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Influence of water-soluble sulfonated phosphine ligands on
ruthenium catalyzed generation of hydrogen from formic acidf

WEIIIA GAN, CELINE FELLAY, PAUL J. DYSON and GABOR LAURENCZY*

Institut des Sciences et Ingénierie Chimiques, Ecole Polytechnique Fédérale de Lausanne
(EPFL), CH-1015 Lausanne, Switzerland

(Received 30 January 2010, in final form 23 March 2010)

Hydrogen can be generated from formic acid in aqueous phase homogeneous catalytic reactions
using ruthenium catalysts with water-soluble phosphine ligands. A comparison of tri-, di-, and
mono-sulfonato triphenylphosphine, disulfonato diphenyl-alkyl-phosphines (Ph,PR; R=Me,
n-Bu, Cyp), and monosulfonato phenyl-dialkyl-phosphines (PhPR,; R=Me, Cyp) is described.
Using two equivalents of water-soluble phosphine per ruthenium ion, significant turnover
frequencies are observed for the decomposition of formic acid. The influence of basicity, water
solubility (related to the structures and behavior in aqueous solution), electronic properties, and
steric effects of the phosphines on the rate of the hydrogen generation are investigated.

Keywords: Hydrogen storage; Formic acid decomposition; Homogeneous catalysis;
Water-soluble sulfonato phosphines; Ruthenium

1. Introduction

Hydrogen is attracting increasing attention as an important alternative energy carrier,
for both environmental and economic reasons, and efficient energy conversion can be
achieved when combined with fuel cells [1]. However, the actual use of hydrogen for
mobile applications is still limited mainly due to the storage and delivery problems.
Formic acid (HCOOH), which contains 53 g hydrogen per liter (or 4.4w%), and its
conjugate base, the formate salt (HCOO™), are well-known hydrogen sources and
potential hydrogen-storage materials [2]. Dehydrogenation of formic acid (equation (1))
generates hydrogen under catalytic conditions, while carbon monoxide, which causes
catalyst poisoning, can be produced by thermally driven dehydration at elevated
temperatures (equation (2)).

HCOOH — H, + CO, (1)

HCOOH — H,0 + CO )
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Formic acid decomposition into H, and CO, has been extensively studied under
heterogeneous [3-6] and homogeneous [7-10] conditions during the past 40 years.
Recently, considerable progress has been made in this area; new catalytic systems have
been developed, based on the ruthenium salts with the water-soluble m-trisulfonato
triphenylphosphine (mTPPTS) ligand [11-14], which selectively decompose HCOOH
into carbon monoxide free hydrogen and carbon dioxide in a very wide pressure range.
Beller et al. [15-18] have also found that a number of ruthenium complexes with arene
and phosphine ligands catalyze the selective decomposition of HCOOH into H, and
CO,. These results on homogeneous catalytic formic acid decomposition reactions are
considered as a breakthrough in hydrogen storage and delivery, making this system
suitable for practical applications [19, 20]. Wills et al. [21] suggested that the reaction
mechanism of the decomposition of formic acid in a HCOOH/Et;N azeotrope using a
Rh/TsDPEN tethered catalyst is closely related to that of the mechanism in operation in
the asymmetric transfer hydrogenation of ketones. Indeed, Fukuzumi ez al. [22] have
shown that formic acid can be decomposed selectively in aqueous solution using
[Rh(Cp*)(bpy)(H,0)P**.

Homogeneous catalytic reactions in water, applying transition metal complexes as
catalysts, have been growing in importance over the last few decades. Compared with
organic solvents, water, which is nontoxic, nonflammable, has a high-heat capacity and
is inexpensive, has garnered much attention as a green solvent [23, 24]. Reactions
carried out in water also provide the opportunity to finely tune the pH of the reaction
media, which can lead to changes in reactivity and selectivity. The most common
approach to constrain a catalyst in an aqueous phase has been to design ligands
containing hydrophilic substituents. The hydrophilic ligand must also provide the
necessary steric and electronic properties to endow the catalyst with the desired
stability, activity, and selectivity [25]. The most common class of hydrophilic phosphine
ligands is those with anionic or hydrophilic substituents appended to the organic
“core”, such as sulfonate [26-28], carboxyl [29, 30], hydroxyl [31-33], or nitrogen
containing [34] substituents. The anionic substituents remain charged over a broad pH
range, allowing them to be used to solubilize organometallic species in a variety of
aqueous-phase catalytic processes. The first and till now the most common way to make
a ligand water-soluble is to use a sulfonate group —SO5 [25]. Sulfonate is an attractive
water-soluble moiety because it can easily be attached to ligands and is stable under a
wide range of reaction conditions. The —SO5 groups are most commonly introduced to
aryl substituents on phosphines by electrophilic sulfonation using SO3/H,SOy4. Ahrland
et al. [35] first reported the sulfonation of triphenylphosphine to give the
monosulfonato triphenylphosphine mTPPMS . The trisulfonato derivative mTPPTS,
first prepared by Kuntz [26, 36] and used in Rh-/Ru-based aqueous hydrogenation
[37, 38], has become a standard ligand in aqueous phase organometallic chemistry and
is used in industrial catalytic processes [39, 40]. Other sulfonato alkyl- and arylpho-
sphines, with different steric and electronic properties, have been synthesized and used
to affect the activity of catalysts derived from these ligands [41-43].

The aim of this work, described herein, was to study the application of water-soluble
sulfonato aryl- and alkyl-/arylphosphine ligands in aqueous-phase ruthenium(II)-
catalyzed hydrogen generation from formic acid. Consequently, the influence of water
solubility, related to the structures and behavior in aqueous solution, and electronic and
steric effects of the phosphines on the reaction rate was ascertained.
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2. Experimental

2.1. Materials

TPPTS was prepared according to the literature procedure [44] with a modified
purification process [45, 46], and contained <1% of TPPDS and phosphine oxides.
Me-diphenylphosphine  disulfonate = (Me-DPPDS), Bu-DPPDS, Cyp-DPPDS,
DiMe-MPPMS, DiCyp-MPPMS were synthesized according to reported procedures
[42, 47] by Dr. Laszlo T. Mika (E6tvos University, Budapest, Hungary). All other
reagents were obtained from commercial sources and used without purification:
ruthenium(I1I) chloride hydrate (99%, Platinum Metals Online, Australia), formic acid
(98-100%, Merck KGaA), sodium formate salt (99%, Acros Organics), TPPDS
(>95%, Sigma—Aldrich), deuterium oxide (99.9 at. %D, Aldrich).

2.2. NMR measurements

'H-, 3C-, and *'P-NMR spectra were recorded on a Bruker Avance DRX 400 NMR
spectrometer. TSPSA and phosphoric acid (external standards) were used as reference
for the 'H- and *'P-NMR measurements, respectively. The spectra were fitted with
WINNMR and NMRICMA/MATLAB programs (non-linear least squares fit to
determine the spectral parameters).

2.3. Kinetic studies

Kinetic measurements were performed in 10 mm external diameter medium pressure
sapphire NMR tubes [48, 49]. In a typical formic acid decomposition reaction,
RuCls-2H,0 (0.056 mmol, 14.7mg) was dissolved in a formic acid:sodium formate
(9:1, 10molL™") aqueous solution (I mL H»0), containing two equivalents of the
appropriate water-soluble phosphine (0.112 mmol). The catalytically active species were
formed by heating the sapphire tube at 90°C in an electric heating jacket, with the
decomposition reaction monitored via pressure increase. After the tube was cooled to
room temperature and depressurized, the recycling experiments were performed by the
addition of formic acid (10 mmol, 0.38 mL). For L3-L7, the first cycle was operated
under nitrogen, and the subsequent recycling experiments were performed after
depressurization in air.

3. Results and discussions

Decomposition of a 10mol L™' formic acid/sodium formate (9: 1) solution, catalyzed
by RuCly (¢=22.5mmolL™") and two equivalents of mTPPTS (L1) at 90°C, was
achieved in approximately 30 min, reaching about 95% conversion [12, 13]. Under the
same conditions, di(m-sulfonato)triphenyl phosphine (mTPPDS, L2) and other related
water-soluble (m-sulfonatophenyl)-dialkyl phosphines and di(m-sulfonatophenyl)-alkyl
phosphines (L3-L7) in combination with ruthenium trichloride were investigated.
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Figure 1. Kinetic curves for the decomposition of formic acid using different phosphine ligands coordinated
to ruthenium. 1.0mL H,O, 56.3 mmol L' ruthenium trichloride, 10mol L~ HCOOH:HCOONa (9: 1), two
equivalents of phosphine; 90°C, addition of 0.38 mL HCOOH for recycling, the kinetic curves for the fifth
cycle (after activation period) of each ligand are displayed (*for L6, the second cycle is displayed because of
catalyst decomposition following the third cycle).

The formic acid decomposition reactions were monitored by the pressure increase,
resulting from the formation of H, and CO,, measured in medium pressure sapphire
NMR tubes connected to an electronic pressure gauge. The catalysts were prepared
in situ from RuCl; and two equivalents of the appropriate water-soluble phosphines in
aqueous solution, and activated, since the kinetics of first catalytic cycle is substantially
slower than the subsequent ones [12]. As shown previously, two equivalents of
phosphine gave a very robust catalyst [13]. One equivalent of mTPPTS (L1) was not
sufficient to stabilize the catalytically active species and activity was progressively lost
during the recycling. The system with three equivalents of mTPPTS resulted in stable
species, but the rate of formic acid decomposition was lower than that observed with
two equivalents.

When two equivalents of the water-soluble phosphines were used per ruthenium ion,
the significant turnover frequencies (TOF) for hydrogen generation are observed with
L1-L7 (figure 1). The ruthenium/mTPPDS (L2) system had a similar catalytic activity
to Ru/mTPPTS, while all the other ligands led to slower reactions. With methyl-
di(m-sulfonato-phenyl)phosphine (L3) or butyl-di(m-sulfonato-phenyl)phosphine (L4),
formic acid decomposition was achieved in about 80min. Moreover, 2.5-3h
were needed when using the catalytic systems containing cyclopentyl-di(m-sulfonato-
phenyl)phosphine  (L5),  dimethyl-(m-sulfonato-phenyl)phosphine ~ (L6), or
dicyclopentyl-(m-sulfonato-phenyl)phosphine (L7). No traces of CO could be detected
by FT-IR spectroscopy (detection limit ca 3 ppm) in the samples of gases generated with
these catalytic systems.

Change in the *'P-NMR chemical shifts of the free water-soluble phosphines (table 1)
indicate that the removal of a sulfonato group from the meta position slightly increases
the basicity of the phosphine, as expected, and it is further increased by replacing the
phenyl ring with a butyl or methyl substituent. Consequently, the replacement of two



07:09 23 January 2011

4

Downl oaded At:

Ruthenium catalyzed hydrogen from formic acid 2689

Table 1. *'P-NMR (162 MHz) chemical shift (§) of water-soluble phosphine in D>O and Tolman cone
angle.

Water-soluble phosphine 8 (ppm) Tolman cone angle ® (°) [53, 62]

K@
NaO,S @\

SOgNa

SO Na -5.9 166

mTPPTS (L1)
(O

mTPPDS (L2)

SONa —6.3 157

13

SO4Na

SO4Na —250 B

SO4Na

Me-DPPDS (L3)

SO,Na —153 a

P

o

Bu-DPPDS (L4)
SO,Na
P

&
a3,

Cyp-DPPDS (L5)

_P

HiC—| ~CH,
i S0 Na

DiMe-MPPMS (L6)

040
QL.

DiCyp-MPPMS (L7)

—-34 _

—43.1 -

+2.9 -

(Continued )
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Table 1. Continued.

Water-soluble phosphine 8 (ppm) Tolman cone angle © (°) [53, 62]
so —6.7 152
mTPPMS (L8)
—6.9 138

pTPPMS (L9)

phenyl groups with two methyl substituents results in the most basic phosphine studied
herein. In contrast, replacement of a phenyl group with a cyclopentyl substituent
decreases the basicity of the phosphine, thus the least basic phosphine studied herein is
the one with dicyclopentyl rings [42].

The differences in catalytic activity can be influenced by steric effects, diverse
solubilities in aqueous systems probably leading to different structures in water, and
electronic effects. The water solubility is summarizing and simplifying several ligand
properties, although we have not investigated this in detail in this study. Solubility is
strongly related to the ligand structure in aqueous solution as shown in case of the
mTPPMS, having hydrophilic and hydrophobic moities, where self association, self
aggregation, micelle formation have been observed [50-52]. The solubility of the
mTPPMS-Na salt is much lower than the mTPPTS-Nay (28 gL ™" versus 1100gL™")
[53]. For mTPPTS, such aggregations are not identified. In the solid state, these
hydrophilic-hydrophobic interactions and structures are well defined for mTPPMS [53].
It is also known that mTPPMS can act as a surfactant [54—56]. In the case of very fast
H, and CO, gas formation, using this ligand as catalyst precursor, we have observed
some foam formation. Although a large number of hydrophilic phosphines have been
investigated, the Tolman cone angle has been reported for only a small subset of these
ligands. The cone angle of mTPPTS (L1) ligand has been proposed in a wide range,
from 145° to 178° [57-60]. The cone angle of mTPPDS (L.2) has not been determined
under identical conditions, but a calculated value of 157° has been suggested [61].
However, it has been indicated that the position of the sulfonate groups influences the
cone angle of the phosphine to a greater extent than their number [62]. Ligands L3, L4,
and L6 with n-alkyl substituents all have smaller cone angles than the other phosphine
ligands used in the study. During the recycling of catalysts following depressurization
and addition of formic acid, the system with L1-L5 maintain maximum activity for
more than 20 cycles, whereas an obvious ruthenium metal aggregation was observed
from the third cycle of ruthenium/L6 system. This could be attributed to the fact that
L6 is the most basic ligand of this series and to the smallest cone angle. In the catalytic
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Figure 2. Influence of the different triarylphosphines mTPPTS (L1), mTPPDS (L1), mTPPMS (L8), and
pTPPMS (L9) on the reaction rate. 22 mmolL™' RuCly, two equivalents of phosphine, 4molL™"
HCOOH:HCOONa (9:1), 2.5mL H,O:D,0 (1:1), 90°C, addition of 0.38 mL HCOOH for recycling, kinetic
curves displayed after the activation period.

system containing L7, which is the least basic and most hydrophobic ligand of the
series, the activity was progressively lost from the sixth cycle.

As mentioned above, the sulfonate moieties are responsible for ensuring the water
solubility of the phosphines. Under the catalytic conditions investigated, mTPPMS (L8)
afforded complexes that were poorly soluble in the reaction medium (we could not
increase the catalyst concentration for this ligand to study its effect on the hydrogen
generation without having precipitation), whereas mTPPDS (L2) and mTPPTS (L1)
gave soluble complexes, allowing us to study the effect of the catalyst concentration on
the reaction rate. The position of the sulfonate group also influences the solubility and
the activity. For example, at high catalyst concentrations, complexes containing
mTPPMS were not completely soluble, while with pTPPMS (L9), precipitation occurred
only towards the end of the reaction. As expected, the solubility of these phosphines
depends primarily on the ratio of non-hydrogen atoms to water-soluble groups [25].

Using RuCly and mTPPMS (L8) catalytic precursors, the activity became low and
deactivation occurred during recycling (figure 2). Under the same reaction conditions
(i.e., lower HCOOH concentration), the highest catalytic activity was observed with
mTPPDS (L2), which can be explained as a compromise between solubility, related to
the structure and behavior in the aqueous solution of the catalytically active species,
steric hindrance and basicity. The sulfonate groups have only minor electronic influence
[59, 61], which is clear from the comparison of the chemical shifts of the related mono-,
bis- and tris-sulfonato phosphines. It has been shown that the cone angle of the
phosphine ligand increases with the number of sulfonate groups in meta position (PPh;
146°, mTPPMS 151.9°, mTPPDS 157°, mTPPTS 160°) [53]. However, Joo et al. [62]
have indicated that the position of the sulfonate groups influences the cone angle of the
phosphine to a greater extent than their number; para sulfonato phosphines having
similar cone angles to PPhy (pTPPMS 138°, pTPPTS 139°). The good catalytic activity
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Figure 3. Effect of ruthenium chloride concentration on the reaction rate in the presence of mTPPDS
(L2).1.0mL H,0, 10molL™! HCOOH:HCOONa (9: 1), two equivalents of mTPPDS, 90°C, addition of
0.38 mL HCOOH for recycling, kinetic curves of the fifth cycle (after activation period) of each catalyst are
displayed.

Table 2. Effect of ruthenium concentration on the rate of hydrogen production.®

Entry RuCl; concentration (mmol) Reaction time (min)® TOF (h™")°
1 14 160 268
2 28 45 476
3 56 27 397
4 84 27 397
5 98 23 266
6 112 25 214
7 168 25 214
8 224 32 84
9 280 35 61

10 336 50 36

Kinetic measurements were performed in 1.0mL H>O, containing 10 mol L' HCOOH/HCOONa
(9:1) and two equivalents of mTPPDS (L2); the reactions were carried out at 90°C and the catalysts
were recycled by addition of 0.38 mL HCOOH.

®Data were obtained and calculated for to the fifth cycle (after activation period) of the catalyst.

observed for mTPPTS and mTPPDS relative to mTPPMS is probably due to their
significantly higher hydrophilic properties expressed via the solubility and related to the
structures in aqueous solution of the catalytically active species.

RuCl;, combined with two equivalents of mTPPDS (L2), is a very efficient pre-
catalyst for formic acid decomposition (figure 3). At the catalyst concentration of
98 mmol L™, the shortest reaction time is observed in the hydrogen generation process
(table 2). The decrease of the reaction rate at higher catalyst concentrations is likely to
be due to the formation of chloro-bridged dimers, which have been previously shown to
be less active in related catalytic processes compared to monometallic species in the case
of rhodium catalysts [63], although active dimeric catalysts are known [64]. Indeed,
dimeric Ru-mTPPMS and Ru-mTPPTS complexes with chloride bridges are known
[65-67]. The effect of pH and concentration on the formation and equilibrium
distribution of the water soluble monomeric and dimeric ruthenium-mTPPMS hydrides
and chlorides has also been described [68].
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4. Conclusions

We have shown that the water-soluble sulfonato aryl- and aryl-/alkylphosphine ligands
can be applied successfully in aqueous-phase ruthenium(II)-catalyzed formic acid
decomposition into hydrogen and carbon dioxide. The hydrogen obtained with these
catalytic systems is free from CO and is therefore suitable for use in all types of fuel
cells. The water solubility (related to the structures and behavior in aqueous solution),
electronic and steric effects of the phosphines on the reaction rate was studied. The very
good activity observed with mTPPTS and mTPPDS is probably due to a compromise
between steric effects and their basicities, but notably the high stability and high
solubility of these ligands.
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