Applied Catalysis A: General 486 (2014) 250-258

Contents lists available at ScienceDirect

Applied Catalysis A: General

journal homepage: www.elsevier.com/locate/apcata

Cationic pyridyl(benzoazole) ruthenium(Il) complexes: Efficient and
recyclable catalysts in biphasic hydrogenation of alkenes and alkynes

@ CrossMark

Aloice O. Ogweno, Stephen O. Ojwach*, Matthew P. Akerman

School of Chemistry and Physics, University of KwaZulu-Natal, Private Bag X01, Scottsville, Pietermaritzburg 3209, South Africa

ARTICLE INFO ABSTRACT

Article history: The synthesis, structural characterization of cationic 2-(2-pyridyl)benzoazole)ruthenium(Il) com-
Received 15 May 2014 plexes and their applications in biphasic hydrogenations of alkenes is reported. Reactions of
Received in revised form 16 July 2014 2-(2-pyridyl)benzoimidazole (L1), 2-(2-pyridyl)benzothiazole (L2) and 2-(2-pyridyl)benzoxazole
:\C;lztbeli 23?5:;;2:::“5( 2014 (L3) with [7m%-(2-phenoxyethanol)RuCly], produced the corresponding cationic complexes

[n8-(2-phenoxyethanol)RuCl(L1)]Cl1 (1), [7m®-(2-phenoxyethanol)RuCl(L2)]CI (2) and [n®-(2-

phenoxyethanol)RuCI(L3)]Cl (3) in good yields. Solid state structures of 1-3 confirmed the bidentate
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Structures ligand from Ru(Il) coordination sphere. Complexes 1-3 produced active catalysts for high pressure
Alkenes hydrogenation of alkenes both in methanol and biphasic conditions. Relatively lower activities were
Biphasic observed in the hydrogenation of terminal alkynes giving a mixture of alkane and alkene products.

Complexes 1-3 were recyclable under biphasic conditions and retained significant catalytic activities in
six cycles. Reaction parameters such as substrate/catalyst ratio, temperature, and aqueous/organic ratio
affected the catalytic trends.

Hydrogenation
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1. Introduction

Catalysis is a major player in the manufacturing and processing
industries with an estimated 85% of fine and bulk chemicals being
produced through heterogeneous or homogeneous processes [1,2].
Homogeneous catalysis is preferred over heterogeneous systems
mainly because of high activity, selectivity addition to understand-
ing the mechanisms involved [3-6]. Despite these advantages,
homogeneous catalysis is facing several challenges. Most notable
are limited catalyst recovery, use of toxic organic solvents and
contamination of the products [7-9]. These setbacks have con-
tributed to the limited industrial applications of homogeneous
catalysts especially in production of fine chemicals and pharma-
ceutical products. On the other hand, heterogeneous catalysis offers
the possibility for catalyst recovery and recycling, use of less toxic
solvents hence greater purity of products [10,11].

While significant progress has been made in developing het-
erogeneous systems, some drawbacks have been experienced over
time. Low catalyst activities, poor selectivity and inability to estab-
lish their reaction mechanisms are some of the challenges which
have undermined their progress [2]. To overcome these drawbacks
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associated with both homogeneous and heterogeneous processes,
a new approach of heterogenization of homogeneous systems has
emerged. This has been achieved by various methods such as
anchoring of single site catalysts on organic or inorganic supports
and use of multiphase operations [12,13]. The overall aim of these
strategies is to maximize the advantages of both homogeneous and
heterogeneous systems, which is to enhance catalyst separation
from the reaction mixture while maintaining the selectivity and
activity of the catalysts.

Biphasic catalysis, employing water soluble complexes has
attracted great attention since its successful industrial applica-
tion in hydroformylation reactions [14,15]. Thus the design of
water-soluble catalysts in other organic transformations such as
alkene hydrogenation is significantly gaining momentum [16]. To
date, numerous water soluble transition metal based catalysts
have been applied in various transition-metal catalyzed reactions
[17]. Notable examples include highly efficient and recyclable
rhodium catalysts supported on TPPTS ligand (TPPTS=P(CgH4-
m-SO3Na)sz| for the hydrogenation of benzene to cyclohexane
[18]. In another related work, Syska et al. reported the use of
water-soluble rhodium complexes of carbene ligands in catalytic
hydrogenation of acetophenone [ 19]. More recently, Matsinha et al.
described the application of water soluble half-Sandwich Ru(II) -
arene complexes in aqueous biphasic hydrofomylation of 1-octene
[20]. In this paper we report the synthesis, characterization of
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cationic n®-(2-phenoxyethanol) ruthenium complexes containing
2-(2-pyridyl)benzoazole ligands and their successful application in
catalytic hydrogenation of styrene, 1-hexene, 1-octene, 1-decene,
1-hexyne and 1-octyne in methanol. Biphasic catalytic experiments
were conducted using water and toluene medium to demon-
strate the recyclability of these catalysts. The influence of reactions
parameters such as time, substrate/catalyst ratio, temperature,
aqueous/organic phase ratio and pressure have been investigated
and are herein discussed.

2. Experimental
2.1. Materials and instrumentation

All reactions were carried out under nitrogen atmosphere
using a dual vacuum/nitrogen line and standard Schlenk tech-
niques unless stated otherwise. Dichloromethane was distilled
from P,0s prior to use. Ru(ll) starting material, [n®-(2-
phenoxyethanol)RuCl,], was prepared according to literature
procedure [21,22]. The ligands, 2-(2-pyridyl)benzimidazole (L1),
2-(2-pyridyl)bezothiazole (L2), 2-(2-pyridyl)bezoxazole (L3) were
also prepared according to previous methods [23]. NMR spectra
were recorded on a Bruker 400 Ultrashield instrument at room tem-
perature in DMSO-dg solvent. The 'H (400 MHz) and 13C (100 MHz)
chemical shifts are reported in § (ppm) and referenced to the resid-
ual proton in the solvents for 'H and to solvent signals for 13C.
Coupling constants (J) are measured in Hertz (Hz). Elemental anal-
yses were performed on Thermal Scientific Flash 2000 and mass
spectra were recorded on LC Premier micro-mass Spectrometer in
the micro-analysis Laboratory at the University of KwaZulu-Natal,
South Africa. GC analyses were carried out on Varian CP-3800 GC
(ZB-5HT column 30 m x 0.25 mm x 0.10 pwm) instrument.

2.2. Syntheses of cationic Ru(Il) complexes 1-3

In a typical synthetic approach, a suspension of [n%-(2-
phenoxyethanol)RuCl, ], (0.10 g, 0.16 mmol) in CH,Cl, (10 mL) was
added two molar equivalents of solutions of L1 (0.06 g, 0.31 mmol)
in CH,Cl, (5mL) and mixture stirred for 24 h at room tempera-
ture. After the reaction period, the yellow precipitate formed was
filtered, washed with CH,Cl, (15 mL) to obtain compound 1 as a
yellow solid. Recrystallization by slow evaporation of the methanol
solution of 1 at room temperature afforded single crystals suitable
for X-ray analyses. Complexes 2 and 3 were prepared following the
same procedure adopted for 1. All the compounds were character-
ized by 'H, 13C, mass spectroscopy and microanalyses. The spectral
and analytical data obtained are given as supplementary material.

2.3. X-ray crystallography analyses of complexes of 1-3

X-ray data were recorded on a Bruker Apex Duo diffractometer
equipped with an Oxford Instruments Cryojet operating at 100(2)
K and an Incoatec micro-source operating at 30 W power. The data
were collected with Mo Ko (A =0.71073 A) radiation at a crystal-to-
detector distance of 50 mm. The data collections were performed
using omega and phi scans with exposures taken at 30 W X-ray
power and 0.50° frame widths using APEX2 [24]. The data were
reduced with the programme SAINT [24] using outlier rejection,
scan speed scaling, as well as standard Lorentz and polarization
correction factors. A SADABS semi-empirical multi-scan absorption
correction [24] was applied to the data. Direct methods, SHELXS-97
[25] and WinGX [26] were used to solve both structures. All non-
hydrogen atoms were located in the difference density map and
refined anisotropically with SHELXL-97 [23]. All hydrogen atoms
were included as idealized contributors in the least squares process.

Their positions were calculated using a standard riding model with
C-Haromatic distances of 0.95A and Ujso =1.2 Ueq and C-Hpethylene
distances of 0.99 A and Ui, =1.2 Ueq. The positions of the hydroxyl
0-H of 1 and 3 were constrained using O-H distances of 0.84 A and
Ujso =1.5 Ueq. The hydroxyl O-H of 2, all hydrogen atoms of the
water solvate molecules and the imidazole N-H of 1 were located
in the difference density map, and refined isotropically. Disordered
solvent molecules were removed from the lattices of 1 and 3, using
Platon SQUEEZE [27]. This leaves solvent accessible voids of 46 and
65 A3 in the lattices of 1 and 3, respectively.

2.4. Hydrogenation reactions

2.4.1. Homogeneous experiments

A typical procedure for the catalytic hydrogenation of alkenes
was as follows. A Parr High pressure reactor with an in built cooling,
heating and stirring systems was charged with styrene (0.56 mL,
5.00 mmol), catalyst (5 mg, 0.01 mmol) and methanol (50 mL) and
sealed. It was then evacuated, flushed with H, three times and the
pressure adjusted to 10bar. The mixture was stirred at 500 rpm
under constant hydrogen pressure for the duration of the reac-
tion period. After the reaction time, the autoclave was vented and
samples drawn for GC analyses. The samples were filtered using
0.45 pm micro filters and the solutions analyzed by Varian CP-
3800 GC (ZB-5HT column 30 m x 0.25 mm x 0.10 p.m). Commercial
ethylbenzene was used as an authentic standard to determine
the percentage conversion of styrene to ethylbenzene. Percent-
age conversions were determined by comparing the peak areas of
ethylbenzene (product) and styrene substrate.

2.4.2. Biphasic hydrogenation experiments

These reactions were carried in a mixture of water and
toluene biphasic system. In a typical experiment, complex 1 (5 mg,
0.01 mmol, equivalent to a substrate/catalyst ratio of 500 was
weighed and dissolved in water (25 mL) in a two neck round bot-
tom flask. A solution of styrene 0.56 mL (5.00 mmol) in toluene
(25mL) was added and the mixture transferred to the reactor via
canula and sealed. The autoclave was evacuated and flushed with
H, three times, filled with H, and the pressure adjusted to 10 bar
and the stirring speed set at 500 rpm. After the reaction period, the
reactor was depressurized and the mixture allowed to settle for
approximately 5 min. The aqueous layer was then separated from
the organic layer using separating funnel. The organic layer was
filtered and analyzed by GC to determine the percentage conver-
sion of the substrate to the products. In the recycling experiments,
a fresh solution of styrene (0.56 mL, 5.00 mmol) in toluene (25 mL)
was added without addition of the catalyst in the aqueous phase.
This experiment was repeated for six consecutive cycles.

3. Results and discussion
3.1. Synthesis of cationic ruthenium(Il) complexes

Compounds  2-(2-pyridyl)benzoimidazole  (L1), 2-(2-
pyridyl)benzothiazole (L2) and 2-(2-pyridyl)benzoxazole (L3)
were synthesized according to literature procedures [23]. Treat-
ment of [n®-(2-phenoxyethanol)RuCl,], dimer with two molar
equivalents of L1-L3 in CH, Cl, gave the corresponding monometal-
lic complexes ruthenium(Il) [16-(2-phenoxyethanol)RuCI(L1)]CI
(1),  [n®-(2-phenoxyethanol)RuCl(L2)]Cl (2) and [7M%-(2-
phenoxyethanol)RuCl(L3)]CI (3) as yellow solids in high yields of
78-88% (Scheme 1). All the complexes were insoluble in chlori-
nated solvents but were highly soluble in methanol, ethanol and
water.
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Crystal data and structure refinement details for 1, 2 and 3.

Crystal data

(1)

(2)

(3)

Chemical formula

Molar mass (g mol~1)

Crystal system, space group

Temperature (K)

a, b, c(A)

o B,v()

V(A3)

V4

Radiation type

pu(mm')

Crystal size (mm)

Data collection

Diffractometer

Absorption correction

Tminv Tmax

No. of measured, independent
and observed [I>20(I)]
reflections

Rint

Refinement

R[F?>20(F?)], wR(F?), S

No. of reflections

No. of parameters

No. of restraints

Cy0H19CI;N302Ru
505.35

Monoclinic, P24 /c

100(2)

7.1035(5), 26.058( ), 11.748(1)
a=y=90, 8=103.511(3)
2114.4(3)

4

Mo Ko

1.01

0.39x0.15 x0.10

Bruker Apex Duo CCD diffractometer

Multi-scan, SADABS, Bruker 2012
0.693, 0.905
16,799, 3955, 3695

0.025

0.069, 0.157,1.21
3955

258

0

Cy0H13Cl;N202RuS-2H,0
558.43

Monoclinic, P21 /n

100(2)

6.6907(4), 26.329(2), 12.2281(6)
a=y=90, =105.842(2)
2155.9(2)

4

Mo Kot

1.10

0.16 x 0.11 x 0.09

0.843, 0.907
18,423, 4227, 3950

0.028

0.026, 0.063, 1.09

CooH18ClN203Ru
506.33

Monoclinic, P24 /c
100(2)

7.1859(4), 25.965(2), 11.9779(6)
a=y=90, $=105.193(2)
2156.71(6)

4

Mo Koo

1.00

0.18 x 0.18 x 0.08

0.841, 0.925
20,146, 4221, 3888

0.022

0.029, 0.072,1.03

H-atom treatment

A Pmaxs APmin (€ Ai}) 2.26, -2.22

H atoms treated by a mixture of independent and constrained refinement.

4227 4221

291 254

1 2

0.74, -0.48 0.85, -0.80

Complexes 1-3 were characterized by 'H, 13C NMR spec-
troscopy, micro-analyses, mass spectrometry and single crystal
X-ray analyses. As an illustration, 'H NMR spectrum of 1 showed
a broad signal at 15.53 ppm assigned to the N-H proton recorded
at 13.07 ppm in the corresponding ligand L1. The 6H-pyridyl pro-
tons were observed downfield at 9.61, 9.70 and 9.69 ppm in 1,
2 and 3 respectively in comparison to 8.66 ppm, 8.73 ppm and
8.84ppm in L1, L2 and L3 indicating coordination to the ruthe-
nium metal. In general, downfield shifts of the proton signals in
L1-L3 were observed in their corresponding complexes 1-3 (Figs.
S1-S7). ESI-MS spectra of 1, 2 and 3 showed m/z base peaks at
470.02, 486.98 and 471.00 corresponding to the molecular masses
0f470.02, 486.98 and 471.00 g mol~! of the respective cations (Figs.
S8-510). Elemental analyses data of 1-3 were consistent with the
proposed structures in Scheme 1 and confirmed their purity.

We initially interpreted the 'H NMR spectra of 1-3 to conform to
the change of hapticity of the n®-arene group ring from n®-n% upon
coordination of L1-L3 to allow for 18-elctron systems. Five signals
of the m®-arene group ring protons were recorded in the 'H NMR
spectra of complexes 1-3 in comparison to three peaks recorded
in the Ru starting material (Figs. S1-S3). This indicates that all the
protons in the n®-arene group ring in 1-3 are unequivalent which
is consistent with m*-coordination. However, high resolution mass
spectral data obtained for 1-3 pointed to the formation of cationic
species with the chloride counter anions in the outer sphere. In
addition, solid state structures of compounds 1-3 (vida infra) con-
firmed the m®-coordination of the n®-arene ring. It is thus plausible

+ CI”
OO0
\
N/ \N / CH,Cl,, 12 h, 1t /Ru

X=NH (L1); § (L2); O (L3) X=NH (1%: $ (2): 0 3)
Cy*=n°-2-phenoxyethanol

Scheme 1. Syntheses of cationic ruthenium(Il) complexes 1-3.

to argue that the n®-arene ring adopts different coordination modes
in solution and solid states.

3.2. Molecular structures of complexes 1-3

The solid state structures of compounds 1-3 were elucidated
using single crystal X-ray crystallography (Fig. 1). While com-
pounds 1 and 3 crystallized in the P21 /c space group with a single
ruthenium cation and associated chloride counter anion in the
asymmetric unit (Z=4), 2 crystallized in the P21 /n space group as
the dihydrate with a single cation and anion as well as two water
molecules in the asymmetric unit. The coordination geometry of
1-3 could best be described as a three-legged piano stool. The Ru-Cl
bond lengths measures 2.398(2), 2.389(1) and 2.393(1)A in com-
pounds 1-3, respectively. A Mogul structural search [28] showed
these values to be typical for this class of compounds. The influence
of the heteroatom on the Ru-Ny, (where Ny, is the nitrogen atom of
the heterocyclic rings: imidazole, thiazole or oxazole) bond length
is evident. Compound 2 with the sulphur atom has the longest
Ru-Np, bond length of 2.100(2) A, while the oxazole complex 3 has
the shortest Ru-Ny,, bond length, 2.078(2) A. A similar trend is evi-
dent when this series of ligands is coordinated to other metal ions,
in all cases the M-Niaz0le bond length is longer than either the
M-Nimidazole OF M=Ngxazole bond length (where M is either Pd(II) or
Pt(I) [29-31]. The Ru-Npy bond lengths measure 2.107(5), 2.090(2)
and 2.103(2)A for compounds 1-3, respectively are statistically
similar presumably due to the remote proximity of the heteroatoms
to the Ru atom. However, these bond lengths are longer than those
previously reported for related Ru(Il) complexes of pyridyl ligands,
which range from 2.063 to 2.102 A averaging 2.084 A [28]. The dis-
tances from the centroids of the phenyl rings to the coordinated
Ru(Il) ions are all statistically comparable for compounds 1-3 ran-
ging from 1.685(2) to 1.696(1) A (Tables 1 and 2).

The absence of hydrogen bonding in solvent molecules in the lat-
tices of 1 and 3 contributes to the insignificant hydrogen bonding
interactions in these structures. Both exhibit similar intermolec-
ular hydrogen bonding between the hydroxyl group of the cation
and the chloride counter ion. This interaction, however, does not
lead to any extended supramolecular network. The addition of two
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Fig. 1. Thermal ellipsoid plots (50% probability surfaces) showing the atom numbering scheme of 1 (a), 2 (b) and 3. Hydrogen atoms have been rendered as spheres of

arbitrary radius.

water molecules in the lattice of 2 leads to a more complex three-
dimensional hydrogen-bonded network. The cations of 2 pack such
that there are channels which run co-linear with the a-axis. These
channels are occupied by water molecules and chloride anions
which are linked through extensive hydrogen bonding (Fig. S11).
The hydrogen bond lengths and bond angles of 1-3 are summa-
rized in Table S1. The hydrogen bond lengths are all significantly
shorter than the sum of the van der Waals radii of the interacting
atoms. Although bond distance does not necessarily correlate lin-
early to bond strength due to packing constraints in the lattice [32],
it is likely that these bonds are relatively stronger. The minimal
deviation of the hydrogen bond angles from the ideal bond angle,
particularly in 2, further augments this argument.

3.3. High pressure catalytic hydrogenation of olefins

3.3.1. Effect of catalyst structure on hydrogenation of styrene
Preliminary investigations of complexes 1-3 in high pressure
catalytic hydrogenation of alkenes were performed using styrene
as amodel substrate. In a typical reaction, 4.90 mmol of styrene and
0.01 mmol (0.2 mol%, substrate/catalyst ratio of 500) of 1-3 under
H, pressure (10bar) in MeOH (50 mL) was employed (Scheme 2).
Table 3 contains a summary of hydrogenation data of styrene to
ethylbenzene. From Table 3, it is evident that all the complexes

Table 2
Selected bond lengths (A) and bond angles (°) for 1, 2 and 3.
1 2 3

Bond lengths
Ru-Npy 2.101(5) 2.090(2) 2.103(2)
Ru-Np,? 2.088(5) 2.100(2) 2.078(2)
Ru-Cl 2.398(2) 2.389(1) 2.393(1)
Ru-C,° 1.686(2) 1.696(1) 1.690(1)
Bond angles
Npy-Ru-Np, 76.6(2) 76.87(8) 76.61(8)
Npy—Ru-Cl 85.2(2) 87.47(6) 84.79(6)
Np,—Ru-Cl 85.3(2) 82.87(6) 85.05(6)

2 Coordinating nitrogen atom of imidazole, thiazole or oxazole heterocyclic rings
of 1-3.
> Where G, is the centroid of the coordinating phenyl ring.

A

1-3,H,

MeOH, 10 bar, rt

Scheme 2. Catalytic hydrogenation of styrene by complexes 1-3.

formed efficient catalysts in the homogeneous catalytic hydrogena-
tion of styrene to ethylbenzene giving conversions of 86-100%
within 1 h corresponding to TOFs of up to 430h~! to 495h~1.

The identity of the ligand was found to have a profound effect on
the catalytic activities of these complexes. For instance, complex 1
bearing the 2-(2-pyridyl)benzoimidazole ligand recorded the high-
est activity giving conversions of 89% within 0.5h (TOF=890h-1)
compared to 42% (TOF=420h"1) and 64% (TOF=640h1) for the
analogous thiazole and oxazole complexes 2 and 3 respectively.
This trend is in good agreement with the acidity trends of L1-L3.
L1 is the most acidic while L2, containing the S atom, is the least
acidic [33]. Itis therefore apparent that increased acidity of the lig-
ands plays promoting substrate coordination. A more acidic ligand
would therefore increase the electrophilicity of the metal centre
and facilitate substrate coordination. This might account for the
higher catalytic activities observed in catalyst 1 compared to 2 and
3. This data agrees with our earlier reports in which the Ru(II) com-
plex of L1 gave more active catalyst in the transfer hydrogenation
of ketones than the corresponding complexes of L2 and L3 [34].

3.3.2. Proposed mechanism for hydrogenation of styrene

In order to try and understand the mechanism of hydrogena-
tion reactions catalyzed by complexes 1-3, we first attempted to
establish the homogeneity of the active species. A mercury drop
experiment [35] was conducted using complex 1 to establish the
homogeneity of the active Ru species or formation of ruthenium
colloids/nanoparticles (Table 3, entry 12). Significantly, we did not
observe a decrease in the catalytic activity of complex 1 (99%) when
five drops of mercury was added to the reaction mixture (Table 3,
entries 1 and 12). This confirmed that no heterogeneous ruthenium
colloids/nanoparticles were involved and that the hydrogenation
reactions were predominantly homogeneous in nature [36,37].

Ruthenium (II)-arene type complexes have been proposed to
catalyze the hydrogenation of alkenes through dihydrogen inter-
mediate, since oxidation to Ru(IV) species would be energetically
disfavored [38]. Considering that complexes 1-3 are saturated 18-
electron systems, a dissociative process would be preferred in order
to generate an active dihydrogen intermediate [39]. To allow for
substrate coordination, a change of hapticity of the m®-arene group
ring from m® to m* is most likely since L1-L3 are expected to be
strongly coordination to act as hemi-labile ligands [38]. In addi-
tion, the dependence of the hydrogenation reaction on the identity
of the ligands (L1-L3) implicates their involvement in the catalytic
cycles. TH NMR spectra of complexes 1-3 (vide upra) further sup-
ports this hypotheses, since a change of hapticity of the arene ring
was evident (Figs. S1-S3 and S10).
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Table 3
Effect of reaction parameters on the hydrogenation of styrene to ethylbenzene by 1-3.
Entry Catalyst Cat/Sub Time (h) Conversion (%)? Selectivity (%ethylbenzene) TOF (h-1)d
1 1 500 1 >99(89)° 100 495(890)
2 2 500 1 86 100 430
3 3 500 1 90(64)° 100 450(640)
4 2 500 1.5 >99 100 330
5 2 500 0.5 42 100 420
6 2 500 0.25 20 100 400
7¢ 2 200 0.25 >99 100 792
8¢ 2 500 0.25 49 100 980
9¢ 2 500 0.5 >99 100 990
10¢ 3 500 1 32 100 160
11f 3 500 1 29 100 145
128 1 500 1 99 100 495

2 Conditions: styrene, 4.9 mmol; catalyst; 0.01 mmol (0.2 mol%); 10 bar; MeOH (50 mL), temperature, 30 °C. Determined by GC.

b Time, 0.5 h.

¢ Temperature, 50 °C.

4 TOF in mol substrate mol-! catalysth-!.

¢ Pressur, bar.

f Pressure, 1bar.

& Mercury drop test (5 drops of mercury added to the reaction mixture).

Starting with complex 1, we postulate a dissociation of the chlo-
ride ligand leading to the formation of dihydrogen intermediate 1a
(Scheme 3). Coordination of the substrate is simultaneously accom-
panied with a change hapticity of the arene group from mf-n* to
give 1b. Hydride addition to coordinated styrene substrate by dihy-
drogen ligand leads to the formation of a hydride and alkyl ligands
and increase of hapticity fromm* to n® to form ruthenium(IV) inter-
mediate 1c. Hydride migration in 1c leads to the formation and
elimination of ethylbenzene product and the hydride complex 1d.
Reactions of 1d with H; results in regeneration of the active species
1a and initiates another catalytic cylcle.

3.3.3. Optimization of hydrogenations reaction conditions

Upon establishing that complexes 1-3 form effective catalysts
for the hydrogenation of styrene, we turned our attention to the
optimization of the reaction conditions. This was accomplished by
varying the reaction time, substrate/catalyst ratio, temperature and
hydrogen pressure (Table 3). From Table 3, it is evident that an
increase in reaction time resultant in a slight increase in percent-
age conversions for catalysts 1-3 (Table 3, entries 1,3,4,5 and 6).
For example, using catalyst 2, increasing the reaction time from
0.5h to 1 h was marked by an increase in percentage conversions
from 42% to 86% respectively. However, there was a general drop
in TOFs of all the catalysts with time. For instance, the TOF of com-
plex 1 dropped from 890 h~! within 0.5 h to 495 h~"! after 1 h. This
trend is consistent with some degree of catalyst degradation with
time hence loss of efficiency. It is also worthy to note that complex
2, containing the benzothiazole ligand L2, showed a longer induc-
tion period than 1 and 3 (Table 3, entries 4 and 6). This feature is
likely to originate from the lower electrophilicity of the Ru(II) metal
due to the electron rich ligand L2. We also observed increased cat-
alytic activities with increase in reaction temperature. Increasing
the reaction temperature from 25 °Cto 50 °Cresulted in an increase
in TOF of 2 from 420 h~! to 990 h~! respectively (Table 3, entries 5
and 9). Similar trends have been reported in literature where Yil-
maz et al. observed an increase in TOF from 8 h~! to 38 h~! when
the reaction temperature was increased from 27°C to 80°C [40].
As expected, increasing the hydrogen pressure from 1 bar to 10 bar
was also followed by a concurrent increase in TOF of 3 from 145 h~!
to 450 h~1 respectively (Table 3, entries 3 and 11).

To examine the effect of substrate/catalyst ratio on the hydro-
genation of styrene by 2, we varied the styrene/catalyst ratio from
200 to 500 at room temperature and 10bar at constant styrene
concentration of 5.00 mmol (Fig. 2). The conversion of styrene was
observed to decrease with increase in substrate to catalyst ratio.

While a 100% conversion was obtained within 15 at 200/1 ratio, only
49% conversion was achieved at higher substrate/catalyst ratio of
500. However, it is important to take cognizance of the higher TOF
of 980 h~1 obtained at catalyst/substrate of 500 compared to TOF
of 800 h~! recorded at substrate/catalyst ratio of 200 (Fig. 2b). The
highest TOF of 1560 h—! was obtained at substrate/catalyst ratio of
450 (78%). Thus a catalyst/substrate ratio of 450 could be taken as
the optimum catalyst loading in the hydrogenation of styrene using
complex 2 (Fig. 2b).

3.3.4. Substrate scope

Upon optimization of the reactions conditions using styrene
as the model substrate, we investigated the versatility of these
complexes in catalytic hydrogenation of a range of alkene and
alklyl substrates using catalyst 3. The substrates studied were 1-
hexene, 1-octene, 1-decene, 1-hexyne and 1-octyne. The results
obtained clearly reflect a significant effect of the substrate identity
on the catalytic performance of 3 (Fig. 3). Generally higher cat-
alytic activities were reported for alkene substrates compared to
the corresponding alkynes. For example, percentage conversions
of >99% (TOF=495h~1) and 42% (TOF=210h~1) were obtained in
the hydrogenation of 1-hexene and 1-hexyne respectively (Fig. 3).
A reasonable explanation for this occurrence could be the stepwise
hydrogenation of 1-hexyne to 1-hexene and then to the hexane
product. Costa and co-workers reported a similar trend in which
the activities of (pyridyl)imine palladium complexes were lower in
the hydrogenation of phenylacetylene than in styrene [41].

The selectivities in the hydrogenation of 1-hexyne and 1-octyne
were biased towards the corresponding alkanes giving 65% and
52% for hexane and octane respectively (Fig. 3). This indicates
some degree of catalyst poisoning, which are synonymous with
partial hydrogenation of alkynes to the respective alkenes [42].
Increase in chain length of the terminal alkenes from Cy4 to Cqg
resulted in a slight drop in percentage conversions of 3 from 99%
to 89% respectively, while the activities of observed for Cg-Cyg
alkenes were comparable. Another interesting observation was
the higher catalytic activities of 3 reported in the hydrogenation
of unsubstituted alkenes than in styrene reactions. For exam-
ple, complete conversions of 1-hexene, 1-octene and 1-decene to
the correspoding alkanes were realized within 1h compared to
90% conversion of styrene to ethylbenzene (Fig. 3). We attribute
these reduced activities in styrene reactions to the mr-delocalization
of electrons in the phenly ring, thus reducing the electron den-
sity on the double bond. This has the overall effect of limiting
styrene substrate coordination to the Ru metal resulting in lower
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Scheme 3. Proposed mechanism for the high pressure hydrogenation of styrene by 1.

activities. This trend is consistent with reports by Frediani et al.
using [Ru(m®-p-2-phenoxyethanol)(Cl)(biisoq)](Cl) in which they
obtained 52.3% (TOF=85.1 h~1) conversion in the hydrogenation of
styrene compared to 99% (TOF=161.1h"1) in 1-hexene reactions
[43].In deed, attempts to use complexes 1-3 in the catalytic hydro-
genation of benzene to cyclohexane did not result in any activity
[44].

The catalytic activities of complexes 1-3 in the homogeneous
hydrogenation of alkenes compare favourably with related non-
phosphine complexes reported in literature [45]. For example,
Ellis et al. reported TOFs of 490h~1, 76 h~1, 32h~! and 490h~!
in the hydrogenation of styrene, 1-octene and 1-decene respec-
tively at 60bar and 60°C using ruthenium cluster complexes
[RU3(CO)]O(TPPTN)], [RU3(CO)9(TPPTN)] and [RU.4(CO)11(TPPTN)],
where TPPTN =tris 3-sulfonatophenyl phosphine trisodium salt
[45a]. Comparatively, our ruthenium catalysts displayed TOFs
of up to 1560h~! in these reactions at milder conditions of

10bar and at room temperature. In another report, Caballero
et al. reported TOFs of 1.9h~! and 32h~! in styrene and 1-
hexene reactions respectively using immobilized RuCl,(bpea)PPhs,
(bpea=N,N-bis(2-pyridylmethyl)ethylamine) at 5bar and 50°C
[45b].

3.3.5. Biphasic catalysis and catalyst recycling

One of the major challenges hindering industrial applications
of homogeneous catalysts is the difficulty in product separation
from the reaction mixture in addion to lack of catalyst recycling
[5-8]. Various technologies have been employed to improve cat-
alyst recovery and product separation [7]. We thus exploited the
water soluble properties of complexes 1-3 to investigate their
catalytic activities and recovery in biphasic medium. In a typical
experiment, 0.20 mol% (substrate/catalyst ratio = 500) of the com-
plex was dissolved in water (25mL) to form the aqueous phase
and the alkene substate (5.00 mmol) dissolved in toluene (25 mL)
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Fig. 2. Effect of substrate/catalyst molar ratio on the activity of 2 on hydrogenation of styrene.

Table 4
Comparison of the TOFs catalysts 1-3 in the first and sixth cycle exepriments®

Entry Catalyst H,O/toluene (ml/ml) TOF® h=' (Run 1) TOF® h~' (Run 6) % drop Selectivity (%ethylbenzene)
1 1 1:1 333 203 39 100
2 2 1:1 333 263 21 100
3 3 1:1 333 293 12 100
4 3 2:1 430 320 26 100
5 3 1:2 350 290 17 100
6° 3 1:1 500 400 20 100

2 Conditions: styrene, 4.9 mmol; catalyst; 0.01 mmol (0.2 mol%); 10 bar; temperature, 30°C; total solvent volume, 50 mL.

b TOF in mol substrate mol-! catalysth-!.
¢ Temperature, 50°C.

to give the organic phase. Catalyst recovery experiments were
done by carefully decanting the aqueous phase containing the cat-
alyst followed by addition of an equivalent amount of substrate in
toluene without catalyst addition for six cycles (Fig. 4). The catalytic

100
9
80
7
6
4
3
2

0

&
s S g
‘&& C& ,be&
N '\ N

conversion

o

m alkane

m alkene

(2 &
o & N
b«.& & & &
N & N 4

% Conversions/Selectivity
w
o o o o o o

=
o

&
s

Substrates

Fig. 3. Catalytic activity and selectivity of complex 3 in the hydrogenation of
various substrates. Reaction conditions: substrate, 4.9 mmol; catalyst; 0.01 mmol
(0.2 mol%); 10 bar; MeOH (50 mL), temperature, 25°C; time, 1 h.

activities of 1-3 were comparable to the single phase reactions per-
formed in toluene giving complete conversions within 1h. Most
important was the retention of appreciable activities even in the
sixth cycle giving conversions of 60%, 79% and 88% for 1, 2 and
3 respectively (Fig. 4). Table 4 shows the comparative TOF values
obtained for complexes 1-3 in the first and sixth runs and corre-
spoding percentage drops in their catalytic activities. Complex 2
achieved 100% conversions in five consecutive runs, translating to
a cumulative TON of 2895. These results mirrors those obtained for
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Fig. 4. Conversion of styrene as a function of cycles by 1-3. Reaction conditions:
styrene, 4.9 mmol; catalyst; 0.01 mmol (0.2 mol%); 10 bar; H,O:Toluene (1:1, total
volume, 50 mL), temperatur, 25°C, time, 1h.
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Fig. 5. Influence of aqueous: organic volume ratio and temperature on catalyst
regeneration using complex 3.

related single-site water soluble catalysts and heterogeneous sys-
tems. For example, using Rh/TPPTS (TTPS = [P(CgH4-m-SO3Na)s3],
Vangelis and co-workers reported 95% conversion in the hydro-
genation of benzene in the fifth cycle [46]. Using heterogeneous
palladium nanoparticles supported on polyethylene glycol, Harraz
et al. observed 78% conversion of styrene to ethylbenzene in the
10th cycle [18].

Comparatively, complex 1 was the least stable displaying a 39%
drop in activity in the sixth run compared to reductions of 21% and
12% reported for 2 and 3 respectively (Table 4, entries 1-3). The
low stability of 1 could originate from the weaker donor-ability
of the benzimidazole ligand L1 leading to a relatively unstable
complex and is consistent with its observed higher catalytic activ-
ity in the homogeneous experiments (Table 3, entries 1-3). This
observation demonstrates one of the major challenges in catalyst
design of balancing catalyst activity and stability. Another possi-
ble reason for reduced catalytic activities in subsequent recycled
catalysts could emanate from catalyst leaching into the organic
phase, thereby reducing the concentration of the active species in
subsequent experiments [17b].

The distribution co-efficient of the substrate and catalyst
between the solvent systems employed greatly affects catalysts’
performance in biphasic reactions [ 17b]. We investigated the effect
of aqueous/organic volume ratios on the biphasic hyrogenation of
styrene using catalyst 3. Fig. 5 and Table 4 provide a summary of
the data obtained in the six consecutive runs. The greatest activ-
ity was observed using aqueous/organic ratio of 1:1. Increasing
the aqueous/organic ratio to 2:1 resultant in a drop of activity
from >99% to 86%. A more drastic decline in activity to 70% was
observed when higher volumes of the organic phase was employed
(aqueous/organic of 1:2). It is therefore conceivable that greater
volumes of aqueous phase might limit the diffusion of the catalyst
to the interphase. The same argument might apply for the alkene
substrate when a large volume of the organic phase is employed.
Vangelis et al. [41] reported higher catalytic activities when higher
volumes of organic phase was used in the biphasic hydrogenation
of benzene. However, in their design, they used neat benzene in the
hydrogenation reaction.

Thermal stability is another important feature in catalyst
recyling as it leads to catalyst deactivation and loss of activity
in subsequent experiments [17c]. The thermal stability of cata-
lyst 3 was studied by comparison of the recycling efficiencies at
room temprature and 50°C (Fig. 5). From the results, it is evi-
dent that catalyst 3 exhibited a rapid loss in activity at 50°C
compared to the room temperature reactions. This is demonstrated
by a drop of 12% and 20% in the sixth run at room temperature and

50°C reactions respectively (Table 4, entries, 3 vs 6). It is however,
worth noting that catalyst 3 retains significant catalytic activity
in the recycling experiments hence these systems can be said to
portray some degree of thermal stability.

4. Conclusions

We have successfully isolated and structurally characterized
three new cationic (pyridyl)benzoazole ruthenium(Il) complexes
and extensively studied their applications in homogeneous and
biphasic hydrogenation of alkenes and alkynes. Solid state struc-
tures of the ruthenium complexes 1-3 support the bidentate
coordination mode of the ligands and formation of cationic species
with a chloride as a counter anion. All the complexes form highly
active catalysts for high pressure hydrogenation of olefins at mild
conditions. The electronic contributions of the ligand motif influ-
enced the catalytic activities of the resultant complexes. Higher
activities were reported in the hydrogenation of alkenes compared
to the corresponding alkynes. The complexes were found to be
stable and recyclable in biphasic reactions retaining significant
catalytic activities in six consecutive cycles. The aqueous/organic
volume ratio and temperature influenced the catalytic activities
and recovery of these complexes in biphasic medium. In summary,
we have demonstrated a simple synthetic protocol to the design of
effective and recoverable water soluble catalysts in biphasic hydro-
genation of alkenes.
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