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Four new chiral ruthenium carbonyl cluster complexes Ru3(l-H)2(CO)9(L-2H) (1), Ru3(l-H)2(CO)7-
(L-2H)(dppm) (2), Ru3(l-H)2(CO)7(L-2H)(PPh3)2 (3), Ru3(l-H)2(CO)7(L-2H)(dppe) (4) containing a
dehydrogenated form (L-2H) of 3,4,6-tri-O-benzyl-D-galactal (L) as a chiral ligand have been prepared
and characterized. The anticancer activity of five compounds 1–4 and Ru3(l-H)2(CO)9(L-2H) 5 (L = triben-
zyl glucal) against six types of human cancer cell lines was studied and compared to cisplatin. Compound
1 was chosen to produce more detailed growth curves based on overall highest activity profile. The struc-
ture of compound 2 was established by a single-crystal X-ray diffraction analysis. The structure based on
triangular metal framework contains a bridging dehydrogenated tribenzyl galactal ligand bonded in a
parallel l3-g2-bonding mode and a bridging dppm ligand. Variable-temperature NMR studies show that
the two hydride ligands in compounds 1 and 2 are dynamically active on the NMR time scale at room
temperature.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

Cisplatin [1a] and Taxol [1b] are widely used anticancer drugs
in the treatment of various cancer types. Cisplatin and Taxol exhi-
bit a high general toxicity leading to undesirable side effects, and
are inactive against certain type of cancers. There has been great
interest in the syntheses of organometallic compounds in medicine
[2] and also in the use of intact metal carbonyl clusters in catalysis
[3]. Rosenberg and coworkers have studied the interactions of ben-
zoheterocycle triosmium carbonyl clusters with DNA [4]. Synthesis
and biochemical assay of ferrocenyl and triosmium carbonyl clus-
ter derivatives of tamoxifen increases lipophilicity dramatically
and reduces affinity for the estrogen receptor [5]. Meggers and
his coworkers have shown the feasibility of organometallic ruthe-
nium-based protein kinase inhibitors, using chiral ruthenium moi-
eties surrounded by stable inert ligands as a spatial replacement
for the carbohydrate moiety that is difficult to synthesize [6]. Car-
bohydrates have been shown to play a central role in a variety of
significant biological events, including inflammation, metastases,
immune response, and bacterial and viral infection [7]. Inhibitors
of glycosidase are regarded as potential antiviral, antibacterial,
antitumor, and immunomodulatory agents [8]. The synthesis of
All rights reserved.

eddy).
ruthenium carbonyl clusters containing 3,4,6-tri-O-benzyl-D-glucal
(tribenzyl glucal) as a chiral carbohydrate ligand has been a
major focus of attention in our laboratories [9]. The anticancer
activity of the ruthenium carbonyl cluster complexes containing
tribenzyl glucal ligand has prompted us to investigate the
chemistry of ruthenium carbonyl clusters containing 3,4,6-tri-O-
benzyl-D-galactal [10]. Herein we report the synthesis of ruthe-
nium carbonyl cluster complexes Ru3(l-H)2(CO)9(L-2H) (1),
Ru3(l-H)2(CO)7(L-2H)(dppm) (2), Ru3(l-H)2(CO)7(L-2H)(PPh3)2

(3), Ru3(l-H)2(CO)7(L-2H)(dppe) (4), L = 3,4,6-tri-O-benzyl-D-
galactal (L), and Ru3(l-H)2(CO)9(L-2H) (5) (L = tribenzyl glucal)
and a first assessment of their anticancer activity. The chemistry
of compound 1 is slightly different from 5, the 4-O-benzyl group
in tribenzyl galactal is in axial position as opposed to equatorial
in tribenzyl glucal. This difference is noted in the higher activity
of 1 versus 5 against several different types of human cancer cell
lines.

2. Results and discussion

Tribenzyl galactal reacts with Ru3(CO)12 in benzene at reflux
temperature to give the orange semi-solid 1 that has been charac-
terized by a combination of FT-IR and NMR spectroscopy, mass
spectrometry, and elemental analysis. The proposed structure for
1 is shown in Scheme 1. In the formation of 1 the two hydrogen
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atoms on the olefinic group of the tribenzyl galactal molecule were
cleaved from their carbon atoms to form the ligand tribenzyl galac-
tal-2H, L-2H. The two hydrogen atoms were transferred to the me-
tal atoms to become hydrido ligands. The L-2H ligand formally
contains a C–C triple bond between the two dehydrogenated car-
bon atoms. This C–C triple bond grouping is coordinated to the tri-
angular cluster of the three-ruthenium atoms. The proposed
structure is supported by an X-ray crystal structure analysis of
compound 2, a dppm-derivative of 1 that is described below. The
IR spectrum of 1 in dichloromethane exhibits stretching vibrations
in the terminal carbonyl region: 2105 (m), 2078(s), 2054(s),
2030(s), 2011(s, sh) cm�1. The stretching frequency at 3052 (m)
is due to aromatic C–H and frequencies at 2958 (w), 2858 (w)
are due to aliphatic C–H. The frequencies at 1111(m, br),
1058(m) and 1028(m) cm�1 are due to C–O stretching of benzyloxy
groups in tribenzyl galactal. 1H NMR spectrum of 1 in CD2Cl2 shows
all of the hydrogens of tribenzyl galactal in the organic region:
multiplet at d 7.41–7.23 corresponding three phenyl groups, mul-
tiplet at d = 4.92–4.48 for three methylene protons of benzyl
groups, a pseudo quartet d = 4.45 due to H-5 proton, a broad peak
at d 4.36 due to H-3 proton, a multiplet at d = 4.36 due to H-4 pro-
ton, and a broad doublet at 3.73 which is actually doublet of dou-
blet due to H-6 methylene protons and the two hydrogens each on
C-1 and C-2 carbons were found in the hydride region as a broad
resonance at d = �18.33. At room temperature these two bridging
hydride ligands rapidly exchange on the NMR time scale over all
three edges of the triruthenium skeleton producing a broad reso-
nance. The C-1 and C-2 carbons of the L-2H ligand are bonded to
two-ruthenium atoms of Ru3(CO)9 framework as in Ru3(l-
H)2(CO)9(L-2H) (5) (L = tribenzyl glucal) in l3-g2-bonding mode
[9,11]. The broad resonance at d = �18.33 in the 1H NMR spectrum
can be assigned to the two bridging hydride ligands that migrate
over all three edges of the triruthenium framework in a fluxional
process that is rapid on the NMR timescale at room temperature.
The dynamics of this process were confirmed by a variable-tem-
perature 1H NMR spectroscopy. The VT-1H NMR spectra of com-
pound 1 in CD2Cl2 are available in the Supplementary material
accompanying this report. At �80 �C, the broad resonance ob-
served at room temperature has resolved into two sharp singlets
at d = �16.24 and �20.32 that have equal intensity. The singlet at
d = �20.32 can be assigned to the bridging hydrido ligand between
the two-ruthenium atoms that are r-bonded to the L-2H ligand.
The other singlet at d = �16.24 is due to the bridging hydride be-
tween the ruthenium atom bonded to the double bond and the
other ruthenium atom sigma bonded to the L-2H ligand. The two
singlets become featureless at about �4 �C; above �4 �C, the two
resonances coalesce to one broad peak. The 13C NMR spectrum of
1 at room temperature in CDCl3 shows resonances for both ali-
phatic and aromatic regions of L-2H ligand, and resonances due
to carbonyl groups: four sharp resonances of higher intensity at
d = 207.40, 197.96, 192.15, 186.52 and three broad resonances of
lower intensity at 204.43, 193.58, 190.91 are due to nine carbonyl
groups bonded to triruthenium atoms. The four sharp and three
broad resonances indicate that the carbonyl groups undergo vari-
ous stages of dynamical exchange: (a) a low energy axial–radial ex-
change of carbonyls on each ruthenium atom and (b) intermetallic
scrambling of CO groups combined with slow oscillatory motion of
L-2H ligand together with hydride migrations around the triruthe-
nium triangle [12a–f]. The FAB+ mass spectrum shows the molec-
ular ion peak at 972 and the successive loss of nine carbonyl
groups. The isotopic distribution pattern is consistent with the
presence of three-ruthenium atoms.

Compound 1 contains 48 valence electrons at the metal atoms
with L-2H donating 4 electrons, the nine CO groups contribute
18 electrons, the two bridging hydride ligands contribute 2 elec-
trons, and the three-ruthenium atoms contribute a total of 24 elec-
trons. 48 is the number expected for trinuclear cluster containing
three metal–metal bonds.

In order to facilitate crystal growth for crystallographic charac-
terization, the yellow compound Ru3(CO)7(dppm)(L-2H), 2, was
prepared by the reaction of 1, with 1,1-bis-(diphenylphos-
phino)methane, dppm, in dichloromethane solvent at room tem-
perature by using Me3NO � 2H2O to assist in the removal of two
of the CO ligands, see Scheme 2.

Compound 2 was isolated in pure form by flash column chro-
matography on silica gel with a hexanes/dichloromethane solvent
mixture and was characterized by a combination of IR, 1H, 31P and
13C NMR, mass spectrometry, elemental analysis, and single-crys-
tal X-ray diffraction analyses.

An ORTEP diagram of the molecular structure of 2 is shown in
Fig. 1. Selected bond distances and angles are given in Table 1.
The molecule contains a triangular cluster of three-ruthenium
atoms with a dehydrogenated triply bridging tribenzyl galactal
ligand L-2H. L-2H is coordinated to the three-ruthenium atoms
by two of its carbon atoms in the parallel l3-g2-bonding mode,
C(2) is r-bonded to Ru(2), Ru(2)–C(2) = 2.085(5) Å and C(3) is
r-bonded to Ru(3), Ru(3)–C(3) = 2.071(5) Å. C(2) and C(3) are
p-bonded to Ru(1), Ru(1)–C(2) = 2.303(5) Å and Ru(1)–
C(3) = 2.290(5) Å. The C(2)–C(3) bond length of 1.377(6) Å is
slightly longer than a typical carbon-carbon double bond (1.33 Å)
because of its coordination to the metal atoms. The two hydrido li-
gands bridge the Ru(1)–Ru(2) and Ru(2)–Ru(3) bonds. As expected
[13], these Ru–Ru bonds are slightly longer, 2.8459(5) Å and
2.9878(5) Å, than the Ru–Ru bond that does not have a bridging
hydrido ligand, Ru(1)–Ru(3) = 2.7135(6) Å. The two hydrido li-
gands were located and refined in the analysis; one hydride
bridges the Ru(1)–Ru(2) bond, Ru(1)–H(1) 1.748(10) Å, Ru(2)–
H(1) 1.745(10) Å and the other bridges the Ru(2)–Ru(3) bond,
Ru(2)–H(2) 1.67(8) Å, Ru(3)–H(2) 1.76(8) Å. The diphosphine
ligand, dppm, bridges the Ru(1)–Ru(2) bond, Ru(1)–P(1) =
2.3727(13) Å and Ru(2)–P(2) = 2.3285(12) Å. Each of the phospho-
rus-substituted ruthenium atom contains two additional
terminal carbonyl ligands, whereas the third ruthenium atom has
three. A bridging hydrido ligand was found on one of the dppm-
bridged Ru–Ru bonds in the cationic cluster complex
½Ru3ðl-HÞðCOÞ6ðl-dppmÞ3�

þ [14].
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Fig. 1. ORTEP diagram of 2 showing 40% probability thermal ellipsoids. Hydrogen
atoms have been omitted for clarity.

Table 1
Selected intramolecular distances and angles for Ru3(l-H)2(CO)7(L-2H)(dppm) (2).

Atom Atom Distance (Å) Atom Atom Distance (Å)

(a) Distances
Ru(1) Ru(3) 2.7135(6) P(1) C(1) 1.839(5)
Ru(1) Ru(2) 2.8459(5) P(2) C(1) 1.832(5)
Ru(2) Ru(3) 2.9878(5) C(2) C(3) 1.377(6)
Ru(1) P(1) 2.3727(13) C(3) C(4) 1.521(6)
Ru(2) P(2) 2.3285(12) C(4) C(5) 1.528(7)
Ru(1) H(1) 1.748(10) O(1) C(2) 1.402(6)
Ru(2) H(1) 1.745(10) O(1) C(6) 1.452(6)
Ru(2) H(2) 1.67(8) Ru(3) C(3) 2.071(5)
Ru(3) H(2) 1.76(8) Ru(2) C(2) 2.085(5)
Ru(1) C(2) 2.303(5)
Ru(1) C(3) 2.290(5)
Atom–atom–atom Angle (�) Atom–atom–atom Angle (�)

(a) Angles
Ru(1)–Ru(2)–Ru(3) 55.374(13) P(2)–Ru(2)–Ru(1) 90.70(4)
Ru(1)–Ru(3)–Ru(2) 59.660(13) P(2)–C(1)–P(1) 114.5(2)
Ru(3)–Ru(1)–Ru(2) 64.966(15) Ru(2)–C(2)–Ru(1) 80.71(16)
P(1)–Ru(1)–Ru(2) 93.93(4) Ru(3)–C(3)–Ru(1) 76.76(15)
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The IR spectrum of 2 shows terminal carbonyl stretching
absorptions: 2059 (s), 2031(m), 2044(m), 1993 (vs, sh),
1937(w) cm�1 and C–O stretching due to benzyloxy at 1096 (w,
br) cm�1. The 1H NMR spectrum 2 shows a multiplet at d = 7.67–
7.10 for the seven phenyl groups (three phenyl groups of the L-
2H ligand and four phenyl groups from dppm), resonances at
d = 4.70–3.80 due to aliphatic region of tribenzyl galactal. The mul-
tiplet at d = 3.69 and a quartet at d = 3.54 are due to the inequiva-
lent methylene protons on the CH2 group that links the two
phosphorus atoms. There is a single broad resonance at
d = �17.73 for the hydrido ligands at room temperature. However,
the structural analysis shows that the two bridging hydrido ligands
are inequivalent. Thus, dynamical averaging was suspected. This
was confirmed by recording variable-temperature 1H NMR spectra
of compound 2. These spectra are shown in Fig. 2. At �80 �C, the
spectrum shows a doublet at d = �16.07 and a triplet at �20.38.
The JP–H coupling constants measured in the hydride resonances
clearly indicate that the triplet with (2JP–H = 16 Hz) is typical of
cis coupling corresponds to the hydride H(1) that spans the
Ru(1)–Ru(2) edge of the cluster that contains the bridging dppm li-
gand. The doublet with (2JP–H = 35 Hz) is typical of trans coupling
and corresponds to the other hydride ligand H(2) trans to one 31P
atom [15,16]. As the temperature is raised above �80 �C, the reso-
nances broaden and merge into the single broad resonance ob-
served at 20 �C. An intramolecular migratory exchange
mechanism is proposed to explain the averaging process, see
Scheme 3.

The 13C NMR spectrum of 2 in CD2Cl2 at room temperature
shows four broad resonances at d 203.81, 202.24, 198.07,196.63
(d, 2JC–P = 9.2 Hz) due to the seven carbonyl groups bonded to
three-ruthenium atoms. The broadness of the resonances is indic-
ative of dynamical activity of the CO ligands. The dynamical pro-
cess is due to localized turnstile rotations of the carbonyl ligands
(phosphine substitution appears to raise the barrier for axial-radial
exchange) followed by intermetallic CO scrambling that combine
with an oscillatory motion of L-2H ligand and hydride migrations
[12a,b]. At �80 �C 13C NMR shows in the carbonyl region six reso-
nances for seven carbonyl groups at d = 209.19, 205.79 (2CO),
199.90, 198.98, 193.54, 190.00. The multiplets at d = 138.92–
126.73 are due to C-1 carbon, the three phenyl groups of tribenzyl
galactal-2H ligand, and the four phenyl groups of a dppm ligand.
The resonances at d = 110.97 (d, 2JC–P = 8.5 Hz) are corresponding
to C-2 carbon, peaks at d = 80.00, 79.15, 74.99, 73.71, 69.83,
69.62, 69.10 due to aliphatic regions of tribenzyl galactal, and a
broad peak at d = 42.50 is due to methylene carbon of the dppm li-
gand. The 13C NMR at room temperature exhibits a triplet at
d = 37.52 (2JP–H = 21 Hz) corresponding to methylene carbon of
dppm with coupling to the two phosphorus nuclei. The 31P NMR
spectrum shows two broad resonances at d = 27.52 and 20.33
and sharp peak at d = 23.54 indicating that the two phosphorus
atoms are inequivalent due to asymmetric ligand environment.
The broad nature of the signal is due to the unresolved coupling
to the dppm methylene protons and to the bridging hydride li-
gands [16]. The FAB+ mass spectrum shows a molecular ion peak
centered at 1301. The isotopic pattern is consistent with the pres-
ence of the three-ruthenium atoms.
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Compound 1 also reacts with triphenylphosphine in the pres-
ence of Me3NO � 2H2O in dichloromethane to yield the new yellow
cluster complex Ru3(l-H)2(CO)7(L-2H)(PPh3)2 (3). Compound 3
was purified by flash column chromatography with hexanes/
dichloromethane (8:2, v/v) and was characterized by IR and NMR
spectroscopic data, mass spectrometry, and elemental analysis.
The IR spectrum of 3 in dichloromethane exhibits stretching fre-
quencies of the terminal carbonyl ligands at 2079 (w), 2061(s),
2044(m), 2030 (s), 1995(vs, sh), 1941(w) cm�1 and a C–O stretch-
ing absorption due to benzyloxy groups at 1094 (br) cm�1. The 1H



V.D. Reddy et al. / Journal of Organometallic Chemistry 694 (2009) 959–967 963
NMR spectrum of 3 in CD2Cl2 shows multiplets at d = 7.9–7.1
corresponding to the nine phenyl groups (3 phenyl groups from
L-2H ligand and 6 phenyl groups from two triphenyl phosphine
ligands); a multiplet at d = 4.92–4.42 for the eight hydrogen atoms
(6 benzylic hydrogens of three phenyl groups in L-2H ligand, H-5,
and H-4); a broad unresolved peak at d 4.24 due to H-4; a pseudo
doublet d = 3.76 is attributed to two hydrogen atoms bonded to C-
6, and two hydrido ligands coupled to the phosphorus atoms in the
high field region. At room temperature, three sets of signals at
approximately intensity 1: 0.19: 0.08 (see Supplementary mate-
rial) are observed for the hydrido ligands in the high field region
of 1H NMR spectrum of compound 3. This strongly indicates that
3 exists as a mixture of isomers in solution. Proposed structures
for isomers of 3 that are consistent with the spectroscopic data
are shown in Scheme 4.

The first set of signals with intensity 1 is assigned to the major
isomer 3a; a virtual doublet at d = �15.97 [2JP–H = 15.4 Hz] is due to
a hydride ligand (located between a ruthenium atom that is ‘r’
bonded to the L-2H ligand and a ruthenium atom p-bonded to L-
2H ligand) with coupling to a phosphorus atom and a virtual triplet
which is actually a doublet of doublets at d = �19.58 [2JP–H =
13.7 Hz, 13.7 Hz] that is attributed to the second hydride ligand
(positioned between the two-ruthenium atoms that are ‘r’ bonded
to the L-2H ligand) due to coupling to the two inequivalent phos-
phorus atoms [16,17]. The 13C NMR spectrum of 3 in CD2Cl2 shows
strong resonances in the carbonyl region at d = 204.79, 202.09,
198.42, 195.37, 194.65, 193.54, 193.34 (d, 2JC–P = 8.0 Hz), 192.35,
188.07 due to carbonyl groups of the major isomer along with
weaker resonances at d = 206.67, 197.93, 195.04,192.08, 187.91
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due to carbonyl groups of the minor isomer in the mixture, multi-
plets at d = 139.21–126.93 due to C-1 carbon, the three phenyl
groups of L-2H ligand, and the phenyl groups of a triphenylphos-
phine ligands. The resonances at d = 110.34, 104.56 (doublet,
2JC–P = 8.4 Hz) correspond to the C-2 carbon atoms in the mixture,
peaks at d = 82.41, 79.43, 75.51, 73.91, 73.78, 71.49, and 71.37 due
to aliphatic carbon atoms of the L-2H ligand of the two isomers.
The 31P NMR spectrum of 3 in CD2Cl2 at room temperature shows
singlets at d = 42.04, 41.46, 41.07, 39.99, 36.72, 36.17, 35.73, 35.04,
and d = 34.64.

The yellow complex 4 was obtained from the reaction of 1 with
1,2-bis(diphenylphosphino)ethane (dppe) in dichloromethane in
the presence of Me3NO � 2H2O at room temperature as shown in
Scheme 5.

Compound 4 was purified by flash column chromatography
with hexanes/dichloromethane (8:2, v/v) and characterized by
spectroscopic data, mass spectrometry, and elemental analysis.
The FT-IR spectrum in dichloromethane exhibits terminal carbonyl
stretching frequencies at 2061(s), 2025(s), 2000(vs), 1972(m),
1941 (w) cm�1 and C–O stretching due to benzyloxy at 1098
(br) cm�1. The 1H NMR spectrum of 4 in CD2Cl2 shows three mul-
tiplets at d = 2.85 (2H), 2.51 (1H) and 1.90 (1H) for the four
inequivalent methylene hydrogen atoms on the dppe ligand. A
multiplet at d = 8.00–7.13 due to three phenyl groups from L-2H li-
gand and the four phenyl groups of the dppe ligand. Resonances
due to the hydrogen atoms of the L-2H appear at d = 4.80–3.00.
There are two equal intensity hydride resonances: a triplet at
d = �20.62 with P–H coupling, 2JP–H = 16.63 Hz, typical of a cis ori-
entation of the equivalent phosphorus atoms of the dppe ligand,
and the doublet at d = �16.01 (2JP–H = 35.95 Hz) that is attributed
to the second bridging hydride ligand which is trans coupled to
one of the phosphorus atoms [17]. The 13C NMR spectrum of 4 in
CD2Cl2 at room temperature shows resonances at d = 205.91,
204.97 (br), 204.35, 200.19, 198.19, 193.83 (br), 193.20 (t, 2JC–P =
11.5 Hz), 188.95 (br) are due to carbonyl groups that are broad
due to dynamical activity. The chiral capping ligand makes the
two faces of the ruthenium triangle inequivalent. The resonances
between d = 141.62–127.22 are due to C-1 carbon, three phenyl
groups of the L-2H ligand, four phenyl groups of a dppe ligand,
and a doublet at d = 111.82 for C-2, (2JC–P = 7.6 Hz). The resonances
at d = 79.29, 78.11, 73.96, 75.09, 73.86, 70.92, 69.72, 69.38 are due
to aliphatic carbon atoms of the L-2H ligand, and two doublets at
d = 27.65 (2JC–P = 25.3 Hz), d 23.64 (2JC–P = 31.4 Hz) are due to meth-
ylene carbons of the dppe ligand coupling with two non-equivalent
phosphorus nuclei. The 31P NMR spectrum of 4 shows a virtual
doublet at d = 44.23 (d, 2JP–P = 9.89 Hz), and a broad multiplet at
d = 37.55 due to two non-equivalent phosphorus atoms as a result
of chiral Ru3 framework that is asymmetric due to different ligand
environment. FAB+ mass spectrum shows a molecular ion peak at
1315. The isotopic distribution pattern is consistent with the pres-
ence of three-ruthenium atoms. The spectroscopic data obtained
for 4 are consistent with the structure shown in Scheme 5.
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3. Anticancer activity

The in vitro anticancer activity of compounds 1–5 and cisplatin
was determined using six types of human cancer cell lines: DU145
(prostate), MCF-7 (breast), SK-OV-3 (ovarian), K562 (CML: chronic
myelogenous leukemia), RAJI (B-cell lymphoma), and MOLT-4
(ALL: T-cell acute lymphoblastic leukemia). Chronic myelogenous
leukemia was found to be the most sensitive to all five ruthenium
carbonyl clusters. Compound 1 was most active in all cell lines
with over all highest activity profile with IG50 value of 25 lM in
the B-cell lymphoma and T-cell acute lymphoblastic leukemia can-
cer cell lines, 30 lM in the breast, ovarian, chronic myelogenous
leukemia cancer cell lines, and 40 lM in the prostate cancer cell
lines (Table 2 and Fig. 3).

The activity of compound 5 is comparable to 1 in chronic mye-
logenous leukemia and B-cell lymphoma cancer cell lines, but it
shows moderate cytotoxicity against four other cancer cell lines.
This difference in activity between 1 and 5 can be attributed to
the axial 4-benzyloxy group in 1 as opposed to equatorial in com-
pound 5. The cytotoxicity of compound 5 is quite high on chronic
myelogenous leukemia (CML) and B-cell lymphoma cancer cell
lines that may be due to selective binding of 5 to the leukemia cell
surface receptors that involve several important signaling path-
Table 2
GI50 values for compounds 1–5.

Compound DU145
prostate

MCF-7
breast

SK-OV-3
ovarian

K562
CML

RAJI B-cell
lymphoma

MOLT-4
ALL

1 40 30 30 30 25 25
2 80 90 90 75 75 70
3 >100 80 >100 70 70 70
4 >100 80 80 40 70 60
5 80 80 75 25 25 60
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Fig. 3. Compound 1 dosage response assay.

Table 3
GI50 values of compound 1 and cisplatin.

Cell line Tumor type 1 (lM) Cisplatin (lM)

DU145 Prostate 40 1.5
MCF-7 Breast 30 2.5
MCF-7 Breast 30 2.5
SK-OV-3 Ovarian 30 0.75
K562 CML 30 2.5
RAJI B-cell lymphoma 25 2.0
MOLT-4 ALL 25 0.75
ways. The substitution of two carbonyl groups in 1 with dppm, tri-
phenyl phosphine and dppe ligands exhibit lower toxicity of the
ruthenium carbonyl cluster in all tested cell lines. The in vitro cyto-
toxicity of 1 was compared to the activity of cisplatin (Table 3 and
Fig. 4).

4. Conclusions

Chiral ruthenium carbonyl clusters containing glycals have
been synthesized and evaluated for potential anticancer activity.
Chronic myelogenous leukemia was found to be the most sensitive
to all five glycal–ruthenium carbonyl clusters. Compound 1 was
most active in all cell lines with highest activity profile overall,
and it compared favorably to the activity of cisplatin. Substitution
of two carbonyl ligands by phosphine ligands lowers the activity
relative to 1. At present, we are pursuing synthetic studies aimed
at replacing carbonyl ligands with other ligands and also fine-tun-
ing the glycal moiety to improve the anticancer activity.

5. Experimental

5.1. General procedures

All operations were carried out under pure argon or nitrogen
with the use of Schlenk techniques. The solvents were purified
and distilled under an argon or nitrogen atmosphere. Flash column
chromatography was performed on silica gel 60 (200–400) using
the indicated solvent. Thin layer chromatography was carried out
using silica gel plates with plastic backs. Infrared spectra were re-
corded on a Nicolet Impact 400 FT-IR spectrometer as dichloro-
methane solution in 0.1 mm path length NaCl cells, 1H NMR
spectra were recorded at 400 MHz, and Carbon-13 nuclear mag-
netic resonance (13C NMR) spectra were recorded at 100 MHz.
NMR Spectra were recorded in CD2Cl2, CDCl3 and referenced either
to internal TMS or the residual solvent peak. The 31P (162 MHz)
chemical shifts reported based on an internal calculation using
the solvent lock signal. FAB+ Mass spectra were recorded on a
VG analytical ZAB-SE and Q-TOF Mass Spectrometers at University
of California, Riverside. The observed isotopic distribution is in
good agreement with the calculated ones. Elemental analysis was
carried out at Quantitative Technologies Inc., New Jersey.

5.2. Synthesis of [Ru3(CO)9(C27H28O4)] (1)

Ru3(CO)12 (639.34 mg, 1.0 mmol) and tri-O-benzyl-D-galactal
(416.12 mg, 1.0 mmol) were added to a two-necked 50-mL round
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bottom flask. Ten milliliter of degassed dry benzene was added un-
der argon atmosphere and the solution was refluxed gently for 4
days similar to the synthesis of 5 [9]. Benzene was removed in va-
cuo and the product was isolated by flash column chromatography.
Elution with hexanes/ dichloromethane (7:3, v/v) gave an orange
semi-solid (274 mg, 28%). Spectroscopic data for 1: IR (CH2Cl2):
C–H stretching 3052 (m), 2958 (w), 2858 (w); terminal carbonyl
stretching: 2105 (m), 2078(s), 2054(s), 2030(s), 2011(s, sh); C–O
stretching due to benzyloxy 1111(m, br), 1058 (m) and 1028 (m)
cm�1. 1H NMR: (CD2Cl2): d 7.41–7.23 (m, 15H, three phenyls),
4.92–4.48 (m, 6H, 3PhCH2O), 4.46 (q, 1H, H-5), d 4.45 (br, 1H,
H-3), 3.91–3.73 (pseudo doublet, 3H, H-4 and two hydrogens
attached to C-6), �18.31 (br, 2H). 13C NMR (CDCl3): d 207.40,
204.43, 197.96, 193.58, 192.15, 190.91, 186.52 carbonyls, 137.65
(s, C-1), 138.30 (3C with no hydrogens attached in the phenyl
rings), 130.18–128.15 (15C: CH carbons of 3 phenyl groups),
105.46 (s, C-2), 80.93, 79.25, 75.23, 74.02, 72.53, 71.40, 70.28,
68.80 (aliphatic region of tribenzyl galactal carbons). FAB+ mass
spectrum: 972 [M]+, 944 [M�CO]+, 888 [M�3CO]+, 860 [M�4CO]+,
832 [M�5CO]+, 804 [M�6CO]+, 776 [M�7CO]+, 748 [M�8CO]+, and
720 [M�9CO]+, 718 [M�(9CO+2H)]+, 516 [M�(9CO+2H+2Ru)]+,
415 [M�(9CO+3Ru)]+. Anal. Calc. for C36H28O13Ru3: C, 44.49; H,
2.90. Found: C, 44.58; H, 3.01%.

5.3. Synthesis of [Ru3(CO)7(dppm)(C27H28O4)] (2)

To a two-necked 50 mL round bottom flask was added 5.0 mL of
dry dichloromethane containing compound 1 (185.0 mg,
0.19 mmol) via syringe under nitrogen atmosphere. This was fol-
lowed by the addition of solid dppm (165.0 mg, 0.43 mmol) with
stirring for 5 min. To this solution Me3NO � 2H2O solid (7.5 mg,
0.067 mmol) was added and the solution was stirred at room tem-
perature overnight. During this time the color of the solution chan-
ged from orange to red. TLC analysis indicated approximately 90%
conversion to product. The dichloromethane was removed in vacuo
and the product was isolated by a silica gel flash column chroma-
tography eluting with hexanes/dichloromethane (8:2, v/v) to give a
fluffy yellow compound (126 mg, 52%) and 18.0 mg of unreacted 1.
Spectroscopic data for 2: FT-IR (CH2Cl2): 2059 (s), 2031(m),
2044(m), 1993 (vs, sh), 1937(w) cm�1 and C–O stretching due to
benzyloxy at 1096 (w, br) cm�1. 1H NMR: (CD2Cl2) d 7.67–7.10
(m, 35H, (3PhCH2 and Ph2PCH2PPh2), 4.81 (d, 1H, PhCH2) 4.62–
4.29 (4H, 2PhCH2), 4.32–4.08 (3H, H-5, H-3, one of hydrogens from
PhCH2), 3.92–3.81 (3H, two hydrogens attached to C-6, H-4), 3.65
(m, 1H, Ph2PCHaHbPPh2), 3.42 (q, 1H, Ph2CHaHbPh2), �17.45 (s,
br, 2H); 13C NMR (CD2Cl2): at �80 �C: d 209.19, 205.79 (2CO),
199.90, 198.98, 193.54, 190.00 due to seven carbonyl groups,
138.92–126.73 (m, C-1 carbon, 3PhCH2, Ph2CH2Ph2), 110.97 (d, C-
2, 2JC–P = 8.5 Hz), 80.00, 79.15, 74.99, 73.71, 69.83, 69.62, 69.10 (ali-
phatic regions of tribenzyl galactal), 42.50 (Ph2CH2Ph2); 31P NMR
(CDCl3): d 27.52 (br), 20.33(br), 23.54 (s); FAB+ mass spectrum:
1301 [M]+, 1217 [M�3CO]+; ES+/MS m/z calcd for M+H,
[C59H50O11P2Ru3+H]+ 1302, found 1302. Anal. Calc. for C59H50O11-
P2Ru3: C, 54.50; H, 3.88. Found: C, 54.96; H, 4.08%.

5.4. Synthesis of [Ru3(CO)7(PPh3)2(C27H28O4)] (3)

To a two-necked 50 mL round bottom flask was added 5.0 mL of
dry dichloromethane containing compound 1 (146.0 mg,
0.15 mmol) via syringe under nitrogen atmosphere. This was fol-
lowed by solid triphenylphosphine (156.0 mg, 0.60 mmol). The
solution was stirred for 5 min. To this solution Me3NO � 2H2O solid
(11.6 mg, 0.1 mmol) was added. This solution was then stirred at
room temperature for 5 h. During this time the color of the solution
turned from orange to red. Complete consumption of compound 1
was indicated by TLC analysis. The methylene chloride solvent was
then removed in vacuo and the product was isolated by flash col-
umn chromatography on silica gel. Elution with hexanes/dichloro-
methane (8:2, v/v) gave a yellow sticky powder (136 mg, 63%).
Spectroscopic data for 3: IR (CH2Cl2): 2079 (w), 2061(s), 2044(m),
2030 (s), 1995(vs, sh), 1941(w) cm�1 and C–O stretching due to
benzyloxy at 1094 (br) cm�1. 1H NMR (CD2Cl2): d 7.90–7.10 (m,
45H, 3PhCH2, 2PPh3), 4.92–4.42(m, 8H, 3PhCH2, H-5, H-3), 4.24
(br, 1H, H-4), 3.78 (d, 2H, two hydrogens attached to C-6), major
isomer in the hydride region: �15.97 (d, 1H, JH–P = 15.4 Hz),
�18.58 (dd, 1H, JH–P = 14.1 Hz); 13C NMR(CD2Cl2): d 204.79,
202.09, 198.42, 194.65, 193.54, 193.34 (d, 2JC–P = 8.0 Hz), 192.35,
192.08, 188.07 (CO groups in cis/trans isomeric mixture),
139.21–126.93 (m, due C-1, 3PhCH2, 2PPh3), 110.34, 104.56 (d,
2JC–P = 8.4 Hz), C-2 in the cis/trans mixture, 82.41, 79.43, 75.51,
73.91, 73.78, 71.49, 71.37 (carbons in the aliphatic regions of
tribenzyl galactal in the mixture); 31P NMR (CD2Cl2): d 42.04,
41.46, 41.07, 39.99, 36.72, 36.17, 35.73, 35.04, 34.64 for the iso-
meric mixture; FAB+ mass spectrum: 1441 [M]+, 1413 [M�CO]+,
1357 [M�3CO]+, 1329 [M�4CO]+, 1301 [M�6CO]+, 1038[M�
(6CO+PPh3)]+, 748 [M�{7CO+(PPh3)2}]. Anal. Calc. for C70H58O11-
P2Ru3: C, 58.37; H, 4.06. Found: C, 58.11; H, 3.84%.

5.5. Synthesis of [Ru3(CO)7(dppe)(C27H28O4)] (4)

To a two-necked 50-mL round bottom flask, 5.0 mL of dry
dichloromethane containing compound 1 (107.3 mg, 0.11 mmol)
was added via syringe under nitrogen atmosphere followed by so-
lid dppe (106.3 mg, 0.267 mmol) and stirred for 5 min. To this solu-
tion was then added solid Me3NO � 2H2O (10.0 mg, 0.09 mmol). The
solution was stirred at room temperature for 4 h. During this time
the color of the solution turned from orange to red. Complete con-
version was indicated by TLC analysis. The methylene chloride sol-
vent was then removed in vacuo and the product was isolated by
chromatographic work-up on a silica gel flash column chromato-
graphy eluting with hexanes and dichloromethane (8:2, v/v) to give
a fluffy yellow of compound 4 (82 mg, 57%). Spectroscopic data for
4: IR (CH2Cl2): 2061(s), 2025(s), 2000(vs), 1972 (m), 1941(w)
cm�1. 1H NMR (CD2Cl2) d 8.10–7.13 (m, 35H), 4.80–4.05 (m, 6H,
3PhCH2), 4.13 (q, overlapped with other peaks1H, C-5), 3.68–3.53
(m, 2H, H-3, H-4), 3.54–3.00 (m, 2H, two hydrogens attached to
C-6 carbon), 2.92–2.72 (m, 2H, Ph2PCH2CH2PPh2), 2.60–2.47 (m,
1H, Ph2PCH2CH2PPh2), d 1.98–1.82 (m, 1H, Ph2PCH2CH2PPh2),
�16.01 (d, 1H, 2JP–H = 35.95 Hz), �20.62 (t, 2JP–H = 16.63 Hz); 13C
NMR (CD2Cl2): d 205.91, 204.97, 204.35, 200.19, 198.19, 193.83,
193.20 (t, 2JC–P = 11.5 Hz), 188.95 (7CO), 141.62–127.22 (C-1,
3PhCH2, Ph2CH2CH2Ph2), 111.82 (d, 2JC–P = 7.6 Hz, C-2), 79.29,
78.11, 73.96, 75.09, 73.86, 70.92, 69.72, 69.38, 27.65 (d,
2JC–P = 25.3 Hz, Ph2CH2CH2Ph2), d 23.64 (d, 2JC–P = 31.4 Hz,
Ph2CH2CH2Ph2); 31P NMR (CD2Cl2): d 44.23 (d, JP–P = 9.89 Hz), d
37.55 (m, br); FAB+ mass spectrum: 1315 [M]+, 1203 [M�4CO]+,
1147 [M�6CO]+. Anal. Calc. for C60H52O11P2Ru3: C, 58.83; H, 3.99.
Found: C, 58.86; H, 4.02%.
6. Crystallographic analysis

Yellow single-crystals of 2 suitable for diffraction analysis were
grown by slow evaporation of solvent from solutions of pure com-
pound in a diethyl ether/dichloromethane solvent mixture at
�10 �C. A crystal was glued onto the end of a thin glass fiber and
X-ray data were collected on a Bruker SMART APEX CCD-based dif-
fractometer, using Mo Ka radiation (0.71073 Å) at 294 K. The raw
data frames were integrated with the SAINT+ program using a nar-
row-frame integration algorithm [18]. Correction for the Lorentz
and polarization effects were also applied by using the program
SAINT. An empirical absorption correction based on the multiple



Table 4
Crystallographic data for compound 2.

Empirical formula C59H50O11P2Ru3

Formula weight 1300.14
Crystal system Orthorhombic
Lattice parameters
a (Å) 10.2130(3)
b (Å) 23.4466(8)
c (Å) 25.6029(8)
a (�) 90
b (�) 90
c (�) 90
V (Å3) 6130.9(3)
Space group P212121

Z 4
Density (calculated) (mg/m3) 1.409
Temperature (K) 294
Absorption coefficient (mm�1) 0.836
Crystal size (mm3) 0.40 � 0.32 � 0.28
Theta range for data collection (�) 1.59–28.33
Index ranges �13 � h � 13, �31 � k � 31,

�34 � l � 34
Completeness to theta = 28.33� 99.8%
Absorption correction Multi-scan from equivalents
Max. and min. transmission 1.000 and 0.889
Data/restraints/parameters 15277/4/643
Goodness-of-fit (GOF) on F2 1.157
Final R indices [I > 2r(I)] R1 = 0.0488, wR2 = 0.1364
R indices (all data) R1 = 0.0529, wR2 = 0.1398
Largest shift/error 0.001
Absolute structure parameter (Flack) 0.02(3)
Largest difference peak and hole

(e� Å�3)
1.006 and �0.516
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measurement of equivalent reflections was applied by using the
program SADABS. Structure was solved by a combination of direct
methods and difference Fourier syntheses and was refined by
full-matrix least-square on F2, by using the SHELXTL software pack-
age [19]. All nonhydrogens were refined with anisotropic thermal
parameters. Unless indicated otherwise, the hydrogen atoms were
placed in geometrically idealized positions and included as stan-
dard riding atoms during least-square refinements. Because of
the disorder, one of the phenyl rings (C66–C71) had to be refined
with isotropic thermal parameters. The hydride ligand H(2) was lo-
cated and refined in the structural analyses using isotropic thermal
parameters. The hydride ligand H(1) was located in the difference
Fourier map and refined with the constraint M–H equals 1.75 Å.
Crystal data, data collection parameters, and results of analysis
are listed in Table 4.

6.1. Cytotoxicity in cancer cell lines

6.1.1. Cell lines and conditions
Cell lines were purchased from ATCC and cisplatin was pur-

chased from Sigma. DU145 (prostate), MCF-7 (breast), SK-OV-3
(ovarian) cancer cells were grown in Dulbecco’s Modified Eagles
Medium (DMEM) and K562 (CML: chronic myelogenous leukemia),
RAJI (B-cell lymphoma), MOLT-4 (ALL: T-cell acute lymphoblastic
leukemia) cancer cells were grown in RPMI medium (CellGro) both
supplemented with 10% fetal bovine serum (Cell Generation) and 1
unit penicillin-streptomycin (Gibco). Tissue cultures were main-
tained at 37 �C and humidity maintained below 90%.

6.1.2. Cytotoxicity assay
Human cancer cells were plated in twelve-well dishes at a cell

density of 2.5 � 104 cells/ml/well. The cells were treated, in dupli-
cate, 24 h later with each compound at increasing concentrations
[20]. The total number of viable cells was determined after 96 h
of continuous treatment by staining with trypan blue and counting
number of nonstaining cells (viable) remaining in each well by
using a hemacytometer. The percentage of viable cells remaining
was calculated as follows: number of viable cells (compound trea-
ted)/number of viable cells (DMSO treated) * 100. Compound 1
dose response assay plot is the average percent viable cells of the
treated compared to the vehicle (DMSO) treated cells. The GI50

(50% growth inhibition as compared to DMSO treated control) val-
ues in micromoles were determined by extrapolation from the
dose response curves. Dose response curves were generated by
plotting the percentage of cells at each concentration versus con-
centration tested. Compound 1 was chosen to produce more de-
tailed growth curves based on overall highest activity profile.
Similarly, cells were treated at increasing concentrations of cis-
platin and detailed growth curves were generated. Thus the activ-
ity of compound 1 was compared to cisplatin.
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Appendix A. Supplementary material

CCDC 704003 contains the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif. VT-1H NMR in the hydride region, 1H NMR, 13C
NMR spectra for compound 1; 1H NMR, 13C NMR, 31P NMR spec-
trum spectra 2; 1H NMR, 13C NMR, 31P NMR spectra for 3; 1H
NMR, 13C NMR, 31P NMR spectra for compound 4. Supplementary
data associated with this article can be found, in the online version,
at doi:10.1016/j.jorganchem.2008.11.025.
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