information Table S2) are in good agreement
with those reported by Wills et al.>*

The yellow block-like crystals were identified by single crystal
X-ray diffraction as [Ru(CO),;(PPh;),] (2), which crystallizes
with one molecule of toluene solvent in the asymmetric unit.
The crystal structure of the compound is depicted in Figure 4.
The basic geometry of [Ru(CO);(PPh;),] is derived from a
bipyramidal ligand arrangement around the Ru center with the
two PPh; groups occupying the axial and the carbonyls in the
equatorial positions. The determined X-ray crystal structure of
[Ru(CO);(PPh,),]-toluene suffers from several disorders (see
in the Supporting Information).

Collman and Roper® reported the first synthesis of
[Ru(CO);(PPhy),] from [RuCl,(CO),(PPh,),] by reaction
with zinc dust. In our reaction, [Ru(CO),;(PPh,),] may be
formed via [RuCl,(CO),(PPh;),] since the latter complex can
be a potential intermediate of the reaction between RuCl;, CO
and PPh, under reductive conditions as described in Scheme
2.

Study of the Performance of RuCl; for FA Decom-
position in the Presence of Triphenylphosphine
Derivatives. Performance of catalysts formed from RuCl;
and ortho- and para-substituted triphenylphosphines, triphe-
nylphosphonium bromide and triphenylphosphine oxide
(Supporting Information Figure S4) have also been investigated
for the decarboxylation of FA in an emulsion. Comparison of
reaction rates obtained using P-donor ligands is illustrated in
Figure 5 and also given in Table 1.

Apparently, the reaction rate is independent of the electronic
effects of the substituents since similar values were obtained for
PPh;, tris(4-chlorophenyl)phosphine and tris(2-tolyl)-
phosphine (16.92 X 107¢, 16.29 x 107 13.99 X 107° M s,
respectively). Instead, it can be suggested that the solubility of
different ligands and the complexes formed in situ in the
aqueous phase affects the catalytic activity. This is also
supported by the higher activity of the RuCl;—PPh;-HBr
system (30.17 X 10 M s™'), where phosphine salt has a
relatively good solubility in water compared with nonionic
phosphine ligands. On the other hand, RuCl,/tris(4-
fluorophenyl)phosphine remained practically inactive even at
110 °C as reflected in its low reaction rate (0.997 x 107 M
s™"). This system also showed poor selectivity, resulting in a gas
mixture containing 3.8% CO.

Thermal decomposition of FA to H,O and CO (Scheme 1a)
can also take place as a side reaction, resulting in higher CO
content in the presence of a catalyst which is less active for the
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Figure S. Reaction rates of FA decomposition using triphenylphos-
phine and derivatives. Conditions: see in Table 1

decarboxylation of FA. A blank experiment was carried out
without adding any catalyst to make an adequate comparison
on the selectivity of the tested catalysts shown in Table 1. As
expected, both the rate of the decomposition and the selectivity
(rr = 0377 x 107 M s7! at 117 °C, CO% = 10.1) suffered
from the absence of catalyst giving higher CO content than the
one measured in the presence of the least selective catalyst
precursor, tris(4-fluorophenyl)phosphine, (CO% = 3.76). It can
be concluded that the application of a less active catalyst with
long reaction times favors the accumulation of CO in the gas
mixture.

To explore the robustness of the RuCl;—phosphine system
in an emulsion, triphenylphosphine oxide (O=PPh,) was used
as a ligand to model practical conditions (e.g, PPh; is
contaminated with O==PPh; impurity, the FA feed contains
dissolved oxygen, or both). Although the reaction rate in the
presence of O=PPh, was relatively low (4.43 X 107 M s™") at
90 °C the selectivity of the reaction was high, giving a mixture
of H, and CO, (Table 1) with no traces of CO.

It is very unlikely that O=PPh; can be converted into PPh,
even under reductive conditions and that Ru—PPh; complexes
similar to the ones that were detected when PPh; was used
directly as a ligand can be formed. In the reaction between
RuCl; and O==PPh; in the presence of FA and sodium formate
in the toluene/water biphasic system the formation of
[Ru,(CO);,H,]"® (toluene phase) and orange-red block-like
crystals in the aqueous layer were observed.

On the basis of the P NMR results, the presence of any
phosphine ligands in the orange-red compound was ruled out
(except for O=PPh;) while signals at 181.4 and 162.3 ppm in
the ?C NMR spectrum can be assigned to carbonyl and
carbonate ligands, respectively (Supporting Information Figure
SS). IR measurements showed five adsorption bands in the

dx.doi.org/10.1021/cs4007974 | ACS Catal. 2014, 4, 311-320
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Figure 6. The core structure of the Ru cluster in the crystal structure of ([Ru;;,C3,H;,Na,O5, 6(C;sH,s0P) 2(C,Hg) 4(H,0)] (4). (a) Hydrogen
atoms, water, toluene, triphenylphosphine oxide, and carbon monoxide molecules have been omitted for clarity. (b) Hydrogen atoms, water, toluene,

and triphenylphosphine oxide have been omitted for clarity.

Table 3. Comparison of Reaction Rates and Selectivity Using RuCl;/PPh; in the Presence of Different Surfactants

gas composition (%)b

surfactant t (°C) 10° X reaction rate (M-s~%) H, CcoO, CcO
1“ SDS 100 69.14 54.20 45.80 nd
24 TBAB 100 26.22 54.49 45.44 0.07
34 MiTMAB 100 9.58 55.80 43.98 0.22
4 100 9.90 52.23 47.47 0.30
59 100 14.09 5491 44.95 0.15

?[RuCly] = 2.43 mM, [Phosphine] = 5.0 mM, [FA] = 3.6 M, [HCO,Na] = 0.4 M, [surfactant] = 19.65 mM, 25 mL aqueous solution, S mL toluene.
*Determined by gas chromatography using TCD. nd: no CO could be detected. “No toluene and surfactant was added. ¥No surfactant was added.

region from 2051 to 1922 cm™ (carbonyl ligands) and also a
broad adsorption at 1540 cm™' (carbonato) (Supporting
Information Figure S6).

The orange-red blocks were subjected to single crystal X-ray
diffraction, which showed the presence of a large unexpected
Ru carbonato cluster incorporating twelve ruthenium atoms
([Ru;,C30H4Na,040:6(C13H sOP)-2(CHy)-4(H,0)] (4),
unit cell volume = 4111.9(4) A®). Crystallographic parameters
of the complex are summarized in Table 2. The structure is
quite unique because it consist of two identical cluster units
[Rug(CO;)5(CO),(OH)(H,0),] that are bridged by a
[Na,(H,0),] unit (Figure 6).

The asymmetric unit of the structure contains just one of
these Rug cluster units while the second, symmetry-related unit
is generated by the symmetry transformation (—x + 2, —y + 1,
—z + 1). The entire unit contains a total of six bridging
carbonato ligands that are connected to four Ru atoms each. In
all cases two oxygen atoms (O1 and O3) from each of the six
carbonate groups coordinate a single Ru atom each, while the
third oxygen atom (O2) coordinates two Ru atoms. Carbon—
oxygen distances involving oxygen atoms that coordinate just
one Ru atom range between 1.265(3) and 1.282(2) A and are
significantly shorter than the ones involving an oxygen atom
that coordinates two Ru atoms (1.299(3)—1.304(3) A). The
O—C—0 bond angles around C1 of the carbonate group range
between 117.9(2)° and 122.1(2)° and deviate only little from
the ideal value of 120°.

In the Ruj triangle, the bond angles range between
59.380(6)° and 60.442(7)° resulting in an equilateral triangular
geometry. In all cases two Ru atoms of the triangle are bridged
by one oxygen atom of a carbonato groups. In addition, each of
the Ru atoms of the triangle is coordinated by two terminal CO
ligands and another Ru atom that is not involved in the Ruy
triangle.
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It should be noted that it was very difficult to properly
determine the composition of the cluster by single crystal X-ray
diffraction data due to the problem of determining hydrogen
positions in the electron density map in the presence of several
Ru atoms. The refinement of the structure initially led to a
cluster containing six molecules of H,O and resulted in a
composition [Rug(CO4);(CO),,(H,0)6][Nay(H,0),]. The
resulting final electron density map of the Ru cluster showed
the presence of residual electron density (1.8 eA™) above the
triangular Ru; faces of the cluster which could be attributed to
hydride ligands. However, it was not possible to obtain any
evidence for the presence of the face-capping hydride ligand by
'H NMR spectroscopy. On the other hand, charge-balance
considerations for the twelve-membered cluster resulted in a
double positive charge for a cluster with the Ru;,C;,H;¢Na,O5
that was not being compensated by two negative charges. Close
inspection of all hydrogen atoms that were described as water
molecules revealed that all would take part in hydrogen
bonding. However, it is entirely possible that two of the water
molecules are better described as OH groups which might even
be disordered in a way that the hydrogen atom of the group is
distributed between the two positions, thus simulating the
appearance of a water molecule. In order to maintain charge
neutrality in the total composition of the compound, we favor
the removal of two H* from two water molecules that can form
Ru—O—Na bridges and the cluster can be described as
[Rus(CO3)3(CO),,(OH),(H,0),][Nay(H,0),]. However,
more data (neutron diffraction) would be necessary in order
to fully determine the nature and composition of this cluster.

Study of the Effect of Surfactants on the Reaction
Rate and on the Formation of Ru Species. A series of
control experiments were carried out to investigate the effect of
surfactants on the reaction rate and the formation of Ru species.
Although, the lack of toluene and surfactant did not result in
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Table 4. Comparison of Reaction Rates and Selectivity Using Catalyst 1-3

gas composition (%)

catalyst® t (°C) 10° X reaction rate (M-s~") H, CcoO, CcO
1 1 115 1.210 46.54 50.74 2.72
2 2 115 2.060 55.31 42.95 1.74
3 3 115 0.703 54.23 37.12 8.66

“[Catalyst] = 0.424 mM, [FA] = 3.6 M, [HCO,Na] = 0.4 M, [SDS] = 19.65 mM, 25 mL aqueous solution, S mL toluene.

complete inhibition, a significantly lower reaction rate (0.990 X
107° M-s™" at 100 °C, Table 3) and selectivity (CO = 0.3%)
could be observed. Experiments were also carried out in the
absence of surfactant in a water—toluene biphasic system giving
a slightly higher reaction rate (1.409 X 107> M-s™" at 100 °C)
than the one observed in the aqueous phase. The selectivity of
the decomposition reaction also increased with only 0.15% CO
present in the gaseous phase. Interestingly, in the water—
toluene biphasic system, [Ru,(HCO,),(CO),(PPh,),] complex
was formed with no traces of any other Ru complexes detected
by *'P NMR measurements except for a minor non-
characterized species at 13.1 ppm (Supporting Information
Figure S7). It also demonstrates the synthetic importance of the
method, namely, using FA as both reducing agent and carbonyl
source in the preparation of organometallic compounds.

The utilization of an alkylammonium salts such as
tetrabutylammonium bromide (TBAB) as a detergent, instead
of SDS was also investigated. The reaction rate of the
decomposition in the presence TBAB was 2.622 X 107> M-
s7' (1rr = 6914 X 107> M-s™! at 100 °C using SDS). On the
basis of the *'P NMR spectrum, [Ru,(HCO,),(CO),(PPh;),]
was formed in high yield in addition to some [Ru-
(HCO,),(CO),(PPh;),] and negligible amounts of [Ru-
(CO);(PPh;),] (Supporting Information Figure S8).

Using myristyl trimethylammonium bromide (MiTMAB)
resulted in a slightly lower reaction rate (0.958 X 107> M-s™" at
100 °C) than the one measured in the absence of surfactant
and toluene (0.990 x 107° M-s'). Although *'P NMR
investigation of the freshly prepared sample revealed the initial
presence of [Ru(CO);(PPh;),], one day later
[Ru,(HCO,),(CO),(PPh;),] was the only Ru-phosphine
species present in significant concentration (Supporting
Information Figure S9).

It is worth noting that similar to the “ligand free”
decomposition of FA in the presence of RuCl,,'® no
decomposition reaction takes place using any of the
triphenylphosphine derivatives as ligands under atmospheric
pressure regardless of any other reaction parameters, most
probably due to low partial pressure of CO that is essential for
the formation of the active catalysts.

Comparison of reaction rates and CO contents led us
conclude that the addition of surfactants, particularly SDS,
significantly increased the activity and the selectivity of the FA
decarboxylation and also affected the in situ formation of Ru-
carbonyl complexes.

Study of FA Decomposition in the Presence of
Complexes 1, 2, and 3. Questions arise whether the isolated
Ru complexes 1—3 are active catalysts for FA decomposition or
the resting states of the active species or simply inactive
complexes representing “dead ends” in the catalytic cycle? In
order to answer these questions, authentic complexes 1—3 were
synthesized and used as catalyst for the decarboxylation of FA
(Table 4).
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Authentic [Ru(CO);(PPh,),] (2) was synthesized according
to a literature method,”® recrystallized from the mixture of THF
and heptanes (1:1) and used as a catalyst for FA decomposition
in emulsion (see Experimental Section). Analysis of the product
gases (H,% = 55.31, CO,% = 42.95, CO% = 1.74) and the
observed reaction rate (2.060 X 107° M/s at 115 °C) suggested
that complex 2 contributes to the catalytic activity to a certain
degree but does not give high selectivity. In addition, the *'P
NMR study of the crude reaction mixture (Supporting
Information Figure S10) revealed the transformation of 2
into [Ru(HCO,),(CO),(PPhy),] (1) and
[Ru,(HCO,),(CO),4(PPhy),] (3).

[Ru,(HCO,),(CO)4(PPh;),] (3) was synthesized from
RuCl; in the presence of FA and Na-formate in water/toluene
biphasic system in the absence of detergent and the crude
material was recrystallized from CHCI; by hexane diffusion as it
was described earlier. It is very unlikely that complex 3 is an
active species (or its direct precursor) in the FA decomposition
as reflected by the low catalytic activity and poor selectivity
(7.027 x 107 M/s at 115 °C, H,%= 54.23, CO,%= 37.12, CO
%= 8.66) which we observed using 3 as a catalyst in emulsion.
The low catalytic activity is in accordance with the similar
finding of Wills et al.** Intact complex 3 could be recovered
from the toluene phase after the decomposition reaction,
demonstrating the high stability (and most likely low activity)
of the complex. Supporting Information Figures S11 and S12
show the comparison of *P and C NMR spectra of 3,
respectively, before and after heating with FA. [Ru-
(HCO,),(CO),(PPh;),] (1) was synthesized from [Ru-
(CO)4(PPhy),] (2) by refluxing in FA following a literature
method.*® Utilization of 1 as a catalyst resulted in moderate
activity (1.210 X 107° M/s at at 115 °C) and selectivity H,%
46.54, CO,% = 50.74, CO% = 2.72). Supporting Information
Figure S13 shows complex 1 was converted to the binuclear
[Ru,(HCO,),(CO),(PPh;),] (3) upon treating with FA.

One can conclude that isolated and structurally characterized
Ru complexes (1—3) formed in situ from RuCly and PPh, in
the presence of FA do not contribute significantly to the overall
catalytic activity. Regardless of their low catalytic activity, the
one pot preparation of 1—4 from FA without using explosive or
toxic gases, such as H, and CO, provides a very attractive
approach to the synthesis of Ru carbonyls.

Conversion of [Ru(HCO,),(CO),(PPh;),] to a Ruthe-
nium Carbonato Complex. Many examples support that a
catalyst active for the decomposition of FA may also catalyze
the reverse reaction, namely, the formation of FA from CO,
and H, under the reaction conditions.””*”** This could lead
to a CO, neutral hydrogen storage system.*’ Usually, the
addition of bases favors the FA formation (because of the
formation of formates) while acidic conditions favor the
decomposition. However it must be added here that, from a
practical point of view, shifting the unfavorable equilibrium of
CO, hydrogenation to FA by addition of bases necessitates a
further purification step to recover FA from formate salts. On
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the other hand, only a few examples for the reduction of CO,
to FA in the absence of base have been reported.>” There has
also been a very promising progress in isolating FA from amine
adducts while minimizing the catalyst loss by using a two phase
liquid—liquid system (diol/[NHex;- HCO,H]—NHex;) as the
reaction media.*" Alternatively, the formate—bicarbonate
equilibrium (HCO,Na + H,0 < NaHCO; + H,) can also
be considered to desiﬁn a carbon-neutral charge—discharge
device to store energy."*>*

We attempted to hydrogenate CO, in the presence of
[Ru(HCO,),(CO),(PPh;),] (1) under neutral conditions. The
toluene solution of [Ru(HCO,),(CO),(PPh,),] was pressur-
ized with the 1:3 mixture of CO, and H, (460 psi) and the
temperature was maintained at 50 °C for 24 h.

Monitoring the pressure of the gas phase showed no
consumption of CO,—H, mixture. Furthermore, no FA or any
other product of CO, reduction could be detected in the
reaction mixture. However, the disappearance of the intensive
peak at 1611.5 cm™" in the IR spectrum of the crude reaction
mixture assigned to monodentate formate ligands in [Ru-
(HCO,),(CO),(PPh;),] and the shift of carbonyl peaks
(2053.1 and 1992 cm™) indicate the formation of a different
Ru-carbonyl complex (Scheme 3). Yellow blocks grew from the

Scheme 3. Conversion of [Ru(HCO,),(CO),(PPh;),] to
[Ru(CO;)(CO),(PPh;),]-H,0

H, + CO, (460 psi)

H Ph
[RU(HCOZ)(CON(PPh)g] —2 2o

[Ru(CO3)(CO)(PPh3),]-Ho0

golden yellow solution at room temperature after 3 days. FTIR
spectrum of the crystalline material in KBr showed two
intensive peaks at 2045.6 and 1982.5 cm™' attributed to
carbonyl ligands and three peaks at 1651.3, 1626.7, and 1237.6
cm™ because of bidentate carbonate ligand (Supporting
Information Figure S14). High resolution mass spectrometry
in a solution of acetonitrile and methanol (1:1) showed a peak
at 743.0694 amu which corresponds to MH" (where M =
[Ru(CO;)(CO),(PPh,),]). Single crystals grown from toluene
were suitable for X-ray diffraction. The structure of complex
[Ru(CO;)(CO),(PPh,),]-H,0 is shown in Figure 7.

In accordance with the FTIR spectrum, the X-ray structure
determination revealed that the monodentate formate ligand
converted to a bidentate carbonate and a water molecule
connected to the third oxygen atom of the carbonate ligand by
hydrogen bonds. The crystallographic parameters are in good
agreement with those available in the literature.** It was
reported by Calderazzo et al.** that [Ru(CO;)(CO),(PPh,),]-
H,0 can be prepared from a N,N-diisopropylcarbamato
ruthenium derivative [Ru(O,CN'Pr,),(CO),(PPh;),] by con-
trolled hydrolysis. However, to the best of our knowledge this is
the first example of the synthesis of [Ru(CO;)(CO),(PPh,),]
H,O from a ruthenium bisformate.

B CONCLUSIONS

Understanding the underlying chemistry of the decomposition
of formic acid by identifying the organometallic species formed
in situ is essential for the development of robust and recyclable
catalysts. We have investigated for the first time the catalytic
decomposition of formic acid to hydrogen and carbon dioxide
using ruthenium trichloride and triphenylphosphines as catalyst
precursors in emulsion and in biphasic (aqueous/organic)
systems. It was found that both the activity and the selectivity of
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Figure 7. Crystal structure of [Ru(CO;)(CO),(PPh;),]-H,0. Hydro-
gen atoms have been omitted for clarity. Thermal ellipsoids are drawn
at the 50% probability level.

the reported catalysts were enhanced by adding surfactants,
especially sodium dodecyl sulfate to the toluene/water biphasic
system. Ruthenium carbonyls, such as [Ru-
(HCO,),(CO),(PPhy),] (1), [Ru(CO)y(PPhy),] (2), and
[Ru,(HCO,),(CO),(PPh;),] (3), have been isolated from
the crude reaction mixtures and structurally characterized. In
separate reactions, authentic 1, 2, and 3 were synthesized and
then used as catalysts for the decarboxylation of formic acid.
Based on the presented reaction rates and gas composition
data, it can be concluded that these complexes contribute to the
overall performance only to a small degree and other
substances may account for the observed catalytic activity and
selectivity. Despite the low catalytic activity of 1, 2, and 3, the
formation of these complexes directly in a reaction between
RuCl; and formic acid in the presence of PPh; shows an elegant
way for the synthesis of ruthenium formato carbonyls without
using explosive and toxic gases such as hydrogen and carbon
monoxide. It was also found that the reaction between RuCl,
and O=PPh; in the presence of FA and Na-formate resulted in
the formation of a novel high nuclearity ruthenium cluster
[Ru;,C30H14Na,050:6(C1sH sOP)-2(C;Hg)-4(H,0)] (4). In
the course of the formation of above ruthenium carbonyls FA
acted as both reducing and carbonylating agent.

B EXPERIMENTAL SECTION

Typical Procedure for the Decomposition of Formic
Acid in Emulsion in the Presence of RuCl; and
Triphenylphosphine Catalyst Precursors. Phosphine
ligand (0.01S mmol; e.g,, 0.0393 g, PPh;) and 0.590 mmol of
emulsifier (e.g., sodium dodecyl sulfate (0.17 g) were mixed in
5.0 mL of toluene and deaerated. In a separate flask nitrogen
was bubbled through a mixture of 22.5 mL FA (4.0 M) and 2.5
mL HCO,Na (40 M) for 1S min. Subsequently 0.0156 g
(0.073 mmol) RuCly was added to the aqueous solution. This
mixture was then transferred to the toluene solution under
vigorous stirring and the resulting light brown emulsion was
sonicated under N, for 15 min. The emulsion was then
transferred to an autoclave in a glovebox. The autoclave was
closed and immersed into a preheated oil bath and heating was
continued until the decomposition reached approximately
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100% FA conversion. Temperature of the reaction mixture and
pressure of the product gases were monitored using Lab View
8.6. The autoclave was allowed to cool down and the gas
mixture was vented to a plastic bag from where samples were
taken and quantitatively analyzed by gas chromatography and
FTIR spectroscopy.

The reaction mixture was separated by centrifugation (4400
rpm, S min), extracted with toluene three times and the
combined organic layers were dried over anhydrous sodium
sulfate. Evaporation of toluene gave a crystalline yellow solid
and some yellow oil. *C and *'P NMR measurements of the
crude product were carried out without further purification in
CDCl;. Ru-phosphine species identified:

[Ru(HCO,),(CO),(PPh;),] (1): “C NMR (100 MHz,
CDCly) (196.7 ppm (t, 112 Hz, CO), 167.5 ppm (s,
HCO,7)); *'P NMR (162 MHz, CDCl;) 31.2 ppm; FTIR
(CCly, Vpe/cm™") 2052.8, 1991.1, 1957.0 1606.6 and 1300.6.
See the FTIR spectrum of [Ru(HCO,),(CO),(PPh,),] in
Supporting Information Figure S2. [Ru(CO),(PPhy),] (2): 1*C
NMR (100 MHz, CDCl;) 208.0 ppm, (t, 16.1 Hz, CO); *'P
NMR (162 MHz, CDCl,) 55.6 ppm, FTIR (KBr, vy, /cm™)
1895. [Ru,(HCO,),(CO),(PPhs),] (3): *C NMR (100 MHz,
CDCL,) 204.7 ppm, (t, 4.1 Hz, CO), 176.3 ppm (t, 8.2 Hz,
HCO,"); P NMR (162 MHz, CDCl;) 12.6 ppm.

Crude reaction mixtures were washed with hexane at room
temperature three times and the remaining crystalline solid was
dissolved in chloroform and hexane was then diffused to the
homogeneous solution. The obtained crystals were suitable for
X-ray diffraction.

Reaction between RuCl; and O=PPh; in the Presence
of FA and Na-Formate in Aqueous/Toluene. The
solution of 0.0885 g (0.318 mmol) of O=PPh, in 5.0 mL of
toluene was mixed with the aqueous solution of 0.0330 g
(0.154 mmol) of RuCl; and reacted in a Monel autoclave at
100 °C for 12 h. The reaction mixture was cooled to RT
followed by venting of the gaseous mixture of H, and CO,. The
yellow-orange toluene phase was separated and the aqueous
layer was extracted with toluene three times. Orange-red
crystals formed from the aqueous phase by next day which were
suitable for X-ray structural determination.

[Ruy,Cy0H 4Na,O50+6(C3H;sOP)-2(CH)-4(H,0)]  (4):
BC NMR (100 MHz, CD;0D) 162.3 ppm (CO,), 181.4
ppm (CO); *P NMR (162 MHz, CD,0D) 28.8 ppm; FTIR
(KBr, cm™) 2050.7, 2022.5, 1987.5, 1956.0, 1922.4, 1540.4.

Conversion of [Ru(HCO,),(CO),(PPh;),] to [Ru(CO;)-
(CO),(PPhj;),]-H,0. Nitrogen was bubbled through a mixture
of 22.5 mL of FA (4.0 M) and 2.5 mL of HCO,Na (4.0 M) for
15 min and then 0.0468 g (0.219 mmol) of RuCl; was added.
PPh; (0.118 g, 0.45 mmol) and 0.51 g (1.770 mmol) of SDS
was dissolved in 5 mL of toluene. The toluene solution was
deaerated and the aqueous solution was added under vigorous
stirring and sonicated under N, for 15 min. The emulsion was
transferred to an autoclave and pressurized with CO (30 psi).
The reaction mixture was kept at 90 °C for 17 h and then the
organic layer was dried under reduced pressure. (Note: Since
the FTIR analysis of the crude product confirmed the
formation of complex 1, it was used for the next step without
further purification.)

The yellow solid was transferred to an autoclave and
dissolved in 15 mL of toluene and a 1:3 mixture of CO, and H,
(460 psi) was added. The temperature was maintained at 50 °C
for 24 h. Small brown particles were removed with a syringe
filter and the obtained golden yellow solution was kept in a vial
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for 3 days. The yellow cubes were filtered from the brown
mother liquor and washed with a few drops of toluene and then
with hexane at 0 °C. Yield: 0.086 g (50.3%). [Ru(CO,)-
(CO),(PPh,),]'H,0: FTIR (KBr, v, /cm™') 2045.6, 1982.5,
1651.3, 1626.7, and 1237.6 cm™'; HRMS in acetonitrile-
methanol (1:1) 743.0694 MH* (where M = [Ru(CO;)-

(CO),(PPhy),]).

B ASSOCIATED CONTENT

© Supporting Information

Details for crystal structure determination, crystallographic
parameters, a typical gas chromatogram, FTIR spectra, 'H, "*C,
and *'P NMR spectra are given. This material is available free of
charge via the Internet at http://pubs.acs.org.
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