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The reaction of enantiopure (R)-(2-cyclohexa-1,4-dienyl)pro-
pan-1-ol with ruthenium chloride hydrate yields, without ra-
cemisation of the chiral ligand, the chloro-bridged dinuclear
complex (S,S)-[RuCl2{C6H5[CH(CH3)CH2OH]}]2 (1). The
dimer 1 reacts with triphenylphosphane to give the mononu-
clear complex (S)-[RuCl2{C6H5[CH(CH3)CH2OH]}(PPh3)] (2).
A single-crystal X-ray structure analysis of 2 reveals the ab-
solute configuration of the asymmetric carbon atom to have
remained, the change from (R) to (S) being due to the priority
change caused by coordination; in the solid state, one-
dimensional hydrogen-bonded chains are formed between
the hydroxy functions and chloro ligands of neighbouring

molecules. The mononuclear cationic complex (S)-

Introduction
Recently, we found the water-soluble cluster cation

[H3Ru3(C6H6)(C6Me6)2(O)]� to efficiently catalyse the
hydrogenation of benzene to give cyclohexane under bi-
phasic conditions.[1,2] On the other hand, much attention
has been given to the development of chiral arene-ru-
thenium complexes for the catalytic transfer hydrogenation
of ketones[3�6] and for asymmetric Diels�Alder reac-
tions.[7] Therefore, trinuclear ruthenium cluster cations with
functional substituents at the η6-moiety could give rise to
homogeneous catalysts which display special solubility
properties or can be immobilised on resins.[8]

Herein we report the synthesis and characterisation of a
new chloro-bridged arene-ruthenium dimer, (S,S)-
[RuCl2{C6H5[CH(CH3)CH2OH]}]2 (1), in which the η6-ar-
ene ligand possesses a side-arm substituent incorporating
an asymmetric carbon. The dimeric species is used to syn-
thesise an enantiopure mononuclear complex, (S)-
[RuCl2{C6H5[CH(CH3)CH2OH]}(PPh3)] (2), as well
as an enantiopure trinuclear cluster cation, (S)-
[H3Ru3{C6H5[CH(CH3)CH2OH]}(C6Me6)2(O)]� (3). NMR
spectroscopy as well as single-crystal X-ray analyses show
that the chiral centre is stable under various reaction con-
ditions.[9]
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[Ru{C6H5[CH(CH3)CH2OH]}(H2O)3]2+, formed in situ from 1
in aqueous solution, reacts with the dinuclear complex
[H3Ru2(C6Me6)2]+ to give a chiral trinuclear arene-ruthenium
cluster, the cation (S)-[H3Ru3{C6H5[CH(CH3)CH2OH]}
(C6Me6)2(O)]+ (3). This enantiopure cation has been isolated
and characterised as its tetrafluoroborate salt. The single-
crystal X-ray structure analysis of (S)-[3][BF4] shows a strong
intramolecular hydrogen bond between the µ3-oxo cap and
the hydroxy function, which also persists in acetone solvent,
as demonstrated by NMR spectroscopy.

Results and Discussion

The reaction of (R)-(2-cyclohexa-1,4-dienyl)propan-1-ol,
accessible from the Birch reduction[10] of commercially
available (R)-(2-phenyl)propan-1-ol, with ruthenium()
chloride hydrate, in refluxing ethanol, gives the new chiral
chloro-bridged dimer (S,S)-[RuCl2{C6H5[CH(CH3)-
CH2OH]}]2 (1), which can be isolated quantitatively as an
orange powder (Scheme 1). From enantiopure (2-cyclo-
hexa-1,4-dienyl)propan-1-ol only the (S,S)-isomer is
formed. There is no change in the absolute configuration of
the asymmetric carbon atom, the change from (R) to (S) in
the denomination is only due to the change in the priority
(Cahn�Ingold�Prelog rules) by the coordination of the
phenyl group to a ruthenium atom.

Scheme 1

Despite the strong acidic conditions during the dehydro-
genation reaction, there is no evidence for racemisation of
the (R)-(2-phenyl)propanol ligands. The 1H and 13C{1H}
NMR spectra of 1 show only one set of signals, the 13C{1H}
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Figure 1. 13C{1H} NMR spectrum of 1 in [D6]DMSO (400 MHz)

NMR spectrum in [D6]DMSO is presented in Figure 1. Ex-
cept for the distinction between the two carbons at the ortho
positions as well as the two carbons at the meta positions
of the η6-arene moiety, all diastereotopic carbons can be
assigned unambiguously.

Cleavage of the chloro bridges of the dinuclear complex
1 with two equivalents of triphenylphosphane in CH2Cl2
gives the mononuclear complex (S)-[RuCl2{C6H5-
[CH(CH3)CH2OH]}(PPh3)] (2) in good yield (Scheme 2).
The formation of 2 is conveniently monitored by 31P{1H}
NMR spectroscopy, the 31P{1H} NMR signal being shifted

Figure 2. ORTEP view of 2; displacement ellipsoids are drawn at the 50% probability level; hydrogen atoms and chloroform molecule
are omitted for clarity; selected bond lengths (Å) and angles (°): Ru(1)�P(1) 2.3530(10), Ru(1)�Cl(1) 2.4134(9), Ru(1)�Cl(2) 2.3995(10),
Ru(1)�C(1) 2.274(4), Ru(1)�C(2) 2.187(4), Ru(1)�C(3) 2.205(4), Ru(1)�C(4) 2.195(4), Ru(1)�C(5) 2.187(4), Ru(1)�C(6) 2.244(3);
P(1)�Ru(1)�Cl(1) 91.81(3), P(1)�Ru(1)�Cl(2) 86.34(4), Cl(1)�Ru(1)�Cl(2) 86.62(4)

Scheme 2

downfield by 33.2 ppm (as compared to uncoordinated tri-
phenylphosphane).

The orange air-stable compound was crystallised from a
slow diffusion of hexane into a chloroform solution con-
taining 2. A single-crystal X-ray analysis was performed,
confirming the molecular structure of 2 (Figure 2).

The ruthenium atom possesses a pseudo-octahedral ge-
ometry, and the metrical parameters around the metallic
core compare well with those of similar three-legged piano-
stool [RuCl2(η6-arene)(PPh3)] complexes.[11�14] A distor-
tion at the arene ligand is present, the Ru�C bond length
trans to the phosphorous atom, Ru(1)�C(1) 2.274(4) Å, is
elongated as compared to the other Ru�C bonds [ranging
between 2.187(4) and 2.244(3) Å]. In the solid state, a series
of hydrogen bonds between hydroxy functions and chloride
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Figure 3. One-dimensional hydrogen bonded chains in the crystal-
line form of 2

ligands of neighbouring molecules forms one dimensional
chains through the crystal (Figure 3).

In aqueous solution, the dinuclear complex 1 forms the
mononuclear complex [Ru{C6H5[CH(CH3)CH2OH]}
(H2O)3]2�, an analogue of the known cation
[(C6H6)Ru(H2O)3]2�,[15] which reacts in situ with the di-
nuclear complex [H3Ru2(C6Me6)2]� [16,17] to give the chiral
cluster cation (S)-[H3Ru3{C6H5[CH(CH3)CH2OH]}
(C6Me6)2(O)]� (3; Scheme 3).

Scheme 3

The enantiopure cation (S)-[3] has been isolated and
characterised as its tetrafluoroborate salt. Whereas the
known trinuclear ruthenium cluster cation analogues
[H3Ru3(η6-arene)(η6-arene’)2(O)]� [1,14,18,19] give rise to two
hydride signals, a triplet and a doublet integrating for one
and two protons, respectively, in the 1H NMR spectra. The

three hydrido ligands in 3 are all inequivalent and give rise
to three independent signals. The 1H NMR spectrum of 3
in [D6]acetone shows three multiplets at high field centered
at δ � �19.86, �19.43 and �19.23 ppm, due to the pres-
ence of the asymmetric α-carbon on the side arm. In order
to ascertain the retention of the chirality during the syn-
thesis of 3, a single crystal structure analysis of [3][BF4]
was performed.

Figure 4. ORTEP view of [3]�; displacement ellipsoids are drawn
at the 35% probability level, hydrogen atoms, solvent, and the anion
are omitted for clarity; selected bond lengths (Å) and angles (°):
Ru(1)�Ru(2) 2.751(3), Ru(1)�Ru(3) 2.749(3), Ru(2)�Ru(3)
2.785(2), Ru(1)�O(1) 2.058(16), Ru(2)�O(1) 1.935(18),
Ru(3)�O(1) 1.971(16); Ru(1)�Ru(2)�Ru(3) 59.54(7),
Ru(2)�Ru(3)�Ru(1) 59.62(7), Ru(3)�Ru(1)�Ru(2) 60.84(6),
Ru(1)�O(1)�Ru(2) 87.0(6), Ru(1)�O(1)�Ru(3) 86.0(6),
Ru(2)�O(1)�Ru(3) 90.9(5)

Poor quality crystals of [3][BF4] were obtained by slow
diffusion of benzene into an acetone solution of the salt.
The asymmetric unit comprises two independent molecules
of 3, two BF4 anions, and half a molecule of a disordered
benzene. Only one molecule of 3 is shown in Figure 4. The
two independent molecules show identical symmetrical
data.

The metal core consists of three ruthenium atoms, the
three Ru�Ru distances being in accordance with a metal-
metal single bond. The three ruthenium atoms are capped
by a µ3-oxo ligand which is almost symmetrically coordi-
nated. As shown by its molecular structure, the presence of
the CH(CH3)CH2OH side-arm allows 3 to form a strong
intramolecular hydrogen bond with the µ3-oxo cap. The dis-
tances between the two oxygen atoms involved in the intra-
molecular hydrogen bonds are 2.69(3) Å for molecule 1 and
2.66(2) Å for molecule 2.

The strong intramolecular hydrogen bond in 3, found in
the solid state, seems to persist also in acetone solution. The
1H NMR spectrum of 3 in [D6]acetone shows a well defined
doublet of doublets centered at δ � 6.67 ppm attributed to
the proton of the OH group coupled to the two dia-
stereotopic protons of the neighbouring CH2 group.
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Conclusion

The chiral chloro-bridged η6-(S)-(2-phenyl)propan-1-ol
ruthenium complex (S,S)-1 can be synthesised by dehydro-
genation of (R)-(2-cyclohexa-1,4-dienyl)propan-1-ol with-
out racemisation. Cleavage of the chloro bridges with tri-
phenylphosphane gives the enantiopure mononuclear com-
plex (S)-2 in good yield. The first water-soluble trinuclear
arene-ruthenium cluster cation containing an asymmetric
carbon atom tethered to an arene ligand was isolated as the
tetrafluoroborate salt (S)-[3][BF4]. NMR spectroscopy and
X-ray analyses show that no racemisation is observed dur-
ing the different steps of synthesis. The absolute configura-
tion at the asymmetric α-carbon remains unchanged under
the different reaction conditions: acidic conditions during
the dehydrogenation to form 1, basic conditions during the
cleavage of the chloro bridges of 2 with triphenylphosphane,
and aqueous conditions during the formation of 3.

Experimental Section

General Remarks: All manipulations were carried out by routine
methods under a nitrogen atmosphere. De-ionised water and or-
ganic solvents were degassed and saturated with nitrogen prior to
use. NMR spectra were recorded using a Varian Gemini 200 BB
spectrometer and a Bruker 400 MHz spectrometer. Microanalyses
were carried out by the Laboratory of Pharmaceutical Chemistry,
University of Geneva (Switzerland). Electro-spray mass spectra
were obtained in positive-ion mode with an LCQ Finnigan mass
spectrometer. The starting dinuclear dichloro complex
[RuCl2(C6Me6)]2 was prepared according to known literature meth-
ods.[20] (R)-(2-Cyclohexa-1,4-dienyl)propan-1-ol was synthesised by
sodium reduction of (R)-(2-phenyl)propan-1-ol in liquid am-
monia.[21]

Complex 1: (R)-(2-Cyclohexa-1,4-dienyl)propan-1-ol (2.5 g,
18.1 mmol) was added to a solution of ruthenium trichloride hy-
drate (1.0 g, 3.8 mmol) in ethanol (70 mL), and the mixture was
refluxed overnight. After cooling to room temperature, half of the
solvent was evaporated. The orange precipitate was filtered, washed
with diethyl ether, and dried under vacuum to give pure
[RuCl2{C6H5[CH(CH3)CH2OH]}]2. Yield: 1.90 g (81%). 1H NMR
(400 MHz, [D6]DMSO): δ � 1.17 (d, 3J � 6.92 Hz, 6 H, CH3), 2.73
[m, 2 H, CH(CH3)CH2OH], 3.44 [dd, 2J � 10.63, 3J � 6.01 Hz, 2
H, CH(CH3)CH2OH], 3.55 [dd, 2J � 10.63 Hz, 3J � 5.38 Hz, 2 H,
CH(CH3)CH2OH], 4.06 [br., 2 H, CH(CH3)CH2OH], 5.75 (m, 6
H, Harom), 5.87 (m, 4 H, Harom) ppm. 13C{1H} (100 MHz,
[D6]DMSO): δ � 15.24 (CH3), 39.37 [CH(CH3)CH2OH], 66.43
[CH(CH3)CH2OH], 85.67, 85.90, 87.06, 87.75, 88.40, 108.63
(Carom) ppm. MS (ESI, positive mode, dmso): m/z � 580.5 [M �

Cl]� C18H24Cl4O2Ru2 (616.3): calcd. C 35.08, H 3.92; found C
34.96, H 4.01.

Complex 2: Two equivalents of triphenylphosphane (170 mg,
0.6 mmol) was added to a suspension of 1 (200 mg, 0.3 mmol) in
30 mL of CH2Cl2. The mixture was stirred at room temperature
during 2 hours and then filtered through celite to eliminate insol-
uble degradation materials. The product was purified on a silica gel
column, eluting CH2Cl2/acetone (10:2) to give 2 as an orange-
brown powder. Yield: 295 mg (80%). Orange crystals suitable for
X-ray analysis were obtained by recrystallisation from CHCl3/n-

hexane. 1H NMR (400 MHz, CDCl3): δ � 1.39 (d, 3J � 5.98 Hz,
3 H, CH3), 2.36 [m, 1 H, CH(CH3)CH2OH], 3.19 [br., 1 H,
CH(CH3)CH2OH], 3.99 [m, 1 H, CH(CH3)CH2OH], 4.14 [m, 1 H,
CH(CH3)CH2OH], 4.74 to 4.89 (m, 3 H, Ru-C6H5), 5.70 to 5.86
(m, 2 H, Ru-C6H5), 7.42 (m, 9 H, P-C6H5), 7.76 (m, 6 H, P-C6H5)
ppm. 13C{1H} (50 MHz, CDCl3): δ � 17.49 (CH3), 39.06
[CH(CH3)CH2OH], 66.51 [CH(CH3)CH2OH], 84.10, 84.19, 84.37,
91.78, 92.99, 113.51 (Ru-C6H5), 128.48, 130.79, 133.54, 134.45 (P-
C6H5) ppm. 31P{1H} (80 MHz, CDCl3): δ � 28.93 ppm. MS (ESI,
positive mode, CH3OH): m/z � 535 [M � Cl]�. C27H27Cl2OPRu
(570.5): calcd. C 56.85, H 4.77; found C 57.02, H 4.71.

Complex 3: A mixture of [RuCl2(C6Me6)]2 (400 mg, 0.6 mmol) and
Ag2SO4 (376 mg, 1.2 mmol) in water (40 mL) was stirred in the
dark for 1 h. During this period the mixture was treated several
times with ultrasound, until the orange solid was completely dis-
solved. The white precipitate (AgCl) was removed by filtration from
the yellow solution containing [Ru(C6Me6)(H2O)3]2�. An aqueous
solution containing NaBH4 (100 mg, 2.6 mmol, 10 mL H2O) was
then added dropwise to this yellow solution. The solution turned
dark-red due to the formation of [Ru2(C6Me6)2(µ2-H)3]�. After fil-
tration, solid [RuCl2{C6H5[CH(CH3)CH2OH]}]2 (345 mg,
0.56 mmol) was added. The mixture was heated to 60 °C for 50
hours in a closed pressure Schlenk tube. The resulting red solution
was filtered, and a large excess of NaBF4 was added to precipitate
[2][BF4]. The precipitate was centrifuged, dissolved in CH2Cl2, fil-
tered through celite to eliminate excess NaBF4 and purified on sil-
ica-gel plates (eluent: CH2Cl2/acetone 2:1). Yield: 210 mg (40%).
1H NMR (400 MHz, [D6]acetone): δ � �19.86 (m, 1 H, hydride),
�19.43 (m, 1 H, hydride), �19.23 (m, 1 H, hydride), 1.21 [d, 3J �

7.03 Hz, 3 H, CH(CH3)CH2OH], 2.49 [m, 1 H, CH(CH3)CH2OH],
2.77 [s, 18 H, C6(CH3)6], 2.78 [s, 18 H, C6(CH3)6], 3.63 [m, 1 H,
CH(CH3)CH2OH], 3.90 [m, 1 H, CH(CH3)CH2OH], 5.39 (m, 2 H,
Harom), 5.56 (m, 1 H, Harom), 6.01 (m, 1 H, Harom), 6.10 (m, 1 H,
Harom), 6.67 [dd, 3J � 3.63, 3J � 11.09 Hz, 1 H, CH(CH3)CH2OH]
ppm. 13C{1H} (100 MHz, [D6]acetone): δ � 17.46
[CH(CH3)CH2OH], 17.51 [C6(CH3)6], 42.07 [CH(CH3)CH2OH],
66.77 [CH(CH3)CH2OH], 74.42, 76.72, 81.57, 84.59, 87.67, 95.29,
113.66 (Carom) ppm. MS (ESI positive mode, acetone): m/z � 783
[M � H]�. C33H51BF4O2Ru3 (869.8): calcd. C 45.57, H 5.91; found
C 45.41, H 6.07.

X-ray Crystallographic Study
X-ray Data for (S)-[2]·CHCl3: C28H28Cl5OPRu, M � 689.79
gmol�1, monoclinic, P21 (no. 4), a � 9.6386(9), b � 13.5325(11),
c � 11.4019(12) Å, β � 105.096(11)°, U � 1435.9(2) Å3, T �

153 K, Z � 2, µ(Mo-Kα) � 1.088 mm�1, 10215 reflections meas-
ured, 4654 unique (Rint � 0.0317) which were used in all calcu-
lations. The final wR2 (F2) was 0.0620 (all data).
X-ray Data for (S)-[3][BF4]·C6H6: C72H108B2F8O4Ru6, M �

1817.62 gmol�1, monoclinic, P21 (no. 4), a � 8.8158(9), b �

20.2561(14), c � 23.352(2) Å, β � 91.870(12)°, U � 4167.6(7) Å3,
T � 153 K, Z � 2, µ(Mo-Kα) � 1.118 mm�1, 15789 reflections
measured, 13603 unique (Rint � 0.0920) which were used in all
calculations. The final wR2 (F2) was 0.3828 (all data).
The data were measured using a Stoe Image Plate Diffraction sys-
tem equipped with a ϕ circle, using Mo-Kα graphite monochrom-
ated radiation (λ � 0.71073 Å) with ϕ range 0�200°, increment
of respectively 1.6 and 1.0°, 2θ range from 2.0�26°, Dmax-Dmin �

12.45�0.81 Å. The structures were solved by direct methods using
the program SHELXS-97.[22] The refinement and all further calcu-
lations were carried out using SHELXL-97.[23] The H-atoms were
included in calculated positions and treated as riding atoms using
the SHELXL default parameters. The non-H atoms were refined
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anisotropically, using weighted full-matrix least-square on F2. Fig-
ure 2 and 4 were drawn with ORTEP [24] and Figure 3 with POV-
Ray.[25]

CCDC-213712 (2) and -213713 (S)-3[BF4] contain the supplemen-
tary crystallographic data for this paper. These data can be ob-
tained free of charge at www.ccdc.cam.ac.uk/conts/retrieving.html
[or from the Cambridge Crystallographic Data Centre, 12, Union
Road, Cambridge CB2 1EZ, UK; Fax: (internat.) �44-1223/336-
033; E-mail: deposit@ccdc.cam.ac.uk].
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