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The compound 1-chloro-3-(3-methylimidazolidin-1-yl)propan-2-ol chloride (1) was prepared from the
reaction of 1-methylimidazole with epichlorohydrine. The corresponding phosphinite ligands were syn-
thesized by the reaction 1-chloro-3-(3-methylimidazolidin-1-yl)propan-2-ol chloride, [C7H15N2OCl]Cl
with one equivalent of chlorodiphenylphosphine or chlorodicyclohexylphosphine, in anhydrous CH2Cl2

and under an inert argon atmosphere. [Ru(g6-arene)(l-Cl)Cl]2 dimers readily react with the phosphinite
ligands [(Ph2PO)–C7H14N2Cl]Cl (2) or [(Cy2PO)–C7H14N2Cl]Cl (3) at room temperature to afford the cat-
ionic derivatives [Ru((Ph2PO)–C7H14N2Cl)(g6-arene)Cl2]Cl and [Ru((Cy2PO)–C7H14N2Cl)(g6-arene)Cl2]Cl
{arene: benzene (4), (5); p-cymene (6), (7)}. The structures of these ligands and their corresponding com-
plexes have been elucidated by a combination of multinuclear NMR and IR spectroscopy, TGA/DTA and
elemental analysis. The molecular structure of the ionic compound 1 was also determined by an X-ray
single crystal diffraction study. Furthermore, the catalytic activity of complexes 4–7 for the transfer
hydrogenation of various ketones was investigated and these complexes were found to be efficient cat-
alysts in the transfer hydrogenation of various ketones, with excellent conversions up to 99%. Specifically,
[Ru((Cy2PO)–C7H14N2Cl)(g6-benzene)Cl2]Cl (5) and [Ru((Cy2PO)–C7H14N2Cl)(g6-p-cymene)Cl2]Cl (7) act
as excellent catalysts, giving the corresponding alcohols in 98–99% conversions in 5 min
(TOF 6 1188 h�1).

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Ionic liquids (ILs) are potential replacements for organic sol-
vents both on laboratory and industrial scales due to their green
characteristics, such as thermal stability, lack of vapor pressure,
non-flammability, wide liquid range, wide range of solubility and
miscibility [1–7]. They can be readily recycled, have a profound
effect on the activity and selectivity of reactions and in some cases,
facilitate the isolation of products. Therefore, ionic liquids are
considered viable substitutes for volatile organic solvents [8]. An
unusual feature of ionic liquids is the tunability of their chemical
and physical properties by selection of appropriate anion-cation
combinations [9]. Metal-containing ionic liquids are regarded as
promising new materials that combine the properties of ionic liq-
uids with additional intrinsic magnetic, spectroscopic or catalytic
properties, depending on the incorporated metal ion [10]. ILs that
contain palladium, ruthenium, platinum, gold and aluminum
(and also iron, nickel, zinc and copper) have been used with
success in catalysis [11,12]. Some metal (Pd, Ru, Rh, V) complex
catalysts with imidazolium tags [13–16] are also termed as IL
supported catalysts.

The chemistry of P-based ligands has also been intensively
explored in recent years [17,18]. Many improved phosphine
ligands and a variety of aminophosphine–phosphinite ligands have
important applications in organometallic chemistry and catalysis,
giving selective catalysts for hydroformylation, hydrosilylation
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Scheme 1. Synthesis of the compounds [C7H15N2OCl]Cl (1), [(Ph2PO)–C7H14N2Cl]Cl
(2), [(Cy2PO)–C7H14N2Cl]Cl (3), [Ru((Ph2PO)–C7H14N2Cl)(g6-benzene)Cl2]Cl (4),
[Ru((Cy2PO)–C7H14N2Cl)(g6-benzene)Cl2]Cl (5), [Ru((Ph2PO)–C7H14N2Cl)(g6-p-
cymene)Cl2]Cl (6) and [Ru((Cy2PO)–C7H14N2Cl)(g6-p-cymene)Cl2]Cl (7). (i) HCl,
epichlorohydrin, EtOH; (ii) 1 equiv. Ph2PCl or Cy2PCl, 1 equiv. n-BuLi, CH2Cl2; (iii) ½
equiv. [Ru(g6-p-cymene)(l-Cl)Cl]2 or ½ equiv. [Ru(g6-benzene)(l-Cl)Cl]2, CH2Cl2.
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and transfer hydrogenation [19–21]. While much energy has been
devoted to the synthesis of aminophosphines and their metal
complexes, similar studies on the analogous phosphinites are less
extensive [22], even though some of their complexes have proved
to be efficient catalysts [23,24]. Though phosphine ligands have
found well-known applications in transition metal catalyzed
transformations [25,26], phosphinites afford different chemical,
electronic and structural properties compared to phosphines. The
metal–phosphorus bond is often stronger for phosphinites
compared to the related phosphine due to the presence of the elec-
tron-withdrawing P-OR group. In addition, the empty r⁄-orbital of
the phosphinite P(OR)R2 is stabilized, making the phosphinite a
better acceptor [27].

Catalytic transfer hydrogenation with the aid of a stable hydro-
gen donor is a useful alternative method for catalytic hydrogena-
tion by molecular hydrogen for the reduction of ketones [28,29].
In transfer hydrogenation, organic molecules, such as secondary
alcohols [30] or formic acid and its salts [31], have been employed
as the hydrogen source. The use of a hydrogen donor has some
advantages over the use of molecular hydrogen since it avoids
the risks and constraints associated with hydrogen gas as well as
the necessity for pressure vessels and other equipments. A variety
of transition metal complexes are known to catalyse hydrogen
transfer from an alcohol to a ketone [32]. Especially, over the last
three decades, most effort on hydrogenation has been focused on
the use of ruthenium catalysts. Transfer hydrogenation is usually
mediated by a complex bearing rhodium, ruthenium or iridium,
among which our focus has been ruthenium, because the ruthe-
nium catalysts have excellent performances [33,34]. Furthermore,
ruthenium has a cost advantage relative to other hydrogenation
metals such as rhodium and iridium [35,36].

Although a lot of phosphinite ligands and their derivatives have
been employed successfully as ligands in Ru(II)-promoted transfer
hydrogenation of ketones [37–39] and references therein], a
screening of the catalytic activities of ionic liquid based phosphi-
nites in this reaction has not been reported as yet. To the best of
our knowledge, there is no report on the utility of these complexes
including phosphinite ligands based on ionic liquids in Ru(II) cata-
lyzed transfer hydrogenation reactions. As a part of our interest in
the modular design of new ligand systems with different spacers to
control the electronic attributes at the phosphorus centers and to
investigate their coordination chemistry, in this paper, we report
(i) the ready synthesis of a novel ionic liquid compound,
1-chloro-3-(3-methylimidazolidin-1-yl)propan-2-ol chloride, and
its corresponding phosphinite ligands, (ii) the synthesis and full
characterization of four half-sandwiches Ru(II)-arene complexes,
and (iii) for the first time their subsequent application in transfer
hydrogenation of various ketones.
Fig. 1. The unit cell structure of 1-chloro-3-(3-methylimidazolidin-1-yl)propan-2-
ol chloride [C7H15N2OCl]Cl (1).
2. Results and discussion

2.1. Synthesis of the compounds

The reaction of 1-methylimidazole and epichlorohydrin in etha-
nol at room temperature yields the compound 1-chloro-3-(3-
methylimidazolidin-1-yl)propan-2-ol chloride, [C7H15N2OCl]Cl (1)
(Scheme 1), which was characterized by elemental analysis, IR,
TGA-DTA and multinuclear NMR spectroscopies. The 1H and 13C
NMR spectral data of 1 are consistent with the proposed structure.
The 1H NMR spectrum of 1-chloro-3-(3-methylimidazolidin-1-
yl)propan-2-ol chloride exhibits a characteristic signal at d
9.26 ppm for the –(CH3)NCHN–, group and two resonances at d
7.76. and 7.78 ppm for the –NCHCHN– protons, which are highly
deshielded. The IR spectrum also shows a broad absorption band
at 3357 cm�1 for the O–H stretching, which is broadened and shifted
toward lower frequency (for details see Section 3). The structure of 1
was further confirmed by microanalysis, the results of which were
found to be in good agreement with the theoretical values.

Furthermore, the structure of 1 was elucidated by X-ray crystal-
lography, as follows. The colorless crystal of [C7H15N2OCl]Cl crys-
tallized in the monoclinic space group of P2(1). The unit cell
dimensions are a = 4.90220 Å, b = 14.1086 Å, c = 7.29760 Å. Its
asymmetric unit contains two molecules and has two-fold
crystallographic symmetry that can be expressed as a 2-fold screw
axis with direction [0,1,0] at 0,y,0 with screw component
[0,1/2,0]. Fig. 1 shows the asymmetric unit, which contains



Table 1
Crystallographic data and structure refinement for [C7H15N2OCl]Cl (1).

Parameter

Empirical formula C7H15Cl2N2O
M 213.10
Crystal system monoclinic
Space group P2(1)
a (Å) 4.90220(5)
b (Å) 14.1086(5)
c (Å) 7.29760(5)
a (�) 90.00
b (�) 95.5720(5)
c (�) 90.00
V (Å3) 502.340(14)
Z 2
Dcalc (g cm�3) 1.409
Absorption coefficient (Mo Ka) (mm�1) 0.604
Crystal size (mm) 0.50 � 0.25 � 0.16
Theta range for data collection (�) 2.80–33.46
Index ranges �7 6 h 6 7,

�15 6 k 6 21,
�11 6 l 6 11

Reflections collected 4919
Unique reflections (Rint) 3078 (0.0144)
Completeness of theta = 25.50� 99.5%
Refinement method full-matrix least-squares on F2

Data/restraints/parameters 1831/26/109
Goodness of fit (GOF) on F2 1.1040
Final R indices [I > 2r(I)] R1 = 0.0397,

wR2 = 0.1556 I > 2r(I)
R indices R1 = 0.0407,

wR2 = 0.1559
Largest difference in peak and hole (e Å�3) 0.554 and �0.250

Additional material available from Cambridge Crystallographic Data Center as
deposition No: CCDC 986387 comprises H-atom coordinates, thermal parameters
and remaining bond lengths and angles.
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the 1-chloro-3-(3-methylimidazolidin-1-yl)propan-2-ol chloride
ligand (1). The distance between the stereocenters of C(2)–C0(2)
in the packing structure is about 7.084 Å and some of selected
bond lengths are C(2)–C(3) 1.509 Å, C(3)–N(1) 1.462 Å, C(1)–Cl(1)
1.793 Å, N(2)–C(7) 1.459 Å and C(2)–O(1) 1.414 Å. The ionic chlo-
ride, which proves the ionic liquid structure of the compound, is
approximately 3.688 Å to the stereogenic C(2) atom. The structure
also has an intramolecular O(1)–H(1)� � �Cl(2) hydrogen bond with
bond distances of 0.82 and 3.075 Å and a bond angle of 166.93�.
The short contacts of the atoms, the intramolecular hydrogen
bonding interactions and the distances are calculated via MERCURY

3.0 and are shown in Fig. 2. Comprehensive crystal data for the
structure of 1 are given in Table 1 and the selected bond angles
are summarized in Table 2.

As a part of our ongoing research program for developing highly
active catalysts, we synthesized two novel ionic liquid based
phosphinite monodendate ligands. These phosphinite ligands,
[(Ph2PO)–C7H14N2Cl]Cl (2) and [(Cy2PO)–C7H14N2Cl]Cl (3) were
synthesized from the starting materials PPh2Cl and PCy2Cl, respec-
tively, in CH2Cl2 solution by the hydrolysis method [40,41]. The
LiCl salt was separated by filtration and the ligands were obtained
by extracting the solvent in vacuo in good yields. The progress of
this reaction was conveniently followed by 31P–{1H} NMR
spectroscopy. The signals of the starting materials, PPh2Cl at d
81.0 ppm and PCy2Cl at d 127.32 ppm, disappeared and new
singlets appeared downfield due to the phosphinite ligands. The
31P–{1H} NMR spectra of the phosphinites, [(Ph2PO)–C7H14N2Cl]Cl
(2) and [(Cy2PO)–C7H14N2Cl]Cl (3) show single resonances at d
118.46 and 148.76, respectively, (Fig. 3) [42–46] in line with the
values previously observed for similar compounds [47–50]. A solu-
tion of [(Ph2PO)–C7H14N2Cl]Cl (2) in CDCl3, prepared under aerobic
conditions, is stable for up to 18 h and then decomposes very
gradually to give the oxide and hydrolysis product diph-
enylphosphinous acid, Ph2P(O)H [51]. Furthermore, the 31P–{1H}
NMR spectrum also displays the formation of PPh2PPh2 and
P(O)Ph2PPh2, as indicated by signals at about d �15.2 ppm as a
Fig. 2. The packing structure and short contacts of 1-chloro-3-(3-me
singlet and d 35.6 ppm and d �21.4 ppm as doublets with 1J(PP)

226 Hz after 48 h [52]. On the contrary, a solution of [(Cy2PO)–C7

H14N2Cl]Cl (3) is unstable under aerobic conditions and undergoes
thylimidazolidin-1-yl)propan-2-ol chloride [C7H15N2OCl]Cl (1).



Table 2
Selected bond angles (�) of compound [C7H15N2OCl]Cl (1).

Atoms Angle s.u. Atoms Angle s.u.

H1–O1–C2 109.46 0.14 N2–C5–H5A 110.36 0.16
C3–N1–C4 124.49 0.12 N2–C5–H5B 110.36 0.17
C3–N1–C6 126.41 0.12 N2–C5–C6 106.80 0.17
C4–N1–C6 109.08 0.13 H5A–C5–H5B 108.59 0.19
C4–N2–C5 109.07 0.13 H5A–C5–C6 110.36 0.18
C4–N2–C7 125.72 0.15 H5B–C5–C6 110.36 0.16
C5–N2–C7 125.21 0.17 Cl1–C1–C2 112.25 0.11
O1–C2–H2 108.02 0.13 Cl1–C1–H1A 109.15 0.14
O1–C2–C3 108.12 0.12 Cl1–C1–H1B 109.16 0.13
O1–C2–C1 112.92 0.13 C2–C1–H1A 109.15 0.16
H2–C2–C3 108.02 0.14 C2–C1–H1B 109.15 0.15
H2–C2–C1 108.02 0.13 H1A–C1–H1B 107.87 0.17
C3–C2–C1 111.57 0.13 N1–C6–C5 106.82 0.14
N1–C3–C2 111.23 0.13 N1–C6–H6A 110.36 0.16
N1–C3–H3A 109.39 0.13 N1–C6–H6B 110.36 0.15
N1–C3–H3B 109.39 0.13 C5–C6–H6A 110.36 0.20
C2–C3–H3A 109.39 0.14 C5–C6–H6B 110.36 0.16
C2–C3–H3B 109.39 0.14 H6A–C6–H6B 108.59 0.18
H3A–C3–H3B 108.01 0.16 N2–C7–H7A 109.47 0.20
N1–C4–N2 108.22 0.13 N2–C7–H7B 109.47 0.21
N1–C4–H4A 110.06 0.14 N2–C7–H7C 109.47 0.23
N1–C4–H4B 110.06 0.13 H7A–C7–H7B 109.48 0.24
N2–C4–H4A 110.05 0.14 H7A–C7–H7C 109.48 0.23
N2–C4–H4B 110.06 0.14 H7B–C7–H7C 109.47 0.25
H4A–C4–H4B 108.40 0.14

[i: �x,y,½ � z].
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fast decomposition. Because compound 3 is not stable enough in
solution, the corresponding ruthenium(II) complexes were synthe-
sized in-situ. The appropriate assignment of the 1H chemical shifts
was derived from 2D HH-COSY spectra and that of the 13C chemical
ones from DEPT and 2D HMQC spectra. The structures for these
ionic based monodendate phosphinite ligands are consistent with
the data obtained from 1H and 13C NMR, IR spectra and elemental
analyses (for details see Section 3).

Reactions of the ionic based monodendate phosphinites
with the metal precursors [Ru(g6-benzene)(l-Cl)Cl]2 and
Fig. 3. The 31P–{1H} NMR spectra of the ligands [(Ph2PO)–C
[Ru(g6-p-cymene)(l-Cl)Cl]2 are also depicted in Scheme 1. The
ability of the {[Ru(arene)(l-Cl)Cl]2} dimers to form mononuclear
complexes of the general formula [Ru(g6-arene)Cl2L] is
well-known [53]. As expected, the reaction of 2 and 3 with
[Ru(g6-benzene)(l-Cl)Cl]2 or [Ru(g6-p-cymene)(l-Cl)Cl]2 gave
corresponding complexes [Ru((Ph2PO)–C7H14N2Cl)(g6-arene)Cl2]Cl
and [Ru((Cy2PO)–C7H14N2Cl)(g6-arene)Cl2]Cl {arene: benzene (4),
(5); p-cymene (6), (7)}, respectively, in high yields as air stable,
red microcrystalline powders (Scheme 1). The phosphinite ligands
were expected to cleave the [Ru(benzene)Cl2]2 and [Ru(p-
cymene)Cl2]2 dimers to give the corresponding complexes via
monohapto coordination. The initial color change, i.e. from clear
orange to deep red, is attributed to the dimer cleavage, most prob-
ably by the phosphinite ligand [54]. The chemical purity of the
complexes was confirmed by single 31P–{1H} NMR signals at d
127.82, 157.21, 124.23 and 154.25, respectively (CDCl3) (Fig. 4).
These complexes are highly soluble in CH2Cl2 and slightly soluble
in hexane, so they can be crystallized from a CH2Cl2/hexane solu-
tion. The 1H NMR spectra of complexes 4 and 5 display the (–(CH3)-
NCHN–) resonances as broad signals at d 8.95 and 9.02 ppm and
the C6H6 protons as singlets at d 5.55 and 5.96 ppm, respectively.
In the 13C NMR spectra of 4 and 5, the (–(CH3)NCHN–) carbon
signals were observed at d 137. 10 and 137.59 ppm and the C6H6

carbon resonances were seen at d 88.10 (s) and 88.11 (s) ppm,
respectively. Furthermore, in the 13C–{1H} NMR spectra of these
complexes, J(31P–13C) coupling constants of the carbons of the phe-
nyl rings were observed, which is consistent with the literature
values [55]. The structures of the complexes were further con-
firmed by IR spectroscopy and microanalysis, and were found to
be in good agreement with the theoretical values. Other pertinent
spectroscopic and analytic data are given in Section 3.

The starting complex [Ru(g6-p-cymene)(l-Cl)Cl]2 was prepared
by the reaction of the commercially available a-phellandrene
(5-isopropyl-2-methylcyclohexa-1,3-diene) with RuCl3 [56]. The
reactions of [Ru(g6-p-cymene)(l-Cl)Cl]2 with ligands 2 and 3 are
depicted in Scheme 1. The reactions of [Ru(g6-p-cymene)(l-Cl)Cl]2

with two equivalents of 2 and 3 in CH2Cl2 at room temperature gave
7H14N2Cl]Cl (2) and [(Cy2PO)–C7H14N2Cl]Cl (3) (CDCl3).



Fig. 4. The 31P–{1H} NMR spectra of the complexes [Ru((Ph2PO)–C7H14N2Cl)(g6-benzene)Cl2]Cl (4), [Ru((Cy2PO)–C7H14N2Cl)(g6-benzene)Cl2]Cl (5), [Ru((Ph2PO)–
C7H14N2Cl)(g6-p-cymene)Cl2]Cl (6) and [Ru((Cy2PO)–C7H14N2Cl)(g6-p-cymene)Cl2]Cl (7) (CDCl3).
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the red compounds [Ru((Ph2PO)-C7H14N2Cl)(g6-p-cymene)Cl2]Cl
(6) and [Ru((Cy2PO)–C7H14N2Cl)(g6-p-cymene)Cl2]Cl (7), respec-
tively, in high yields. The structures of the P-coordinated complexes
6 and 7 are supported by elemental analysis as well as spectro-
scopic data. The 1H NMR spectral data of the complexes are
consistent with the proposed structures and their 1H NMR spectra
are different from those of ligands 2 and 3. Furthermore, the 1H
NMR spectra of the complexes display signals for the g6-p-cymene
group together with the resonances for the protons of the
P-coordinated ligands. The arene signals are well resolved and show
only H–H coupling, as found in previously reported mononuclear
g6-p-cymene compounds [57,58]. The 1H and 13C NMR spectra of
the complexes display all the signals of the coordinated ligands.
In the 1H NMR spectra, aromatic CH protons of the p-cymene moi-
ety generally give two signals. It is very well-known that the pres-
ence of one (broad) or two signals due to aromatic CH of p-cymene
protons in the 1H NMR spectra of 6 and 7 is consistent with a Cs
symmetry of the complexes and free rotation of the arene
(p-cymene) ligand [59,60]. Furthermore, The 1H NMR spectra of 6
and 7 are characterized by isopropyl methyl doublets of the
p-cymene groups, at d 0.99 ppm (d, 6H, 3J = 6.8 Hz) and d
0.87 ppm (d, 6H, J = 6.5 Hz), respectively. In their 13C–{1H} NMR
spectra, J(31P–13C) coupling constants of the carbons of the phenyl
rings are observed, which are consistent with the literature values
[61,62]. As expected, the coupling between i-carbons and the
phosphorus in 6 and 7 is relatively large, 1J(31P–13C) 52.3 and
29.7 Hz, for i-P(C6H5)2) and CH of P(C6H11)2), respectively. The most
relevant signals of the 13C–{1H} NMR spectra of the complexes are
those of the arene ligands (p-cymene) (for details see Section 3).
Although, single crystals of both complexes were obtained by slow
diffusion of diethyl ether into a solution of the compound in
dichloromethane over several days, unfortunately they lost
their regular and transparent structures for X-ray diffraction
analysis.
2.2. Thermal investigation (DTA)

The thermal behavior of the compounds [Ru((Ph2PO)-C7H14N2Cl)
(g6-benzene)Cl2]Cl (4), [Ru((Cy2PO)-C7H14N2Cl)(g6-benzene)Cl2]Cl
(5), [Ru((Ph2PO)-C7H14N2Cl)(g6-p-cymene)Cl2]Cl (6) and [Ru((Cy2

PO)–C7H14N2Cl)(g6-p-cymene)Cl2]Cl (7) was investigated in two
steps under nitrogen and oxygen atmospheres with a heating rate
of 20 �C min�1 over a temperature range 25–900 �C. The first step
was applied with N2 from 25 to 800 �C, and the second step pro-
ceeded under O2 between 800 and 900 �C. The thermal stability of
the compounds changes from one to another. It was seen that the
compounds remained quite tough until 174, 164, 190 and 173 �C
for 4–7, respectively. The weight losses were calculated and evalu-
ated with TA60 software in accordance with the peaks. Each of the
computations with an exact percentage of the total was indicated
on the thermograms, as depicted in the Supporting information
(Figs. 5–8). The peaks pointing downwards on the graphic are endo-
thermic and are due to the leaving substituted groups. The sudden
increase of peaks after 800 �C is the result of burning organic
fragments, such as imidazole, phenyl, cyclohexyl, p-cymene and
benzene, which can be removed step by step.

2.3. Catalytic transfer hydrogenation of various ketones

The good catalytic performance and the higher structural
permutability of phosphinite based transition metal complexes
[63–65,38,66] prompted us to develop new Ru(II) complexes with
well-shaped modified phosphinite ligands [67–70]. We paid partic-
ular attention to arene ligands [71], because (i) the spectator
ligands automatically occupy three adjacent coordination sites of
the ruthenium centre in an octahedral coordination environment,
leaving three facial sites for other functions, (ii) arene ligands that
are relatively weak electron donors may provide a unique reactiv-
ity on the metallic center, and (iii) the substitution pattern on the
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ring is flexible. Complexes 4–7 were tested as catalysts in transfer
hydrogenation of aromatic ketones in a 2-propanol solution.

First of all, complexes 4–7 were used as precatalysts, 2-propanol/
KOH as the reducing system, and acetophenone as the model sub-
strate. The results of the catalytic test reactions are listed in Table 3.
At room temperature, no significant formation of 1-phenylethanol
was observed (Table 3, Entries 2, 7, 12 and 17). Furthermore, as
can be inferred from Table 3, the precatalysts as well as the presence
of KOH are necessary to observe appreciable conversions. The base
facilitates the formation of ruthenium alkoxide by abstracting a pro-
ton from the alcohol and subsequently the alkoxide undergoes b-
elimination to give ruthenium hydride, which is an active species
in this reaction [72–75]. As seen in Table 3, increasing the sub-
strate-to-catalyst ratio does not cause a decrease in the conversion
of the product in most cases. For instance, transfer hydrogenation
of acetophenone could be achieved with 98% yield even when the
substrate concentration was reduced from 0.1 to 0.05 or 0.01 M
and the substrate-to-catalyst ratio reached 1000:1 at reflux temper-
ature of the solvent, though with an increase in the reaction time
(Table 3).When the reaction carried out with a substrate-to-catalyst
ratio of 100:1 at reflux temperature, a smooth reduction of aceto-
phenone into 1-phenylethanol occurred, with a conversion of up
to 98% after 10 min for the reaction conducted with 5 and 7, and
30 min for those with 4 and 6. As seen in Table 3, a typical reduction
reaction of acetophenone indicates that the reaction rate is indepen-
dent of the type of arene moiety (benzene or p-cymene) bound to the
metal center, despite its dependence on the alkyl substituents on the
phosphorus atom. The results of the optimization studies
demonstrate obviously that both complexes, [Ru(Cy2POC7H14N2Cl)
(g6-benzene)Cl2]Cl (5) and [Ru(Cy2POC7H14N2Cl)(g6-p-cymene)Cl2]
Cl (7), including a Cy moiety on the phosphorus atom, are active
and efficient catalysts leading to nearly quantitative conversions. In
Table 3
Transfer hydrogenation of acetophenone with 2-propanol catalyzed [Ru((Ph2PO)-
C7H14N2Cl)(g6-benzene)Cl2]Cl, (4), [Ru((Cy2PO)-C7H14N2Cl)(g6-benzene)Cl2]Cl, (5),
[Ru((Ph2PO)-C7H14N2Cl)(g6-p-cymene)Cl2]Cl, (6) and [Ru((Cy2PO)-C7H14N2Cl)(g6-p-
cymene)Cl2]Cl, (7).

Entry Catalyst S/C/KOH Time Conversion (%)f TOF (h�1)g

1 4a 100:1:5 30 min 97 194
2 4b 100:1:5 48 h <5 –
3 4c 100:1 48 h <5 –
4 4d 500:1:5 2 h 97 243
5 4e 1000:1:5 3 h 98 327

6 5a 100:1:5 10 min 98 588
7 5b 100:1:5 48 h <5 –
8 5c 100:1 48 h <5 –
9 5d 500:1:5 30 min 98 980

10 5e 1000:1:5 1 h 97 970

11 6a 100:1:5 30 min 95 190
12 6b 100:1:5 48 h <5 –
13 6c 100:1 48 h <5 –
14 6d 500:1:5 2 h 97 243
15 6e 1000:1:5 3 h 98 327

16 7a 100:1:5 10 min 97 582
17 7b 100:1:5 48 h <5 –
18 7c 100:1 48 h <5 –
19 7d 500:1:5 30 h 97 970
20 7e 1000:1:5 1 h 96 960

Reaction conditions:
a Refluxing in 2-propanol; acetophenone/Ru/KOH.
b At room temperature; acetophenone/Ru/KOH.
c Refluxing in 2-propanol; acetophenone/Ru, in the absence of base.
d Refluxing in 2-propanol; acetophenone/Ru/KOH.
e Refluxing in 2-propanol; acetophenone/Ru/KOH.
f Determined by GC (three independent catalytic experiments).
g Referred at the reaction time indicated in column; TOF= (mol product/mol

Ru(II)Cat.) � h�1.
addition, the catalytic efficiency was seen to be independent of the
type of arene moiety.

Encouraged by the activities obtained in these preliminary
studies, we next extended our investigations to include hydrogena-
tion of substituted acetophenone derivatives. The results in Table 4
indicate that a range of acetophenone derivatives can be hydroge-
nated with good conversions. The catalytic reductions of the aceto-
phenone derivatives were all carried out with the conditions
optimized for acetophenone, and complexes 4–7 showed high
activity for most of the ketones. The introduction of electron with-
drawing substituents, attached to the aryl ring of the ketone,
reduced the electron density of the C@O bond so that the activity
was improved, giving rise to easier hydrogenation [76,77]. Com-
paring the catalytic performance to analogous complexes, the ionic
liquid based Ru(II)–phosphinite complexes can possibly form a
more stable catalytic transition state [78–81]. The catalytic activity
of the complexes is higher than that recently reported for related
half-sandwich complexes [82], and references therein].

Due to these efficient findings in the transfer hydrogenation of
acetophenone derivatives, we next extended our investigations to
include hydrogenation of various simple ketones. Examination of
the catalytic activity of these complexes has shown that they are
efficient catalysts, affording almost quantitative transformation
of the ketones in short times (Table 5). For instance, hydrogena-
tions of cyclohexanone and cyclopentanone could be achieved
approximately in 20 min by [Ru(Cy2POC7H14N2Cl)(g6-ben-
zene)Cl2]Cl (5) and [Ru(Cy2POC7H14N2Cl)(g6-p-cymene)Cl2]Cl (7).
Conversion of methyl isobutyl ketone occurred in 1 h by 5 and 7,
while that of diethyl ketone occurred in 2 h by 5 and 7. The cata-
lytic activities of [Ru(Cy2POC7H14N2Cl)(g6-benzene)Cl2]Cl (5) and
[Ru(Cy2POC7H14N2Cl)(g6-p-cymene)Cl2]Cl (7) were generally
higher in the studied hydrogen transfer reactions.

We conducted further experiments to investigate the influence
of the bulkiness of alkyl groups on the catalytic activity and the
results are given in Table 6 (Entries 1–16). A variety of simple aryl
alkyl ketones were transformed to the corresponding secondary
alcohols, and it was found that the activity is highly dependent
on the steric hindrance of the alkyl group. The reactivity
gradually decreased by increasing the bulkiness of the alkyl
groups [83–86].
3. Experimental

3.1. Materials and methods

Unless otherwise stated, all reactions were carried out under an
atmosphere of argon using conventional Schlenk glass-ware, sol-
vents were dried using established procedures and distilled under
argon immediately prior to use. Analytical grade and deuterated
solvents were purchased from Merck. PPh2Cl, PCy2Cl, epichlorohy-
drin and 1-methylimidazole were purchased from Fluka and used
as received. The starting materials [Ru(g6-p-cymene)(l-Cl)Cl]2

[87,88] and [Ru(g6-benzene)(l-Cl)Cl]2 [89] were prepared accord-
ing to literature procedures. FTIR spectra were recorded on an ATR
apparatus on a Perkin Elmer Spectrum 100 Fourier Transform
spectrophotometer and thermogravimetric analysis of the cata-
lysts was carried out on a Shimadzu DSC 60A thermal analyzer
up to 800–900 �C at a heating rate of 20 �C min�1 under a nitrogen
atmosphere. 1H (400.1 MHz), 13C NMR (100.6 MHz) and 31P–{1H}
NMR (162.0 MHz) spectra were recorded on a Bruker AV400
spectrometer, with d referenced to external TMS and 85% H3PO4

respectively. Elemental analysis of carbon, hydrogen and nitrogen
was carried out on a Costech Combustion System CHNS-O
instrument. Melting points were recorded by a Gallenkamp Model
apparatus with open capillaries.



Table 5
Transfer hydrogenation of various simple ketones with 2-propanol catalyzed by [Ru((Ph2PO)-C7H14N2Cl)(g6-benzene)Cl2]Cl, (4), [Ru((Cy2PO)-C7H14N2Cl)(g6-benzene)Cl2]Cl, (5),
[Ru((Ph2PO)-C7H14N2Cl)(g6-p-cymene)Cl2]Cl (6) and [Ru((Cy2PO)-C7H14N2Cl)(g6-p-cymene)Cl2]Cl, (7).a

O O
OO

a b c d
Entry Cat. Substrate Time Conversion (%)b TOF (h�1)c

1 4 a 60 min 96 96
2 4 b 60 min 97 97
3 4 c 3 h 98 33
4 4 d 6 h 98 16
5 5 a 20 min 97 291
6 5 b 20 min 99 297
7 5 c 1 h 98 98
8 5 d 2 h 96 48
9 6 a 60 min 99 99
10 6 b 60 min 98 98
11 6 c 3 h 96 32
12 6 d 6 h 97 16
13 7 a 20 min 96 288
14 7 b 20 min 98 297
15 7 c 1 h 96 96
16 7 d 2 h 99 50

a Refluxing in 2-propanol; ketone/Ru/KOH, 100:1:5.
b Determined by GC (three independent catalytic experiments).
c Purity of compounds is checked by 1H NMR and GC (three independent catalytic experiments), yields are based on methyl aryl ketone.

Table 4
Transfer hydrogenation results for substituted acetophenones with the catalyst systems, [Ru((Ph2PO)-C7H14N2Cl)(g6-benzene)Cl2]Cl, (4), [Ru((Cy2PO)-C7H14N2Cl)
(g6-benzene)Cl2]Cl, (5), [Ru((Ph2PO)-C7H14N2Cl)(g6-p-cymene)Cl2]Cl, (6) and [Ru((Cy2PO)-C7H14N2Cl)(g6-p-cymene)Cl2]Cl, (7).a

O

+

OH

OH

+

O
Cat 4-7

R R

Entry R Time Conversion (%)b TOF(h�1)c

Cat: Ru(II) complex, 4
1 4-F 15 min 97 388
2 4-Cl 15 min 98 392
3 4-Br 30 min 95 190
4 2-MeO 1 h 97 97
5 4-MeO 45 min 96 128

Cat: Ru(II) complex, 5
6 4-F 5 min 99 1188
7 4-Cl 5 min 97 1164
8 4-Br 10 min 98 588
9 2-MeO 20 min 95 285
10 4-MeO 15 min 96 384

Cat: Ru(II) complex, 6
11 4-F 15 min 96 384
12 4-Cl 15 min 97 388
13 4-Br 30 min 97 194
14 2-MeO 1 h 98 98
15 4-MeO 45 min 96 128

Cat: Ru(II) complex, 7
16 4-F 5 min 98 1176
17 4-Cl 5 min 97 1164
18 4-Br 10 min 97 582
19 2-MeO 20 min 96 288
20 4-MeO 15 min 96 384

a Catalyst (0.005 mmol), substrate (0.5 mmol), 2-propanol (5 mL), KOH (0.025 mmol%), 82 �C, the concentration of acetophenone derivatives is 0.1 M.
b Purity of compounds is checked by 1H NMR and GC (three independent catalytic experiments), yields are based on methyl aryl ketone.
c TOF = (mol product/mol Cat.) � h�1.
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Table 6
Transfer hydrogenation results for substituted alkyl phenyl ketones with the catalyst systems [Ru((Ph2PO)-C7H14N2Cl)(g6-benzene)Cl2]Cl, (4), [Ru((Cy2PO)-C7H14N2Cl)
(g6-benzene)Cl2]Cl, (5), [Ru((Ph2PO)-C7H14N2Cl)(g6-p-cymene)Cl2]Cl, (6) and [Ru((Cy2PO)-C7H14N2Cl)(g6-p-cymene)Cl2]Cl, (7).a

R

O

+

OH
R

OH

+

O
Cat 4-7

Entry R Time Conversion (%)b TOF(h�1)c

Cat: Ru(II) complex, 4
1 ethyl 40 min 97 146
2 propyl 60 min 98 98
3 iso-propyl 2 h 95 48
4 ter-butyl 3 h 98 33

Cat: Ru(II) complex, 5
5 ethyl 15 min 95 380
6 propyl 20 min 97 291
7 iso-propyl 40 min 98 147
8 ter-butyl 1 h 96 96

Cat: Ru(II) complex, 6
9 ethyl 40 min 96 144
10 propyl 60 min 98 98
11 iso-propyl 2 h 98 49
12 ter-butyl 3 h 99 33
Cat: Ru(II) complex, 7
13 ethyl 15 min 98 392
14 propyl 20 min 97 291
15 iso-propyl 40 min 96 144
16 ter-butyl 1 h 95 95

a Catalyst (0.005 mmol), substrate (0.5 mmol), 2-propanol (5 mL), KOH (0.025 mmol%), 82 �C, respectively, the concentration of alkyl phenyl ketones is 0.1 M.
b Purity of compounds is checked by 1H NMR and GC (three independent catalytic experiments), yields are based on methyl aryl ketone.
c TOF = (mol product/mol Cat.) � h�1.
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3.2. Transfer hydrogenation of ketones

Typical procedure for the catalytic hydrogen transfer reaction: a
solution of the complexes [Ru((Ph2PO)-C7H14N2Cl)(g6-arene)Cl2]Cl
and [Ru((Ph2PO)-C7H14N2Cl)(g6-arene)Cl2]Cl {arene: benzene 4, 5;
p-cymene 6, 7} (0.005 mmol), KOH (0.025 mmol) and the corre-
sponding ketone (0.5 mmol) in degassed 2-propanol (5 mL) was
refluxed until the reactions were completed. Then, a sample of
the reaction mixture was taken off, diluted with acetone and ana-
lyzed immediately by GC. The conversions are related to the resid-
ual unreacted ketone. GC analyses were performed a Shimadzu
2010 Plus Gas Chromatograph equipped with a capillary column
(5% biphenyl, 95% dimethylsiloxane) (30 m � 0.32 mm � 0.25 lm).
The GC parameters for transfer hydrogenation of the ketones were
as follows: initial temperature, 50 �C; initial time, hold min 1 min;
solvent delay, 4.48 min; temperature ramp 15 �C/min; final tem-
perature, 270 �C, hold min 5 min; final time, 20.67 min; injector
port temperature, 200 �C; detector temperature, 200 �C, injection
volume, 2.0 lL.

3.3. Synthesis of the new compounds

3.3.1. Synthesis of 1-chloro-3-(3-methylimidazolidin-1-yl)propan-2-ol
chloride [C7H15N2OCl]Cl (1)

To a stirred solution of 1-methylimidazole (20.733 g,
250 mmol) in ethanol (40 mL) at room temperature was carefully
added concentrated hydrochloric acid (20.95 mL, 255 mmol). Cau-
tion: neutralization of a base with a strong acid is highly exothermic.
After addition of acid, the reaction mixture was cooled to room
temperature and epichlorohydrin (24.057 g, 260 mmol) was added
dropwise with stirring, while maintaining the temperature at
25 �C. The reaction vessel was then sealed and stirred at room tem-
perature for approximately 30 h. The solvent was removed under
reduced pressure on heating at 70 �C, followed by heating under
high vacuum, to yield a liquid that became more viscous upon
extensive drying, and this was was recrystallized from ethylacetate
at 0 �C. The precipitated product was filtered and dried in vacuo
yielding 1 as an off-white solid. Yield: 52.52 g, 98.1%; M.p.:
94–95 �C; 1H NMR (400.1 MHz, DMSO-d6, ppm) d: 9.26 (s, 1H,
(CH3)NCHN–), 7.78 and 7.76 (2xs, 2H, –NCHCHN–), 6.19 (d, 1H,
3J = 5.0 Hz, –CHOH), 4.42 (m, 1H, NCH2, (a)), 4.19 (m, 1H, NCH2,
(b)), 4.05 (br, 1H, –CHOH), 3.88 (s, 3H, CH3N), 3.65 (d, 2H,
3J = 3.6 Hz, –CH2Cl); 13C NMR (100.6 MHz, DMSO-d6, ppm) d:
36.20 (NCH3), 46.94 (–CH2Cl), 52.45 (NCH2), 69.07 (–CHOH),
123.47, 123.70 (–NCHCHN–), 137.62 ((CH3)NCHN–); assignment
was based on the 1H–13C HETCOR, DEPT and 1H–1H COSY spectra;
IR, (KBr, cm�1) m: 3357 (O-H), 3170, 3089 (aromatic C–H), 2985,
2856 (aliphatic C–H), 1575 (C@N), 1176 (C–N); Anal. for C7H15N2

OCl2 (214.11 g/mol): Calc. C, 39.27; H, 7.06; N, 13.08. Found: C,
39.18; H, 6.99; N, 13.00%.

3.3.2. Synthesis of [(Ph2PO)–C7H14N2Cl]Cl (2)
A dry and degassed CH2Cl2 (20 ml) solution of 1-chloro-3-(3-

methylimidazolidin-1-yl)propan-2-ol chloride (1) (0.100 g,
0.47 mmol) under an argon atmosphere was cooled to �78 �C in
an acetone and dry ice bath. To the cooled solution was added
dropwise a hexane solution of n-BuLi (0.293 ml, 0.47 mmol). After
the addition, the mixture was stirred at �78 �C for 1 h and then for
another 30 min at room temperature. The reaction solution was
cooled to �78 �C again and a solution of diphenylchlorophosphine
(0.105 g, 0.47 mmol) in CH2Cl2 (10 ml) was added dropwise to the
reaction medium. Stirring was continued for a further 1 h at
�78 �C, then the cooling bath was removed and the mixture was
stirred for another 1 h at room temperature. Precipitated lithium
chloride was removed by filtration under argon and then the vola-
tiles were evaporated in vacuo to leave a viscous oil of the phosph-
inite ligand 2. Yield 0.180 g, 96.8%; 1H NMR (400.1 MHz, CDCl3,
ppm) d: 10.14 (s, 1H, –(CH3)NCHN–), 7.13–7.78 (m, 12H,
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P(C6H5)2 + –NCHCHN–), 4.94 (m, 1H, NCH2, (a)), 4.71 (br, 1H,
–CHOP), 4.57 (m, 1H, NCH2, (b)), 3.91 (m, 1H, –CH2Cl, (a)), 3.85
(m, 1H, –CH2Cl, (b)), 3.80 (s, 3H, NCH3); 13C NMR (100.6 MHz,
CDCl3, ppm) d: 36.55 (NCH3), 45.14 (–CH2Cl), 52.52 (NCH2), 78.45
(d, 2J = 23.1 Hz, (–CHOP), 122.59, 122.90 (–NCHCHN–), 129.53 (d,
3J31P–13C = 10.1 Hz, m-P(C6H5)2), 131.41 (p-P(C6H5)2), 135.26 (d,
2J31P–13C = 19.6 Hz, o-P(C6H5)2)), 138.17 ((CH3)NCHN–), 140.65 (d,
1J31P–13C = 47.8 Hz, i-P(C6H5)2); assignment was based on the
1H–13C HETCOR, DEPT and 1H–1H COSY spectra; 31P–{1H} NMR
(162.0 MHz, CDCl3, ppm) d: 118.46 (s, OPPh2); IR, (KBr, cm�1) m:
3053 (aromatic C–H), 1434 (P–Ph), 1060 (O–P); Anal. Calc. for C19-

H24N2OCl2P (398.29 g/mol): C, 57.30; H, 6.07; N, 7.03. Found: C,
57.18; H, 6.00; N, 6.96%.

3.3.3. Synthesis of [(Cy2PO)–C7H14N2Cl]Cl (3)
A dry and degassed CH2Cl2 (20 ml) solution of 1-chloro-3-(3-

methylimidazolidin-1-yl)propan-2-ol chloride (1) (0.100 g,
0.47 mmol) under an argon atmosphere was cooled to �78 �C in
an acetone and dry ice bath. To the cooled solution was added drop-
wise a hexane solution of n-BuLi (0.293 ml, 0.47 mmol). After the
addition, the mixture was stirred at �78 �C for 1 h and then for an
additional 30 min at room temperature. The reaction solution was
cooled to �78 �C again and a solution of dicyclohexylchlorophos-
phine (0.112 g, 0.47 mmol) in CH2Cl2 (10 ml) was added dropwise
to the reaction medium. Stirring was continued for a further 1 h at
�78 �C, then the cooling bath was removed and the mixture was stir-
red for 3 h at room temperature. Precipitated lithium chloride was
removed by filtration under argon and then the volatiles were evap-
orated in vacuo to leave a viscous oil of the phosphinite ligand, 3.
Yield 0.183 g, 95.5%; 1H NMR (400.1 MHz, CDCl3, ppm) d: 10.48 (s,
1H, –(CH3)NCHN–), 7.64, 7.45 (2xs, 2H, –NCHCHN–), 4.84 (m, 1H,
NCH2, (a)), 4.53 (m, 1H, NCH2, (b)), 4.16 (br, 1H, –CHOP), 4.10 (s,
3H, NCH3), 3.83 (m, 1H, –CH2Cl, (a)), 3.68 (m, 1H, –CH2Cl, (b)),
1.00–1.95 (m, 22H, protons of P(C6H11)2; 13C NMR (100.6 MHz,
CDCl3, ppm) d: 26.20, 26.27, 26.64, 26.85, 26.98, 27.21 (CH2 of
P(C6H11)2), 36.77 (NCH3), 37.20 (d, 1J = 15.1 Hz, CH of P(C6H11)2),
44.05 (–CH2Cl), 52.34 (NCH2), 77.32 (d, 2J = 22.7 Hz, –CHOP),
123.05, 123.43 (–NCHCHN–), 138.67 (–(CH3)NCHN–); assignment
was based on the 1H–13C HETCOR, DEPT and 1H–1H COSY spectra;
31P–{1H} NMR (162.0 MHz, CDCl3, ppm) d: 148.76 (s, OPCy2); IR,
(KBr, cm�1) m: 2923, 2850 (aliphatic C–H), 1446 (P–Cy), 1059
(O–P); Anal. Calc. for C19H36N2OCl2P (410.39 g/mol): C, 55.61; H,
8.84; N, 6.83. Found: C, 55.56; H, 8.71; N, 6.70%.

3.3.4. Synthesis of [Ru((Ph2PO)–C7H14N2Cl)(g6-benzene)Cl2]Cl (4)
[Ru(g6-benzene)(l-Cl)Cl]2 (0.063 g, 0.13 mmol) and [(Ph2PO)–

C7H14N2Cl]Cl (2) (0.100 g, 0.25 mmol) were dissolved in 25 mL of
dry CH2Cl2 under an argon atmosphere and stirred for 30 min at
room temperature. The volume of the solvent was then reduced
to 0.5 mL before addition of petroleum ether (10 mL). The precipi-
tated product was filtered and dried in vacuo yielding 4 as a dark
red solid. Yield 0.150 g, 92.1%; M.p.: 159–161 �C; 1H NMR
(400.1 MHz, DMSO-d6, ppm) d: 8.95 (s, 1H, –(CH3)NCHN–), 7.44–
7.88 (m, 12H, P(C6H5)2 + –NCHCHN–), 5.55 (s, 6H, aromatic protons
of benzene), 5.11 (br, 1H, –CHOP), 4.37 (m, 2H, NCH2), 3.82 (s, 3H,
NCH3), 3.50 (br, 2H, –CH2Cl); 13C NMR (100.6 MHz, DMSO-d6, ppm)
d: 36.29 (NCH3), 44.84 (–CH2Cl), 52.56 (NCH2), 74.96 (d,
2J = 23.2 Hz, –CHOP), 88.10 (aromatic carbons of benzene),
123.54, 123.82 (–NCHCHN–), 128.76 (d, 3J31P–13C = 9.4 Hz,
m-P(C6H5)2), 132.98 (d, 4J31P–13C = 3.0 Hz, p-P(C6H5)2), 133.52 (d,
2J31P–13C = 20.1, o-P(C6H5)2)), 137.10 (–(CH3)NCHN–), 139.49 (d,
1J31P–13C = 52.3 Hz, i-P(C6H5)2); assignment was based on the
1H–13C HETCOR, DEPT and 1H–1H COSY spectra; 31P–{1H} NMR
(162.0 MHz, DMSO-d6, ppm) d: 97.68; (CDCl3, ppm) d: 127.82 (s,
Ru–OPPh2); IR, (KBr, cm�1) m: 3064 (aromatic C–H), 1435 (P–Ph),
1047 (O–P), 532 (Ru–P); Anal. Calc. for C25H30N2OCl4PRu
(648.38 g/mol): C, 46.31; H, 4.66; N, 4.32. Found: C, 46.22; H,
4.57; N, 4.27%.

3.3.5. Synthesis of [Ru((Cy2PO)–C7H14N2Cl)(g6-benzene)Cl2]Cl, (5)
[Ru(g6-p-benzene)(l-Cl)Cl]2 (0.061 g, 0.12 mmol) and [(Cy2PO)

–C7H14N2Cl]Cl (3) (0.100 g, 0.24 mmol) were dissolved in 25 mL of
dry CH2Cl2 under an argon atmosphere and stirred for 30 min at
room temperature. The volume of the solvent was then reduced
to 0.5 mL before addition of petroleum ether (10 mL). The precipi-
tated product was filtered and dried in vacuo yielding 5 as a dark
red solid. Yield 0.141 g, 87.6%; M.p.: 142–144 �C. 1H NMR
(400.1 MHz, DMSO-d6, ppm) d: 9.02 (s, 1H, –(CH3)NCHN–), 7.71,
7.54 (2xs, 2H, –NCHCHN–), 5.96 (s, 6H, aromatic protons of ben-
zene), 5.20 (br, 1H, –CHOP), 4.32 (br, 2H, NCH2), 3.82 (s, 3H,
NCH3), 3.54 (br, 2H, –CH2Cl), 2.42 (m, 2H, CH of P(C6H11)2), 1.29–
1.78 (m, 20H, CH2 of P(C6H11)2); 13C NMR (100.6 MHz, DMSO-d6,
ppm) d: 26.85, 26.94, 27.05, 28.08, 28.28, 28.56 (CH2 of
P(C6H11)2), 36.39 (NCH3), 45.75 (–CH2Cl), 46.93 (d, 1J = 28.5 Hz,
CH of P(C6H11)2), 49.98 (NCH2), 73.60 (d, 2J = 22.9 Hz, –CHOP),
88.11 (aromatic carbons of benzene), 123.06, 124.14 (–NCHCHN–),
137.59 (–(CH3)NCHN–); assignment was based on the 1H–13C HET-
COR, DEPT and 1H–1H COSY spectra; 31P–{1H} NMR (162.0 MHz,
DMSO-d6,ppm) d: 159.24; (CDCl3-d1, ppm) d: 157.21 (s, Ru–OPCy2);
IR, (KBr, cm�1) m: 2927, 2851 (aliphatic C–H), 1435 (P–Cy), 1059
(O–P), 520 (Ru–P); Anal. Calc. for C25H42N2OCl4PRu (660.48 g/
mol): C, 45.46; H, 6.41; N, 4.24. Found: C, 45.38; H, 6.30; N, 4.16%.

3.3.6. Synthesis of [Ru((Ph2PO)–C7H14N2Cl)(g6-p-cymene)Cl2]Cl (6)
[Ru(g6-p-cymene)(l-Cl)Cl]2 (0.077 g, 0.13 mmol) and [(Ph2-

PO)–C7H14N2Cl]Cl (2) (0.100 g, 0.25 mmol) were dissolved in
25 mL of dry CH2Cl2 under an argon atmosphere and stirred for
30 min at room temperature. The volume of the solvent was then
reduced to 0.5 mL before addition of petroleum ether (10 mL).
The precipitated product was filtered and dried in vacuo yielding
6 as a clear red solid. Yield 0.162 g, 91.6%; M.p.: 110–112 �C. 1H
NMR (400.1 MHz, CDCl3, ppm) d: 9.53 (s, 1H, –(CH3)NCHN–),
7.14–7.93 (m, 12H, P(C6H5)2 + –NCHCHN–), 5.43 (br, 2H, aromatic
protons of p-cymene), 5.23 (br, 2H, aromatic protons of p-cymene),
4.81 (br, 1H, –CHOP), 4.61 (br, 1H, NCH2, (a)), 4.48 (br, 1H, NCH2,
(b)), 3.94 (s, 3H, NCH3), 3.42 (br, 2H, –CH2Cl), 2.46 (m, 1H, CH of
p-cymene), 1.83 (s, 3H, CH3Ph of p-cymene), 0.99 (d, 6H,
3J = 6.8 Hz, (CH3)2CHPh of p-cymene); 13C NMR (100.6 MHz, CDCl3,
ppm) d: 17.22 (CH3Ph of p-cymene), 22.16, 22.23 ((CH3)2CHPh of
p-cymene), 30.01 (CH of p-cymene), 37.36 (NCH3), 44.57 (CH2Cl),
50.92 (NCH2), 75.11 (d, 2J = 22.9 Hz, –CHOP), 86.77 (d, 2J31P–13C =
5.0 Hz, aromatic carbons of p-cymene), 88.89 (d, 2J31P–13C =
7.0 Hz, aromatic carbons of p-cymene), 89.35 (d, 2J31P–13C = 4.0
Hz, aromatic carbons of p-cymene), 92.56 (d, 2J31P–13C = 6.0 Hz, aro-
matic carbons of p-cymene), 96.31, 111.15 (quaternary carbons of
p-cymene), 122.60, 123.17 (–NCHCHN–), 128.34 (d, 3J31P–13C =
10.1 Hz, m-P(C6H5)2)), 131.91 (d, 4J31P–13C = 6.1 Hz, p-P(C6H5)2),
133.84 (d, 2J31P–13C = 12.6 Hz, o-P(C6H5)2), 137.87 (d, 1J31P–13C =
52.3 Hz, i-P(C6H5)2), 139.70 (–(CH3)NCHN–); assignment was
based on the 1H–13C HETCOR, DEPT and 1H–1H COSY spectra;
31P–{1H} NMR (162.0 MHz, CDCl3, ppm) d: 124.23 (s, Ru–OPPh2);
IR, (KBr, cm�1) m: 3053 (aromatic C–H), 1435 (P–Ph), 1047 (O–P),
532 (Ru–P); Anal. Calc. for C29H38N2OCl4PRu (704.49 g/mol): C,
49.44; H, 5.44; N, 3.98. Found: C, 49.34; H, 5.32; N, 3.89%.

3.3.7. Synthesis of [Ru((Cy2PO)–C7H14N2Cl)(g6-p-cymene)Cl2]Cl (7)
[Ru(g6-p-cymene)(l-Cl)Cl]2 (0.075 g, 0.12 mmol) and [(Cy2

PO)–C7H14N2Cl]Cl (3) (0.100 g, 0.24 mmol) were dissolved in
25 mL of dry CH2Cl2 under an argon atmosphere and stirred for
30 min at room temperature. The volume of the solvent was then
reduced to 0.5 mL before addition of petroleum ether (10 mL).
The precipitated product was filtered and dried in vacuo yielding
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7 as a clear red solid. Yield 0.163 g, 93.3%; M.p.: 106–108 �C. 1H
NMR (400.1 MHz, CDCl3, ppm) d: 9.81 (s, 1H, –(CH3)NCHN–),
7.66, 7.08 (2xs, 2H, –NCHCHN–), 5.64 (d, 2H, 3J = 3.8 Hz, aromatic
protons of p-cymene), 5.61 (d, 2H, 3J = 3.8 Hz, aromatic protons of
p-cymene), 5.35 (m, 1H, –CHOP), 4.72 (m, 1H, NCH2, (a)), 4.43
(m, 1H, NCH2, (b)), 4.02 (s, 3H, NCH3), 3.83 (m, 1H, –CH2Cl, (a)),
3.26 (m, 1H, –CH2Cl, (b)), 2.81 (m, 1H, –CH of p-cymene), 2.12 (s,
3H, CH3Ph of p-cymene), 1.28–1.36 (m, 22H, P(C6H11)2), 0.87 (d,
6H, 3J = 6.5 Hz, (CH3)2CHPh of p-cymene); 13C NMR (100.6 MHz,
CDCl3, ppm) d: 18.77 (CH3Ph of p-cymene), 22.33, 22.48 ((CH3)2

CHPh of p-cymene), 26.25, 26.94, 27.21, 27.85, 28.48, 29.06 (CH2

of P(C6H11)2), 30.83 (CH of p-cymene), 37.38 (NCH3), 46.06
(–CH2Cl), 46.35 (d, 1J = 29.7 Hz, CH of P(C6H11)2), 49.79 (NCH2),
74.50 (d, 2J = 24.2 Hz, –CHOP), 84.86, 90.33 (aromatic carbons of
p-cymene), 96.28, 110.99 (quaternary carbons of p-cymene),
122.40, 122.42 (–NCHCHN–), 139.09 (–(CH3)NCHN–); assignment
was based on the 1H–13C HETCOR, DEPT and 1H–1H COSY spectra;
31P–{1H} NMR (162.0 MHz, CDCl3, ppm) d: 154.25 (s, Ru–OPCy2);
IR, (KBr, cm�1) m: 2926, 2852 (aliphatic C–H), 1446 (P–Cy), 1057
(O–P), 528 (Ru–P); Anal. Calc. for C29H50N2OCl4PRu (716.58 g/
mol): C, 48.61; H, 7.03; N, 3.91. Found: C, 48.53; H, 6.92; N, 3.83%.
3.4. X-ray diffraction structure analysis

The single crystal data of 1-chloro-3-(3-methylimidazolidin-1-
yl)propan-2-ol chloride (1) were collected using a BRUKER APEX
II CCD detector with graphite crystal monochromated Mo Ka radi-
ation from a K780 X-ray generator applying 50 kV and 40 mA. The
structure was solved by direct methods using SHELXS-97 and refined
against F2 by full matrix least-squares using SHELXL-97 [90]. The
X-ray diffraction study of the crystal reveals that it belongs to
monoclinic system with space group P2(1). The dimensions of
the unit cell can be denoted as 4.90220 Å for (a), 14.1086 Å for
(b), 7.29760 Å for (c). Hydrogen atoms attached to carbon were
placed in calculated positions. Anisotropic displacement parame-
ters, which were applied to all non-hydrogen atoms, were refined.
The crystal data of the structure are given in Table 1. The molecular
drawings of 1 were obtained with Mercury 3.0. The acquired
results of the X-ray structure determination are presented in
Tables 1 and 2 and Figs. 1 and 2.
4. Conclusion and perspectives

In this work, the preparation of four new Ru(II)–arene com-
plexes based on ionic liquid phosphinite ligands is reported for
the first time. These complexes have also exhibited promising cat-
alytic activity in the transfer hydrogenation reaction of ketones in
2-propanol. Furthermore, the influences of arene rings and alkyl
groups on the phosphorus atom in the catalytic transfer hydroge-
nation of aromatic ketones were also examined, and it was seen
that the catalytic activities depend on the groups (phenyl and
cyclohexyl) on the phosphorus atom, while they are independent
on the arene moieties bound to metal center. Further studies of
other transition metal complexes of this ligand are in progress
and will be reported in due course.
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