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Six ruthenium(II) complexes ([RuCly(p-cymene)(L1-6)], SD1-6, (L1-6: bidentate pyridyl-benzimidazole
ligands)) were synthesized from [RuCl,(p-cymene)], dimer and bidentate pyridyl-benzimidazole ligands.
The compounds were characterized by elemental analysis, IR, UV-Vis, NMR and X-ray diffraction. The
synthesized Ru(Il) complexes (SD1-6) were tested as catalysts for the catalytic transfer hydrogenation
(CTH) of acetophenone to secondary alcohols in the presence of KOH using 2-propanol as a hydrogen
source at 82 °C. All complexes were active catalysts for TH of acetophenone with good yields under mild
conditions (after 15 min, yields of up to 91%).

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Nitrogenous donor multidentate ligands are very attractive in
coordination chemistry because of their simplicity and availability
[1]. The steric and electronic properties around metal center easily
changed with these ligands. By the way, catalytically active metal
complexes having special properties have been synthesized. One
of those type ligands is a pyridine based bidentate ligand 2-(pyri-
din-2-yl)-1H-benzimidazoles. This chelator ligand can be easily
derivatized and strongly bind metal center.

On the other hand, the chemistry of ruthenium plays an impor-
tant role in many applications [2-9]. For example, Ru(Il)-pyridyl
complexes has been attention due to potential applications in the
field of optoelectronic devices, medicinal chemistry, catalysis, etc.
[10-18]. Success depends on complex geometries and ligand mod-
ification in these applications.

Because of easy working and relatively low cost, catalytic trans-
fer hydrogenation (CTH) of carbonyl compounds is preferred in
industrial and laboratory scale. Since discovered by Noyori, Ru(Il)
complexes are the most popular catalysts for the CTH [19]. Since
that day, many studies show that catalytic efficiencies of com-
plexes are directly affected by ligand properties. For this purpose,
Ru(Il) complexes including N-donor ligands have aimed to identify
the best catalyst for CTH of carbonyl compounds [20-23]. Although
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there are many attempts with poly-pyridyl ligands, the catalytic
studies of Ru(Il) complexes bearing pyridyl-benzimidazoles was
not found for CTH. In this work, we have synthesized six ionic het-
eroleptic Ru(Il) complexes containing bidentate pyridyl-benzimi-
dazoles and tasted as catalyst for the CTH of acetophenone. The
results showed that CTH of acetophenone has achieved with good
yields using simple ligands under mild conditions.

2. Experimental

The reactions were performed in air, unless otherwise stated.
The reagents and solvents were obtained from commercial suppli-
ers and used without further purification. [RuCly(p-cymene)], [24]
were synthesized by modification of the method in the published
procedure. For other general experimental conditions, please see
supporting materials.

2.1. Synthesis of compounds

2.1.1. General procedure for the ligands (L1-6)

L1 [25],L2 [26], L6 [27] were synthesized by modification of the
method in the published procedure.

A solution of L1 (03g, 2.54mmol) and KOH (0.167 g,
2.54 mmol) was refluxed for 24 h in EtOH for L2-4 and in DMF
for L5-6. At the end of this time, the mixture was cooled room tem-
perature and added appropriate alkyl halide (2.54 mmol). Solution
was refluxed for another 24 h. The volatiles were removed under


http://crossmark.crossref.org/dialog/?doi=10.1016/j.poly.2014.10.012&domain=pdf
http://dx.doi.org/10.1016/j.poly.2014.10.012
mailto:osmandayan@comu.edu.tr
http://dx.doi.org/10.1016/j.poly.2014.10.012
http://www.sciencedirect.com/science/journal/02775387
http://www.elsevier.com/locate/poly

0. Dayan et al./ Polyhedron 85 (2015) 926-932

vacuum. Residue was washed with H,O and recrystalized with
EtOH. For characterization data of L1-6, please see supporting
materials.

2.1.2. General procedure for the synthesis of [RuCIl(L)(p-cymene)]Cl,
SD1-6

A solution of ligands (0.5 mmol) and RuCly(p-cymene)],
(0.153 g, 0.25 mmol) was refluxed for 24 h in EtOH (10 mL). At
the end of this time, the mixture was cooled room temperature
and precipitated by addition of diethyl ether (30 mL). The micro-
crystalline solid was filtered off and washed with diethyl ether.
For characterization data of SD1-6, please see supporting
materials.
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2.1.3. X-ray analysis

Intensity data of the compounds were collected on a STOE IPDS
Il diffractometer at room temperature (296 K) using graphite-
monochromated Mo Ko radiation (/= 0.71073 A) by applying the
w-scan method. The structures were solved by direct methods
using sHeLxs-2013 [28] and refined with full-matrix least-squares
calculations on F? using suELxt-2013 [28] implemented in WinGX
[29] program suit. All carbon bound H atoms were placed geomet-
rically and treated using a riding model, fixing the bond lengths at
0.93, 0.98, 0.97 and 0.96 A for aromatic CH, methine CH, CH, and
CHs atoms, respectively. The hydrogen atoms of water molecules
were located from a difference Fourier map and their coordinates
were fixed in the final refinement. The displacement parameters

Table 1

Crystal data and structure refinement parameters for L6 and SD6.
Parameter L6 SD6
CCDC deposition No. 930498 988448
Color/shape Light yellow/prism Orange/prism
Chemical formula Cy3H{7N3 [RuCl(CyoH14)(C23H17N3)]*-Cl"-H,0
Formula weight 335.39 659.59
Temperature (K) 296 296
Wavelength (A) 0.71073 Mo Ko 0.71073 Mo Ko
Crystal system triclinic triclinic
Space group P1 (No. 2) P1 (No. 2)

Unit cell parameters

a, b, c(A)

o By (%)

Volume (A3)

z

Dca]c (g/cmB)

p(mm™")

Absorption correction

Tminv Tmax

F(000)

Crystal size (mm?)
Diffractometer/measurement method
Index ranges

0 range for data collection (°)
Reflections collected
Independent/observed reflections
Rint

Refinement method
Data/restraints/parameters
Goodness-of-fit on F?

Final R indices [I > 20(I)]

R indices (all data)

9.7608(8), 9.9684(7), 10.4523(8)
78.888(6), 77.381(6), 62.798(5)

10.3723(6), 15.2104(7), 21.7791(10)
94.666(4), 101.604(4), 105.880(5)

877.61(12) 3203.2(3)

2 4

1.269 1.368

0.076 0.685
integration integration
0.9562, 0.9788 0.8618, 0.9598
352 1352

0.78 x 0.56 x 0.30

STOE IPDS II/w scan
-12<h<12,-12<k<12, -13<1<13
2.493 < 0 < 27.605

0.21 x 0.15 x 0.07

STOE IPDS II/w scan

—-13<h<13, -19<k <19, -27<1<27
1.407 < 0 < 26.822

12184 43658

3971/3181 13586/4714

0.211 0.1683

full-matrix least-squares on F? full-matrix least-squares on F?
3971/0/235 13586/9/722

1.048 0.835

R, = 0.0495, wR, = 0.0958
R, = 0.0684, wR, = 0.1024

Ry = 0.0822, wR, = 0.1856
Ry =0.2086, WR; = 0.2339

APmaxe APmin (€ A73) 0.164, —0.102 1.681, —0.574
NH, | A N
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NH; N N = e
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Scheme 1. Synthesis of ligands and numbering scheme for the ligands.
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Scheme 2. Synthesis of complexes and numbering scheme for the ligands.

of the H atoms were fixed at Ujso(H) = 1.2Ueq (1.5U,q for methyl and
water) of their parent atoms. In the final difference Fourier map of
SD6, there are four high maximum residual electron density peaks
(1.68, 1.56, 1.55 and 1.43 e/A®) which are located 1.18 and 1.06 A
from RulA atom and 1.12 and 1.07 A from Ru1B atom, respectively.
Data collection: X-AREA [30], cell refinement: X-AREA, data reduc-
tion: X-RED32 [30]. Crystal data, data collection and structure
refinement details are summarized in Table 1. The general-purpose
crystallographic tool raton [31] was used for the structure analysis
and presentation of the results. Molecular graphics were generated
by using ortepr-3 [32].

3. Results and discussion
3.1. Synthesis of compounds

In this work, first, L1 was obtained from the reaction of 2-pico-
lonic acid and o-phenylenediamine in the presence of o-phosphoric
acid. Latter, L2-6 was synthesized via N-alkylation of L1 in alkaline
solution (Scheme 1). Finally, Ru(ll) complexes (SD1-6) was
obtained between the reaction of [RuCly(p-cymene)], and ligands
(Scheme 2). Synthesized ligands and complexes were soluble in
most organic solvents such as alcohol, DCM, acetone. Also, Ru(II)
complexes were slightly soluble in H,0.

3.2. Characterization of compounds

Synthesized compounds were characterized by CHN analysis,
FT-IR, UV-Vis and NMR spectroscopies.

Aromatic C-H stretching vibrations are observed at approxi-
1

mately 3000 cm™" in ligands as medium sized peaks except for

Fig. 1. A view of L6 showing the atom-numbering scheme. Displacement ellipsoids
are drawn at the 30% probability level and H atoms are shown as small spheres of
arbitrary radii.

L1. For L1, aromatic C-H stretching vibrations are shown as very
broad peak between 3200 and 2800 cm™! because of intra-molec-
ular H-bonding. The aliphatic C-H stretching vibrations for -CH,
and -CH; are monitored in the region of 3000-2900 cm™! for L2-
6 as expected. Additionally, aliphatic C-H stretching vibrations
belonging to p-cymene group are showed in the region of 3000-
2850 cm~! in Ru(ll) complexes. The C=N stretching bands appear
in the range of 1621-1609 cm™! in the ligands. Under coordination
of Ru(II), C=N stretching bands are slightly shifted to a lower wave
number. In the FT-IR spectra of Ru(Il) complexes, there are a broad
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Fig. 2. A view of SD6 showing the atom-numbering scheme. Displacement
ellipsoids are drawn at the 30% probability level. For clarity, H atoms have been
omitted.
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Table 2
Selected geometric parameters for L6 and SD6.
Parameter L6 Parameter SD6
Molecule A Molecule B
Bond lengths (A)
N1-C1 1.3823(14) Rul-Cl1 2.399(3) 2.401(3)
N1-C7 1.3753(15) Rul-N1 2.059(7) 2.063(8)
N1-C13 1.4595(14) Rul-N3 2.059(9) 2.090(8)
N2-C6 1.3841(16)  Rul-C25 2.231(10) 2.214(12)
N2-C7 1.3155(14) Rul-C26 2.184(10) 2.170(10)
N3-C8 1.3399(15)  Rul-C27 2.137(11) 2.180(11)
N3-C12 1.3331(16) Rul-C28 2.144(13) 2.197(14)
C7-C8 1.4768(16) Rul-C29 2.137(10) 2.151(10
C13-C14 1.5056(16) Ru1-C30 2.211(10) 2.179(11)
N1-C6 1.310(12) 1.309(11)
N1-C7 1.396(11) 1.407(10)
N2-C6 1.380(11) 1.365(11)
N2-C12 1.395(12) 1.407(11)
N2-C13 1.473(12) 1.431(11)
N3-C4 1.393(12) 1.361(11)
N3-C5 1.363(12) 1.365(12)
C5-C6 1.487(14) 1.456(12)
C13-C14 1.492(15) 1.516(13)
Bond angles (°)
N1-C7-N2 113.23(10) Cl1-Rul-N1  86.1(2) 84.1(2)
C1-N1-C7 106.12(9) Cl1-Rul-N3  84.4(2) 87.3(2)
C6-N2-C7 104.74(10) Cl1-Rul-C25 89.3(3) 88.8(3)
C8-N3-C12 116.68(11) Cl1-Rul-C26  96.7(3) 99.6(4)
N1-C1-C2 131.67(12) Cl1-Rul-C27  128.3(4) 130.4(4)
N1-C1-C6 105.55(10) Cl1-Ru1-C28  165.4(3) 168.0(3)
N1-C7-C8 124.49(10) Cl1-Ru1-C29  144.9(3) 144.2(4)
N1-C13-C14  114.19(9) Cl1-Ru1-C30  109.6(3) 108.4(4)
N2-C6-C5 130.13(13) N1-Rul-N3  75.8(3) 74.8(3)
N2-C6-C1 110.33(10) N1-Ru1-C25  152.7(4) 148.9(4)
N2-C7-C8 122.28(10) N1-Rul-C26  115.3(3) 114.0(4)
N3-C8-C7 117.70(10) N1-Rul-C27  95.0(3) 94.1(4)
N3-C8-C9 122.93(11) N1-Ru1-C28  97.8(3) 98.8(4)
N3-C12-C11  124.26(13) N1-Rul-C29  127.3(4) 129.7(5)
N1-Ru1-C30  164.1(4) 167.4(5)
N3-Ru1-C25  130.5(4) 135.2(4)
N3-Rul-C26  168.8(3) 169.2(3)
N3-Rul-C27  145.9(4) 140.0(4)
N3-Rul-C28  110.2(4) 104.7(4)
N3-Rul-C29  93.0(4) 90.8(4)
N3-Rul-C30  102.4(4) 103.1(4)

band approximately between 3500 and 3200 cm~' region because
of their hygroscopic nature. This observation is supported by the
results of elemental analysis of all complexes and X-ray analysis
of SD6.

Two strong peaks below 300 nm is assigned to ®w — ©* and
n — ©* transition in UV-Vis spectra of the ligands. These peaks
are slightly red-shifted with the formation of complex and new
peak belonging Ru(dm) — ©* CT transition is formed.

(a)
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In the 'H NMR spectra of L1, -NH proton was observed as sin-
glet at 13.11 ppm. This peak was not appeared for L2-6 as
expected. Other aromatic protons in L1-4 and L6 were observed
in the range of 6-10 ppm. —Ha protons in ligands were monitored
in the range of 6.10-6.72 ppm as singlet except for L5. These pro-
tons were appeared at 4.76 ppm as doublet in L5. Under coordina-
tion to Ru(Il), the peaks of aromatic protons of L1-6 generally
shifted to low field in 'H NMR spectra. Additionally, new peaks
belonging to p-cymene groups observed in 'H NMR spectra for
Ru(Il) complexes except SD1 and SD4. -H, proton for SD1 and
SD4 were not observed in 'H NMR spectra because this peak
remains under solvent peaks. On the other hand, the >C NMR spec-
tra are consistent with proposed structures. Detailed assignments
were made in experimental section.

3.3. Description of the crystal structures

The solid-state structures of the compounds have been con-
firmed by single crystal X-ray analysis. The perspective ORTEP-3
views of L6 and SD6 with the atomic numbering scheme are
depicted in Figs. 1 and 2, respectively, while selected bond lengths
and angles are given in Table 2. Both compounds crystallize in the
triclinic space group P1 and there are two molecules in the asym-
metric unit of SD6, labeled as A and B. For the sake of clarity, only
one (molecule A) of the two molecules is shown in Fig. 2. In the fol-
lowing discussion, parameters for molecule B are quoted in square
brackets.

The molecule of L6 is composed of a benzimidazole ring with a
naphthalen-1-ylmethyl group and a pyridine ring in the 1- and 2-
positions of the benzimidazole, respectively. The benzimidazole
and pyridine rings of the molecule do not share a common plane
but rather make a dihedral angle of 41.82(6)°. The naphthalene
ring is almost perpendicular to both the benzimidazole and pyri-
dine rings with dihedral angles of 86.73(5)° and 85.86(6)°, respec-
tively. Furthermore, the dihedral angle between the five- and six-
membered rings of the benzimidazole is 1.76(8)°, while the
crossed torsion angles at the junction, ie., N1-C1-C6-C5 and
N2-C6-C1-C2 are 178.67(11)° and 177.32(11)°, respectively. The
imine N=C and amine N-C bond distances in the benzimidazole
ring [1.3155(14) and 1.3753(15) A, respectively] are not same,
with the ‘imine’ length shorter than the ‘amine’ length, as
expected. The bond lengths and angles of L6 present no unusual
features.

Cationic complex of SD6 consists of an L6 ligand with an Ru(II)
metal centre, one p-cymene ligand and one Cl ligand. The charge is
balanced by a chloride anion and the compound also crystallizes
with a water solvent molecule per cationic complex. The complex
has the familiar half-sandwich “three-legged piano-stool” geome-
try with the #° n-bound arene ring forming the seat, and the two
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Fig. 3. TH of acetophenone catalyzed with SD5 in 2-propanol in the presence of KOH (a) S/C/B ratio is 1/0.01/0.01 (b) S/C/B ratio is 1/0.01/4.
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Fig. 4. TH of acetophenone catalyzed with SD2 in 2-propanol in the presence of
different bases (S/C/B ratio is 1/0.01/4).
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Fig. 5. TH of acetophenone catalyzed with SD5 in 2-propanol in the presence of
different KOH concentrations.

nitrogen atoms of the L6 ligand and one terminal chloride ligand as
the legs of the piano-stool.

The Ru ion exhibits a pseudo-octahedral coordination geometry,
with the arene formally occupying three facial coordination sites.
However, the coordination geometry around the Ru atom may be
regarded as a tetrahedron with considerable trigonal distortion,
taking into account the center of the #°-p-cymene aromatic ring
as the fourth ligand position. If X is defined as the centroid of the
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aromatic ring, the Ru-X distance is found to be 1.6730(8)A
[1.6668(8)A], and the Cl1-Rul-X, N1-Rul-X and N3-Rul-X
angles are 127.53(7)°, 132.8(2)° and 131.8(2)° [129.12(8)q,
132.5(2)° and 130.2(2)°], respectively. The Cl1-Rul-N1, Cl1-
Ru1-N3 and N1-Ru1-N3 angles [mean 82.1(2)° for both molecule
A and molecule B] are smaller than the ideal tetrahedral angle
(109.47°), which is counterbalanced by the extending of the X-
Ru-L (L is CI1, N1 or N3) angles [mean 130.7(2)° for molecule A
and 130.6(2)° for molecule B].

Similar to related Ru(ll)-arene complexes [33-41], there are
substantial differences in the C-C [1.352(15)-1.460(14) A for mol-
ecule A and 1.380(15)-1.424(15)A for molecule B] and Ru-C
[2.137(10)-2.231(10) A for molecule A and 2.151(10)-2.214(12) A
for molecule B] distances for the arene ring. In the complex, the
arene ring is planar with an r.m.s deviation from the plane being
0.0152 A [0.0094A]. The two N-donor atoms of the bidentate ligand
form a five-membered metallacycle (containing atoms Ru1/N1/C6/
C5/N3) with an r.m.s deviation from the plane being 0.0283 A
[0.0163A]. The bond distances of Ru-Cl1, Rul-N1 and Rul-N3
are 2.399(3), 2.059(7) and 2.059(9)A [2.401(3), 2.063(8) and
2.090(8) A], respectively. When the bond lengths in the coordi-
nated L6 ligand are compared with those in its free form, it is seen
that coordination elongates N2-C6, N3-C8 and N3-C12 bonds,
while N2-C7 bond remains almost unchanged. In addition, C6-
N2-C7 and C8-N3-C12 angles expand.

Many Ru(Il)-arene complexes having the same coordination
environment have been reported crystallographically [33-41].
According to the bond lengths in these structures, the Ru-X, Ru-
C, Ru-Cl and Ru-N bond lengths vary from 1.674 to 1.704 A, from
2.141 to 2.273 A, from 2.385 to 2.432 A and from 2.077 to 2.130 A,
respectively. So, it can be said that the coordination bond distances
agree well with the literature values.

3.4. Catalytic properties

Synthesized complexes (SD1-6) were tested in transfer hydro-
genation of acetophenone as catalyst. In a typical catalytic reaction,
SD1-6 (0.0085 mmol), KOH (0.85mmol) and acetophenone
(0.85 mmol) was stirred at 82 °C in 2-propanol (4 mL). Reactions
were monitored by GC. We investigated optimum reaction condi-
tions and SD2 and SD5 were selected as reference catalyst for this
purpose. Firstly, acetophenone were transfer hydrogenated via SD5
in 2-propanol (4 mL) in the presence KOH as a co-catalyst in open

0 OH  SDI-6, KOH OH &
2-propanol, 82 °C
100 - 596 5496 %6 558 % o7
91
90 - 85 g4 i J 84
80 - m15min.
70 - 5 m30 min.
60 60
60 - 54 55 W60 min.
50 45 W 120 min.
40 - i
30
30
20 14
10 + 5

sD1

SD2 SD3 Sb4

SD5 SD6 a* b*

Fig. 6. TH of acetophenone (1 mmol) catalyzed by SD1-6 (0.01 mmol) using KOH (4 mmol) in the presence of 2-propanol (4 mL). a* in the absence of catalyst. b* using

[Ru(p-cymene)Cl,], as catalyst.
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air and under argon atmosphere with different S/C/B ratios. Results
showed that open air reactions had good yields (Fig. 3).

Various base types as co-catalyst were tested using SD2 catalyst
(Fig. 4). Results show that KOH has best activity under those con-
ditions. NaHCO5 and pyridine does not show any activity.

Finally, different KOH concentrations were studied for the
determination of base amount using SD5 (Fig. 5). According to
Fig. 5, for these type catalysts, the best ratio of S/C/B is 1/0.01/4.

Then, we tested all complexes for TH of acetophenone under
these conditions (Fig. 6). The results show that the TH of acetophe-
none could be achieved with high efficiency for all catalysts (S1-6).

According to Fig. 6; best result for 1 h was obtained with SD1.
This observation may be related with NH functionality. It was
found that the catalytic activity of the other complexes for the
TH of acetophenone follow the order SD4 > SD2 > SD5 > SD6 > SD3,
respectively.

4. Conclusion

In this paper, a series of heteroleptic Ru(Il) complexes ([RuCl(p-
cymene)(L1-6)]Cl; (SD1-6)) have been synthesized in good yields
by the reaction of [RuCl,(p-cymene)], with bidentate L1-6 ligands.
One ligand and one complex were structurally characterized with
single crystal X-ray diffraction. Synthesized complexes were tested
for the transfer hydrogenation of acetophenone with the use of 2-
propanol in the presence of KOH under air. Generally, catalytic effi-
ciency seems to depend on the steric parameters of L2-6. On the
other hand, most effective catalyst under worked conditions is
SD1.
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