APPLIED ORGANOMETALLIC CHEMISTRY

Appl. Organometal. Chem. 2007; 21: 947-951

Published online 4 October 2007 in Wiley InterScience
(www.interscience.wiley.com) DOI:10.1002/aoc.1317

Materials, Nanoscience and Catalysis m

Aqueous phase carbon dioxide and bicarbonate
hydrogenation catalyzed by cyclopentadienyl

ruthenium complexes

Sylvain S. Bosquain', Antoine Dorcier?, Paul J. Dyson?, Mikael Erlandsson’,
Luca Gonsalvi', Gabor Laurenczy?* and Maurizio Peruzzini’

"istituto di Chimica del Composti Organometallici, Consiglio Nazionale delle Ricerche (ICCOM-CNR), Via Madonna del Piano 10,

50019 Sesto Fiorentino (Firenze), Italy

2Institut des Sciences et Ingénierie Chimiques, Ecole Polytechnique Fédérale de Lausanne (EPFL), CH-1015 Lausanne, Switzerland

Received 13 June 2007; Accepted 16 July 2007

The water-soluble ruthenium(II) complexes [Cp’RuX(PTA);]Y and [CpRuCl(PPh3)(mPTA)]JOTf
(Cp’= Cp, Cp*, X = Cl and Y = nil; or X = MeCN and Y = PFs; PTA = 1,3,5-triaza-7-

phosphaadamantane; mPTA = 1-methyl-1,3,5-triaza-7-phosphaadamantane) were used as catalyst
precursors for the hydrogenation of CO; and bicarbonate in aqueous solutions, in the absence of
amines or other additives, under relatively mild conditions (100 bar H,, 30-80°C), with moderate
activities. Kinetic studies showed that the hydrogenation of HCO3~ proceeds without an induction
period, and that the rate strongly depends on the pH of the reaction medium. High-pressure
multinuclear NMR spectroscopy revealed that the ruthenium(II) chloride precursors are quantitatively
converted into the corresponding hydrides under H; pressure. Copyright © 2007 John Wiley & Sons,

Ltd.
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INTRODUCTION

The artificial fixation of carbon dioxide is an important chem-
ical and environmental problem. CO, is widely available
in the atmosphere and its conversion into useful organic
C; building blocks such as methanol or formate remains a
great challenge. The main contributions to the field by dif-
ferent groups have been described in an excellent review.!
Several platinum metal group complexes have been shown
to catalyze the hydrogenation of CO, to formic acid under
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both conventional and supercritical conditions, and in par-
ticular, some ruthenium complexes have been found to be
highly active for this process.?? [(n°-arene)RuClL], (arene =
benzene, p-cymene) complexes have been used as catalyst
precursors together with various ligands in the hydrogena-
tion of CO; in organic solvents* and in water.’ The possibility
of recycling catalysts in aqueous—organic biphasic systems
and the fact that aqueous solutions are environmentally
benign provide a driving force for industrial application.®
Homogeneous catalysis in aqueous solutions requires water-
soluble catalysts, and in the hydrogenation of CO,, rhodium
and ruthenium-based complexes dominate, which employ
water soluble phosphine ligands such as mono- and trisul-
fonated triphenylphosphine (TPPMS and TPPTS, respec-
tlvely), P(CHon)g,, P(CHchchon)3, P(CHchch)3
and PTA (1,3,5-triaza-7-phosphaadamantane).

In previous aqueous catalytic systems, additives, such as
organic amines, were usually required to obtain significant
turnover frequencies (TOFs), although in the case of CO,
hydrogenation it has been suggested that the role of added
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organic amines is to shift the pH of the reaction in favor of the
formation of bicarbonate, which is suggested to be the reactive
species.”8 As additives lower the general applicability of
catalytic protocols in aqueous solutions and result in waste
products, there is an interest in developing additive-free
protocols. Several amine-free aqueous catalytic systems have
been reported in the literature where significant TOFs have
been achieved by performing the reactions in slightly basic
aqueous solutions.”!? In the case of CO, hydrogenation, the
most favorable pH for the reaction can relatively easily
be adjusted by the addition of bicarbonate to the reaction
mixture.

The cationic [(#°-p-cymene)RuCl(PTA),]BF,; as well as
the neutral [(°-p-cymene)RuCl, (TPPTS)] and [(7°-p-cymene)
RuClL,(PTA)] complexes have been used as precatalysts for

the hydrogenation of various substrates,"12

including CO,
hydrogenation.> A common feature of these complexes is
that under the reaction conditions they are readily converted
into the active catalytic species by loss of the coordinated
arene, in turn needing long induction periods and leading
to inactive polymetallic thermodynamic sinks, which hamper
high catalytic performance and prevent recycling.

We have been interested for some years in the appli-
cations of arene and cyclopentadienyl Ru complexes bear-
ing the water-soluble monodentate phosphine PTA in
selective hydrogenation reactions,”'®> and in medicinal
applications,""1214-17 and recently extended these studies
to other transition metals'®!® and ligand modifications to
observe their implications in catalysis;?*~% the various aspects
of PTA chemistry have been recently reviewed. Under
hydrogenation conditions, (pentamethyl) cyclopentadienyl
Ru PTA complexes usually showed higher stability than the
corresponding arene complexes, thus they are reasonable
candidates as catalysts for CO, hydrogenation.

Herein, we report results on the hydrogenation of CO, and
bicarbonate in aqueous solutions, in the absence of amines
or other additives, under relatively mild conditions (100
bar H,, 30-80°C) in the presence of catalytic amounts of
the water-soluble ruthenium(II) complexes [Cp'RuX(PTA),]Y
and [CpRuCl(PPh;)(mPTA)JOTf (Cp’'=Cp, Cp*, X=0C1
and Y =nil;, or X=MeCN and Y =PF;; PTA=1,3,5-
triaza-7-phosphaadamantane; mPTA = 1-methyl-1,3,5-triaza-
7-phosphaadamantane), together with kinetic data obtained
by multinuclear high-pressure NMR techniques.

EXPERIMENTAL

General information

All synthetic procedures were carried out using stan-
dard Schlenk glassware under an inert atmosphere of
dry nitrogen. The ligands PTA,® mPTA% and the ruthe-
nium complexes [CpRuCl(PTA),] (1), [Cp*RuCl(PTA),]
(2), [CpRu(MeCN)(PTA),](PE¢) (3), [Cp”Ru(MeCN) (PTA),]
(PFs) (4) and [CpRu(PPh3)(mPTA)CI] (5) were prepared as

Copyright © 2007 John Wiley & Sons, Ltd.
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described in the literature.!"12272 All subsequent manipu-
lations were carried out under oxygen-free conditions using
standard Schlenk techniques with N,, H, or CO, protec-
tive gases, as appropriate. Doubly distilled water was used
throughout. D,O (99.9%), D, (99.9%), Na,CO5; and NaHCOj3
(99% enriched in 1*C) were purchased from Cambridge Iso-
tope Laboratories. Na,CO3;, NaHCO; and 3-(trimethylsilyl)-
1-propanesulfonic acid sodium salt (TSPSA) were obtained
from Fluka and used as received. H, and CO, were acquired
from Carbagas and ruthenium(IIl) chloride was purchased
from Johnson Matthey. 'H, 13C, 2H and %P NMR spectra
were recorded on a Bruker DRX400 NMR instrument in D,O
or D,O-H,O mixtures. Pressurized samples were studied
using medium pressure sapphire NMR tubes (up to 100
bar). Chemical shifts are referenced to 3-(trimethylsilyl)-1-
propanesulfonic acid Na-salt (TSPSA, Fluka) and 85% H;POj,.

Hydrogenation experiments

A medium-pressure sapphire NMR tube (0.d. 10 mm) was
used as a reactor. Under an N, atmosphere, the appropriate
catalyst (9 x 107® mol), NaHCO; enriched in ¥C (99%)
(16.8 mg, 0.2 x 1073 mol), H,O (1.6 ml) and D,O (0.4 ml) were
loaded into the sapphire tube. The tube was pressurized with
H, (100 bar). The tube was shaken at the desired temperature
(295-353 K) using equipment built in-house for this purpose.
The reaction was monitored by 'H and *C NMR spectroscopy
and the integral of the formate C and H signals, as well
as the integral of the CO, and CO,;2~ /HCO;™ signal, were
determined. The spectra were fitted with WINNMR, GNMR
4.0 and NMRICMA /MATLAB programs on PC (nonlinear
least square fit to determine the spectral parameters; the
differences between the measured and calculated spectra
were minimised). The initial rates and turnover frequencies (=
mol formate mol catalyst ' h™") were calculated by nonlinear
least squares fits of the experimental data from the initial
part of the reactions. The overall activation enthalpy was
determined in the temperature range T = 295-353 K in 1.0 M
NaHCO; solutions.

Study of the pH effect on the hydrogenation

In the alkaline pH range (8.3-11.8), an appropriate mixture
of Na,CO3; and NaHCO; was used to obtain a solution of
the desired pH while keeping the total initial carbonate +
bicarbonate concentration constant. In this pH range there is
a fast exchange (on the NMR time scale) between carbonate
and bicarbonate, therefore an average 13C NMR shift can
be determined and related to the pH, and a calibration
curve of the pH vs chemical shift was measured. In order
to prepare solutions with pH < 8.3, the reaction mixture
was placed in a sapphire tube and pressurized with CO,.
The CO, pressure required to obtain a specific pH and the
required concentration of NaHCO; were calculated using
the pK values of carbonic acid pK; = 6.35, pK, = 10.33 (at
298 K) taken from the literature.?? 3C NMR spectra were
recorded before addition of H, and the absolute intensities of
the separate HCO;™ and CO, signals (slow exchange on the
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NMR time scale in this pH range) were used to determine the
total initial carbon concentration and to calculate the pH.

RESULTS AND DISCUSSION

Complexes 1-5, shown in Fig. 1, were tested as catalysts
for CO, or bicarbonate reduction in the pH range from 5.30
to 10.54 and in the temperature range from 30 to 80°C. The
reactions were followed by *C NMR spectroscopy; next to the
resonance of NaH®CO; at 160 ppm, a signal corresponding
to [HCOO]~ appears (8 = 171 ppm, 'Jcg = 195 Hz) together
with the appearance of the *C resonance of [DCOO]-
(8 = 170.8 ppm, !Jcp = 32 Hz). Catalytic deuterium exchange
between Hj, D,0 and the formate observed here is frequently
encountered, since ruthenium—phosphine complexes often
catalyze H-D exchange in water.®% In general, at high
pH values low turnover frequencies for 1 and 2 were
observed, see Table1l. Complex 1 was found to require
temperatures above 50°C in order to efficiently catalyze
the hydrogenation of bicarbonate to formate, and long
reaction times were required in order to achieve significant
conversions, decreasing the overall TOFs. The best value for
initial TOF (h™") using 1 (5.16) was obtained at 80°C under
slightly basic pH (7.9) conditions, although almost complete
conversion required long reaction time (ca. 12 h). Under these
conditions, the fastest reaction rate using 1 was measured as
1.83 x 107* 57! (Table 2). It was already reported that in water
1 is quantitatively converted at first into the corresponding
aquo complex [CpRu(H,O)(PTA),]Cl (6) and then, under a
pressure of hydrogen, into the corresponding monohydrido
complex [CpRu(H)(PTA),] (7).!"'> The synthesis of 7 was
also reported by Frost and coworkers.* When used as
a catalyst for the hydrogenation of unsaturated organic
substrates, the Cp ring in 7 does not dissociate, in
contrast to that observed for arene complexes such as
[Ru(p-cymene)Cl,(PTA)], [Ru(n°-benzene)CI(PTA),]* and
[Ru(n®-benzene)Cl,(PTA)], giving either Ru hydrido-clusters
of the kind [RusH,(n°-benzene),]** (x =4, 6) or arene-free
PTA complexes such as [RuCl,(PTA),], albeit at slower rate
than the active [Ru(n®-arene)(H)(PTA),]*. We have verified
that, also under the conditions of this study, complex 7 is
formed, as observed from the singlet at —21.38 ppm in the
SIP{TH}NMR spectrum, or alternatively a doublet centered at
same chemical shift in the *'P NMR spectrum, or a triplet at
—14.96 ppm (}Jur 35.3 Hz, 'H NMR, D,0). No evidence for
other hydrido- or PTA-containing species was observed, in
agreement with the lack of induction period in the formation
of formate, as shown in Fig. 2.

In contrast, 2 was found to be active at temperatures as
low as 25°C (see Tables 1 and 2). At moderate temperatures
(50°C) and pH 8.14 faster formation of formate (TOF =
ca. 17h™") was observed as expected. A study of the pH
dependence showed that decreasing the pH from 8.14 to
5.6 increased the rate two-fold at 30 °C, whereas at high pH
(>10), high temperatures were required to achieve significant

Copyright © 2007 John Wiley & Sons, Ltd.
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Figure 2. Typical concentration—time profile of HCOO™ for-
mation at 353 K, monitored in situ by "H and *C NMR spec-
troscopy. Initial conditions: [NaH1SCOS] = 0.030 m, pH = 8.40,
P(COy) = 0 bar, P(Hz) = 100 bar, [CpRU(PTA),CI =
0.0045 m.

TOFs. As for 1, exposure of 2 to a pressure of hydrogen
in D,O revealed the formation of the monohydrido species
[Cp*Ru(H)(PTA),] (8), which were previously identified by
HP NMR techniques.'12

We reasoned that complexes such as 3 and 4 bearing a labile
neutral MeCN ligand in place of the chloride ligand could
prove more active than 1 and 2. The complexes were therefore
tested at a few selected temperatures and pH, under the same
reaction conditions as for 1 and 2. It was observed that,
while 3 was less active than 1 under comparable conditions
(TOF = 0.5h™" at pH 8.14, 80°C), 4 was slightly more active
(TOF =20 h™") than 2 when the pH was raised from 8.14 to
10.54. The TOFs of 2 and 4 were comparable to those obtained
for the system [(7°-CsHg)RuCl,]; + 4 PTA (TOF =22 h™").5
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Table 1. Catalyst screening for aqueous hydrogenation of
bicarbonate catalyzed by 1 and 2 at different values of pH and
temperature?
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Table 2. Pseudo-first-order rates for the aqueous hydrogena-
tion of bicarbonate catalyzed by 1 and 2 at different values of
pH and temperature?

T Percentage  Time Initial
Catalyst  (°C) pH conversion (h) TOF (h ™)
1 50 10.54 3 14 0.04
50 7.87 27 3 1.2
80 24
50 5.94 41 3 1.56
80 24
65 7.87 65 3 45
69 12
80 10.54 5 26 0.05
80 9.46 20 3 14
48 20
80 7.87 75 3 5.2
94 12
2 25 10.2 125 11 1.0
25 94 38 5 74
25 6.24 45 5 12.1
30 9.46 5 3 0.4
16 13
30 8.14 36 3 2.3
82 24
30 5.60 64 3 5.0
96 24
50 9.46 50 3 3.9
66 55
62 10.3 52 5 114
80 12.2 54 5 16.0

2 Conditions provided in the Experimental section. Turnover
frequencies were calculated by nonlinear least squares fits of the
experimental data from the initial part of the reactions.

In addition, the water-soluble mixed phosphine complex
5 was evaluated as a catalyst for bicarbonate reduction.
Complex 5 gave modest initial TOFs under all tested
conditions, ranging from 1.2 h™" (pH 8.14, 30°C) to 10.3h™"
(pH 9.05, 80 °C). Increasing the pH further resulted in a lower
TOF 4.0 h™" (pH 9.90, 80°C).

Activation parameters were obtained by Eyring plots of
In(kops/T) against 1/T (Fig. 3). Table 3 shows the calculated
apparent activation energies. These values reflect the
temperature sensitivity of the whole reactions and there
was not enough information to separate the global values
for the elementary steps (formation of the catalytically active
species, hydrogen activation, hydride transfer to bicarbonate,
etc.) that have major contributions to the activation energy.
For comparison, the apparent activation energy of the
hydrogenation of bicarbonate with [RuCl,(PTA),] was found
to be 86 kJ.mol '8 and for the [RhCI(TPPTS),]-catalyzed
hydrogenation of CO, in H,O-HNMe, mixtures a much
lower value, E, = 25 kJ mol ™!, was determined.” The entropy

Copyright © 2007 John Wiley & Sons, Ltd.

Catalyst T (°C) pH 10%kops (s™1)
1 50 7.87 0.36
5.94 0.51
65 7.87 0.88
80 10.1 0.13
9.46 0.48
9.00 0.33
7.87 1.83
2 25 10.20 0.02
9.40 0.17
6.24 0.17
30 9.46 0.16
8.90 0.42
8.14 0.43
50 9.46 1.38
8.14 5.16
62 10.3 0.17
80 10.54 0.22
9.30 3.62
9.05 1.38
8.40 15.8

2 Conditions provided in the Experimental section.

Table 3. Kinetic parameters for CO,/HCO3™ reduction: acti-
vation enthalpies and entropies. The overall activation enthalpy
was determined in the temperature range T = 295-353 K in
1.0 M NaHCO3 solutions

Catalyst 1 2

AH, k] mol~!
AS,] mol ! K!

+469+2.3
+05£0.3

+60.1+1.9
+3+2

contributions seem to be modest, as values close to isoentropic
reactions were obtained.

CONCLUSIONS

All complexes used in this study were found to be moderately
active in the hydrogenation of bicarbonate. Almost complete
conversions were obtained using chloride complex 1 at 80°C
(pH 7.8, 12h) and 2 at 50°C (pH 8.14, 5.5h). As for the
Ru-arene complexes, such as [Ru(n®-arene)Cl,(PTA)] and
[Ru(n®-arene)CL(PTA),], the catalytically active species can
be proposed as corresponding to monohydride species. The
complexes screened appear to be more stable under the
conditions used as compared with the n°-arene analogs.

Appl. Organometal. Chem. 2007; 21: 947-951
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Figure 3. Eyring plots for HCO3™ reduction in the presence of
1and 2.
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