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The synthesis by transmetallation and in-depth characterisation by IR spectroscopy of five half-sandwich
ruthenium and osmium dithiocarbamato isonipecotamide glycoconjugate complexes are presented herein. The
evaluation of their in vitro cytotoxicity and of the zinc precursors’ in vitro cytotoxicity towards ovarian cancer
(A2780 and A2780cisR) and normal prostate (PNT2) cells is reported. While the cytotoxicity of the compounds is
rather limited, some selectivity is observed.
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Introduction

Half-sandwich ‘piano stool’ metal complexes are a
particular class of organometallics which has attracted
an enormous attention for the design of anticancer
drug candidates.[1–4] The synthetic versatility of half-
sandwich metal complexes allows modulation of their
biological and pharmacological properties by the
appropriate choice of the ligands.[2,5–23] Particularly,
the choice of the bidentate, chelating, ligand has a
marked effect in structural stability and allows for the
tuning of electronic and steric features.[24] Such tuning
also allows for multidrug resistance (MDR) to be
tackled.[25] Indeed, most drugs act through apoptosis;

compounds that are able to induce alternative forms
of programmed cell death are therefore of high
interest to bypass MDR. Such a redox activity can
originate both from the metal and the ligands.[26–30]

Additionally, chelating ligands have also been used as
a scaffold for conjugation with biologically relevant
molecules.[31–39]

Despite such promises, low selectivity of half-
sandwich metal complexes for cancer cells is a
challenge to overcome. In recent years, attempts to
increase accumulation in cancer cells by conjugation
of metal complexes with biological molecules such as
proteins,[40–42] peptides,[43–46] or sugars[47] have been
investigated. Glycoconjugation or functionalisation of
drugs with carbohydrates has been shown to be a
particularly promising approach for increasing the
cellular uptake of a drug by cancer cells.[48–54] This
strategy is based on the observation that tumour cells
have increased proliferation rates and therefore re-
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quire higher amount of glucose and other nutrients.
Owing to the fast cell growth, cancer cells are known
to perform anaerobic respiration to obtain energy
which consumes glucose 10–100 times faster than
normal oxidative phosphorylation (Warburg effect).[55]

Numerous cancer cell lines have been shown to
overexpress glucose transporters (GLUTs),[56,57] thus
suggesting that addition of glucose-like substances
can be used to attain specific delivery of drugs to
tumour tissues. The dependence of glucose intake by
cancer cells has already been used successfully to
develop inorganic conjugates such as luminescent
rhenium probes,[58,59] platinum,[49,52,60–64] or gold[65–67]

chemotherapeutics and more recently with some
ruthenium[68–70] and osmium[71–73] complexes.

Herein, we report on the synthesis and character-
isation of five half-sandwich ruthenium and osmium
dithiocarbamato isonipecotamide glycoconjugate
complexes ([(η6-p-cym)Ru(SSC-Inp-NH2)] (5), [(η6-p-
cym)Os(SSC-Inp-NH2)] (6), [(η6-p-cym)Os(SSC-Inp-
NHGlc1)] (7), [(η6-p-cym)Os(SSC-Inp-NHGlc2)] (8), [(η6-
p-cym)Os(SSC-Inp-NHGlc3)] (9; Figure 1), synthesised
from the corresponding zinc(II)-dithiocarbamato inter-
mediates ([Zn(SSC-Inp-NH2)2] (1), [Zn(SSC-Inp-
NHGlc1)2] (2), [Zn(SSC-Inp-NHGlc2)2] (3), [Zn(SSC-Inp-
NHGlc3)2] (4); Figure 1). The antiproliferative activity of

the compounds towards ovarian cancer (A2780 and
A2780cisR) and normal prostate (PNT2) cells is re-
ported.

Results and Discussion

Synthesis and Characterisation

The dithiocarbamate ligands and the zinc(II) com-
plexes 1–4 were prepared as previously described.[67]

Complexes 5–9 were synthesised by a transmetalla-
tion reaction between the dichloro(η6-p-
cymene)metal(II) dimer with the zinc(II) complex
bearing the corresponding dithiocarbamato isonipeco-
tamide glycoconjugate ligand in DMF at ambient
temperature (see Experimental Section). Attempts to
use alternative solvents such as DMSO or THF resulted
in low yields and high decomposition of the starting
dimer. Similarly, increasing reaction times or heating
resulted in decomposition products. Purification of the
products was achieved by refluxing the compounds in
acetonitrile with activated carbon for 10 min to
remove reduced metal salts, followed by recrystallisa-
tion using a combination of acetonitrile and dichloro-
methane. All complexes were obtained in moderate-
to-low yields.

The dithiocarbamato complexes 5–9 were charac-
terised by 1H-NMR spectroscopy and HR-ESI mass
spectrometry (see Figures S1–S13). In (D6)DMSO, two
species are formed under such conditions, which
correspond to the chlorido and DMSO adducts. Most
of the peaks of both species overlap and we could not
distinguish them. Furthermore, we could not identify
which set of peaks corresponds to the chlorido or the
DMSO adducts. A general upfield shift of the proton
signals in the isonipecotamide linker can be observed
for the Os(II) and Ru(II) compounds compared to the
Zn(II). This is consistent with the increase of electron
density at the metal centre which is experienced by
the hydrogen atoms of the isonipecotate scaffold. As
expected, the shift involves mainly the piperidine
hydrogens, while the sugar ones remain unaffected by
the change of metal in complexes 7–9.

1H-NMR spectra of complexes 8 and 9 demonstrate
that transmetallation of the dithiocarbamato ligands
from the Zn(II) analogues 3 and 4 gave rise to mainly
the corresponding α-glycoconjugates. Such result is
not unexpected as both complexes 3 and 4 contain
the α-saccharide and anomerisation of the sugar is
restricted by the methylation of the anomeric-hydroxyl
(position C1). However, in the case of complex 7, a
mixture of 3 : 5 β/α-anomers can be detected by 1H-Figure 1. Molecular structures of complexes 1–9.
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NMR spectroscopy. The ratio β/α has increased
significatively compared to 1 :4 observed for complex
2.

Figure 2 shows an example of the signal chemical
shifts observed after transmetallation (complex 8 and
its zinc precursor 3).

IR Spectroscopy provided insights into the identi-
fication of the metal derivatives. As far as the dimer
precursors [(η6-p-cym)RuIICl(μ-Cl)]2 and [(η6-p-
cym)OsIICl(μ-Cl)]2 are concerned, bands recorded in
the mid-IR range resembled those observed for the
free p-cymene ligand with minor changes in terms of
~nmax and intensities, and were assigned according to
previous literature reports.[74–77] On the contrary, in
the far-IR region no significant bands were recorded
for the isolated p-cymene scaffold as expected,[78]

whereas new bands appeared in the spectra of both
metal dimers. In particular, vibrations at 296 ([(η6-p-
cym)RuIICl(μ-Cl)]2)/316–304 ([(η6-p-cym)OsIICl(μ-Cl)]2)
cm� 1 and 262–244 ([(η6-p-cym)RuIICl(μ-Cl)]2)/265 ([(η6-
p-cym)OsIICl(μ-Cl)]2) cm

� 1 are undoubtedly assigned to
the metal-terminal chloride and metal-bridging
chloride stretching modes, respectively.[79–82] The
metal-arene stretching vibrations are tentatively as-
signed to the new bands recorded in the 460–
380 cm� 1 based on the very few data reported in the
literature for analogous organometallic scaffolds.[83,84]

The IR spectra of the various metal-dithiocarbamato
derivatives present characteristic vibrations originated
from the coordination of the dithiocarbamato scaffold
following the zinc(II)-ruthenium(II)/osmium(II) transme-
talation reaction. As an example, the mid-IR spectrum
of the non-glycosylated osmium(II) complex [(η6-p-
cym)OsCl(SSC-Inp-NH2)] (6) is shown in Figure 3 and
compared with those of the osmium(II) dimer precur-

sor [(η6-p-cym)OsIICl(μ-Cl)]2 and the corresponding
zinc(II) intermediate [Zn(SSC-Inp-NH2)2] (1).

Although in the 4000–400 cm� 1 range the main
spectral features of the osmium dimer precursor and 1
are retained, some characteristic bands aided the
identification of 6. In particular, the strong band
recorded at 1548 cm� 1 can be undoubtedly attributed
to the stretching vibration involving the dithiocarba-
mato moiety, ν(N-CSS). This band, which is shifted to
higher energy compared with that observed for 1
(1492 cm� 1), is consistent with a chelating dithiocarba-
mato ligand coordinated to a metal centre.[85–87]

Additionally, a shoulder is recorded at 1015 cm� 1 and
assigned to the antisymmetric stretching of the S� C� S
moiety, which supports the presence of a bidentate
dithiocarbamato group symmetrically coordinated to
the metal centre.[88–90]

The bands recorded in the far-IR region provide
useful information about the coordination sphere of
the metal centres. As shown in Figure 4, the disappear-
ance in the spectrum of 6 of the vibrations observed
in the 350–500 cm� 1 range for 1 (assigned to the
νa(ZnS4))

[91,92] and at 316/304 cm� 1 for the osmium
dimer (assigned to the ν(Os� Clbridging)),

[82] confirmed
the successful replacement of the two bridging
chlorides with the chelating dithiocarbamato ligand.
This is also supported by the appearance of a new
broad band at 386 cm� 1 assigned to the νa,s(SOsS).[93]

Similar spectroscopic features and trends have also
been observed for the other non-glycosylated
ruthenium(II) counterpart [(η6-p-cym)RuIICl(SSC-Inp-
NH2)] (5), as well as for the glycoconjugate derivatives
[(η6-p-cym)OsIICl(SSC-Inp-NHGlc2)] (8) and [(η6-p-
cym)OsIICl(SSC-Inp-NHGlc3)] (9), the only differences
being related to the bands specifically associated with

Figure 2. Comparison of the chemical shifts observed for complexes 3 and 8 by 1H- and 13C-NMR spectroscopy (CDCl3).
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the various glucose-like scaffolds (see Experimental
Section for detailed assignments and Figures S14–S16
for the IR spectra).

DFT Calculations were used to determine the
optimised structures of complexes 5–8 which con-
firmed the expected and typical piano-stool structure
of dithiolato-containing half-sandwich metal com-
plexes characterised by X-ray crystallography.[94,95] IR

Spectra were computed using the time-dependent
density functional theory method on the optimised
structures using the same DFT functionals and basis
sets in vacuum (see Figure 5 and Figures S14–S18 for
the DFT-optimised structures and their calculated IR
spectra).

Figure 3. Comparison of the mid-IR spectra in CsI of [(η6-p-cym)OsIICl(μ-Cl)]2 (bottom), [ZnII(SSC-Inp-NH2)2] (1; middle), and [(η6-p-
cym)OsIICl(SSC-Inp-NH2)] (6; top).

Figure 4. Comparison of the far-IR spectra in CsI of [(η6-p-cym)OsIICl(μ-Cl)]2 (bottom), [ZnII(SSC-Inp-NH2)2] (1; middle), and [(η6-p-
cym)OsIICl(SSC-Inp-NH2)] (6; top).
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Cytotoxicity Studies

The antiproliferative activity of the complexes against
ovarian cancer cell lines A2780 and A2780cisR was
studied, as well as in normal adult prostatic epithelial
(PNT2) cells which were used as a model for non-
cancerous cells, using a 24-hour MTT assay, with a 72-
hour recovery period. Complexes 2 and 4 could not be
tested owing to solubility issues, while compounds 1
and 3 were tested using 0.5% and 1% DMSO,
respectively. The IC50 values obtained for all the

complexes are shown in Table 1, together with the
values for cisplatin which was used as a positive
control.

All the compounds show IC50 values up to 20×
higher than this of cisplatin. Additionally, loss of
activity can be observed when using A2780cisR cell
lines. However, despite the low activity in cancer cells,
all the compounds were non-toxic to normal cells to a
concentration of up to 300 μM. While this could be a
hint at the selectivity towards cancer cells, the high
IC50 values obtained on cancer cells prevent us from
prematurely reaching such a conclusion. An improve-
ment of the cytotoxicity and selectivity could be
achieved by chemical modification of the complexes,
for example by modification of the arene,[96,97] of the
dithiocarbamato ligand,[98] or of the size of the
metallacycle.[99,100] Zinc compounds 1 and 3 were
shown to be slightly more active than their Os and Ru
analogues.

Conclusions

In conclusion, five half-sandwich ruthenium and
osmium complexes containing a 4-membered metalla-
cycle were synthesised by transmetallation from the
corresponding zinc precursors. and characterised. The
metallacycle MS2C was conjugated to a glucose-like
moiety to study the influence of this bioactive moiety.
The complexes were found to be very moderately
active against A2780 ovarian cancer cells and A2780
cisplatin-resistant cell lines, with limited difference in
the IC50 values against both cell lines, and therefore it
seems likely there is no cross resistance. Of interest is
the difference of IC50 values observed for the osmium
complexes with or without the presence of the
glucose-like moiety (complexes 7–9 vs. 6). This
confirms that glycoconjugation is an approach of

Figure 5. DFT-optimised structure of complex 7 in a tetrahy-
drofuran CPCM solvation model (light blue: osmium, yellow:
sulphur, dark blue: nitrogen, red: oxygen, green: chloride, grey:
carbon, white: hydrogen) and calculated IR spectrum.

Table 1. IC50 values in A2780, A2780 cisplatin resistant and PNT2 cells for complexes 1, 3, 5–9.

IC50 values [μM]
Compound A2780 A2780cisR PNT2

1 109.44�6.4 115.11�29.8 NA
3 105.0�0.84 111.07�33.89 NA
5 146.8�14.1** 194.2�14.8 >300
6 >300 >300 >300
7 150.2�11.1** 180.0�11.1 >300
8 173.6�2.3** 213.9�7.0 >300
9 161.0�5.8** 199.0�1.9 >300
cisplatin 7.7�0.8 ** 19.7�1.4 77.3�7.7

** p<0.01 between A2780 and A2780CR.
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interest for increasing the cellular uptake of a drug by
cancer cells.

Experimental Section

Materials and Methods

Hydrated metallic chlorides were purchased from SA
Precious Metals (South Africa, http://www.saprecious-
metals.com). The amino-sugar precursors 1-O-methyl-
2-amino-2-deoxy-(α,β)-D-glucopyranoside (Glc2) acetic
acid and 1-O-methyl-6-amino-6-deoxy-α-D-glucopyra-
noside (Glc3) were available in-house (prepared as
previously described).[67] (α,β)-D-glucosamine (GlcN1)
hydrochloride, isonipecotamide, isonipecotic acid (TCI),
CS2, [Zn(OAc)2] · 2H2O, N,N-diisopropylethylamine (DI-
PEA; from Merck), N,N,N’,N’-tetramethyl-O-(N-
succinimidyl)uronium tetrafluoroborate (TSTU; from
Carbosynth) were of reagent grade or comparable
purity and were used as supplied. Anhydrous DMF was
obtained by passing the solvent over a column of
alumina and subsequently stored over 4 Å activated
molecular sieves under an inert atmosphere of nitro-
gen. Dichloromethane, tetrahydrofuran and toluene
were dried over molecular sieves (3 Å). All other
reagents and solvents were used as purchased without
any further purification.

All Ru and Os compounds were prepared under a
purified dinitrogen atmosphere using standard Schlenk
and vacuum line techniques, unless otherwise speci-
fied.

pH* was adjusted using EDT direction non-glass
pocket pH meter with an ISFET silicon chip pH sensor.
pH* values (pH readings without correction for the
effect of deuterium) of NMR samples were adjusted
using KOD solutions in D2O.

Instrumentation

All NMR spectra were recorded on a 400 MHz Bruker
Spectrospin spectrometer or a Jeol 400 MHz spectrom-
eter equipped with z-field gradients using 5 mm NMR
tubes. Data processing was carried out using TOPSPIN
4.0.9 (Bruker U.K. Ltd.) and MestReNova version 12.0
(Mestrelab Research S.L.). Deuterated solvents were
purchased from Goss Scientific Instrument or Deutero.
1H- and 13C-NMR chemical shifts were internally
referenced to TMS through residual solvent peaks
DMSO (δ=2.52 ppm, 39.52 ppm), CHCl3 (δ=7.26 ppm,

77.16 ppm), acetone (δ=2.05 ppm), THF (δ=

1.72 ppm) or MeOD (δ=3.31 ppm).

Melting points were recorded on a Stuart SMP10
digital melting point apparatus and are uncorrected.

Elemental analyses (carbon, hydrogen and nitro-
gen) were performed with a Perkin Elmer 2400 CHNS/O
Series II analyser.

FT-IR Spectra were recorded from CsI disks at room
temperature on a Perkin Elmer Frontier FT-MIR/FIR
spectrophotometer in the range 4000–200 cm� 1. Data
processing was carried out using OMNIC version 5.1
(Nicolet Instrument Corporation).

Roswell Park Memorial Institute (RPMI) 1640 me-
dium, foetal bovine serum (FBS), penicillin and
streptomycin, phosphate-buffered saline (PBS, pH 7.4),
and other tissue culture reagents were purchased
from Gibco (Thermo Fisher Scientific, UK). Cell lines
were provided by the Institute of Cancer Therapeutics,
University of Bradford. Cells were incubated in a
Thermo ScientificTM HeracellTM 150 incubator and
observed under a Nikon ECLIPSE TS100 Microscope.

Geometry optimisations were carried out using the
M11-L DFT functional[101] coupled with the SDD basis
set[102] for the metal ions and the def2-TZVP basis set
for the lighter elements.[103] Vibrational frequencies
were calculated to ensure the absence of imaginary
frequencies and to obtain the IR spectra. All calcu-
lations were performed in vacuum[104] and by utilising
the Gaussian 09 software package.[105]

Synthesis and Characterisation

Ruthenium and osmium dimers [(η6-p-cym)MCl2]2 were
synthesised using an Anton Paar microwave synthesis
reactor (Monowave 300) and a 20 mL microwave vial
equipped with a magnetic stirring bar.

[(η6-p-cym)RuIICl(μ-Cl)]2. FT-IR (CsI disk; 298 K):
3058/3035 (ν, CHar), 2961 (νa, CH3), 2925/2873 (νs, CH3),
1628/1531/1497/1450/1410/1390 (ν, ring), 1472 (δa,
CH3), 1380/1363 (δs, CH3), 1115/1094/1057/1034 (δip,
CHar), 928/904/879/804 (δoop, CHar), 571/528 (δoop,
ring), 459–407 (ν, Ru-arene (tentative)), 296 (ν,
Ru� Clterminal), 262/244 (ν, Ru� Clbridging).

[(η6-p-cym)OsIICl(μ-Cl)]2. FT-IR (CsI disk; 298 K):
3063/30555 (ν, CHar), 2971/2958 (νa, CH3), 2921/2873
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(νs, CH3), 1630/1522/1487/1438/1411/1387 (ν, ring),
1467 (δa, CH3), 1378/1362 (δs, CH3), 1109/1091/1058/
1032 (δip, CHar), 935/883/864/804 (δoop, CHar), 573/531
(δoop, ring), 460–385 (ν, Os-arene (tentative)), 316/304
(ν, Os� Clterminal), 265/235 (ν, Os� Clbridging).

The zinc(II)-dithiocarbamato intermediates 1–4
were prepared as previously described.[67]

[ZnII(SSC-Inp-NH2)2] (1). Yield: 96%. M.p. 293–
294 °C (dec.). Anal. calc. for C14H22N4O2S4Zn (471.98): C
35.63, H 4.70, N 11.87; found: C 35.74, H 4.89, N 11.76.
FT-IR (CsI disk; 298 K): 3439/3208 (νa,s, NH2), 1667 (ν,
C=O (amide I)), 1649 (δip, CNH2 (amide II)), 1492 (ν,
N� CSS), 1007 (νa, SCS), 561 (νs, SCS), 392 (νa, ZnS4).

1H-
NMR (400 MHz; (D6)DMSO; 298 K): 7.36 (2H, br. s, NHcis),
6.87 (2H, br. s, NHtrans), 4.82 (4H, br. d, J=12.9, C2’,6’Heq),
3.32–3.22 (4H, m, C2’,6’Hax), 2.46–2.36 (2H, m, C4’H),
1.82 (4H, dd, J=2.8, 13.2, C3’,5’Heq), 1.54 (4H, m,
C3’,5’Hax).

13C{1H}-NMR (100 MHz; (D6)DMSO; 298 K):
202.3 (NCSS), 175.6 (C=O), 50.7 (C2’,6’H2), 40.1 (C4’H),
28.4 (C3’,5’H2).

[ZnII(SSC-Inp-NHGlc1)2] (2). Yield: 61%. M.p. 200–
203 °C (dec.). Anal. calc. for C26H42N4O12S4Zn (796.26):
C 39.22, H 5.32, N 7.04; found: C 39.18, H 5.19, N 6.91.
FT-IR (CsI disk; 298 K): 3293br (ν, OH+NH overlapped),
1638 (ν, C=O (amide I)), 1547 (δip, CNH (amide II)),
1487 (ν, N� CSS), 1071br/1060br (ν, C� OH), 1005 (νa,
SCS), 570 (νs, SCS), 373 (νa, ZnS4).

1H-NMR (400 MHz;
(D6)DMSO; 298 K): 7.70 (0.5H, d, J=8.3, NH β), 7.67 (2H,
d, J=7.7, NH α), 6.49 (0.5H, d, J=6.3, C1OH β), 6.41
(2H, d, J=4.2, C1OH α), 4.94–4.90 (4H, m, C3OH+C1H
α overlapped), 4.85–4.78 (5H, br. m, C2’,6’Heq α and β
overlapped), 4.61 (2H, d, J=16.7, C4OH α), 4.53 (0.5H,
dd, J=5.80, 5.80, C6OH β), 4.45–4.42 (2.5H, br. m,
C6OH α+C1H β overlapped), 3.69–3.39 (11.5H, m, C2H
α+C4H α and β+C5H α+C6H2 α and β overlapped),
3.31–3.22 (6H, m, C2’,6’Hax α and β+C2H β+C3H β
overlapped), 3.18–3.02 (2.5H, m, C3H α+C5H β over-
lapped), 2.57–2.52 (2.5H, m, C4’H α and β overlapped),
1.81–1.75 (5H, m, C3’,5’Heq α and β overlapped), 1.62–
1.56 (5H, br. m, C3’,5’Hax α and β overlapped). C3OH β
and C4OH β could not be undoubtedly assigned: those
peaks are probably overlapped with other peaks in the
4.92–4.42 ppm range. 13C{1H}-NMR (100 MHz;
(D6)DMSO; 298 K): 202.2 (NCSS), 173.8 (C=O), 95.4 (C1H
β), 90.5 (C1H α), 76.9 (C5H β), 74.2 (C3H β), 72.1 (C5H α),
71.1 (C3H α), 70.9 (C4H β), 70.4 (C4H α), 61.2 (C6H2 β),
61.1 (C6H2 α), 57.1 (C2H β), 54.3 (C2H α), 50.8 (C2’,6’H2),
40.1 (C4’H), 28.5 (C3’,5’H2). No differentiation of the 13C
signals of the isonipecotic moiety due to the presence

of both α and β anomers could be observed. Solution
α:β anomers ratio ca. 4 :1 (based on the 1H-NMR
spectrum).

[ZnII(SSC-Inp-NHGlc2)2] (3). Yield: 35%. M.p. 268–
272 °C (dec.). Anal. calc. for C28H46N4O12S4Zn (824.31):
C 40.80, H 5.63, N 6.80; found: C 40.65, H 5.74, N 6.81.
FT-IR (CsI disk; 298 K): 3319br (ν, OH+NH overlapped),
1645 (ν, C=O (amide I)), 1557 (δip, CNH (amide II)),
1494 (ν, N� CSS), 1062br/1040br (ν, C� OH+C1� O� CH3
overlapped), 1007 (νa, SCS), 576 (νs, SCS), 382 (νa,
ZnS4).

1H-NMR (400 MHz; (D6)DMSO; 298 K): 7.80 (2H,
d, J=8.1, NH), 5.00 (2H, d, J=5.6, C4OH), 4.82 (4H, br.
d, J=12.4, C2’,6’Heq), 4.73 (2H, d, J=5.9, C3OH), 4.56–
4.52 (4H, m, C6OH+C1H overlapped), 3.67–3.42 (8H,
m, C2H+C3H+C6H2 overlapped), 3.33–3.24 (6H, m,
C5H+C2’,6’Hax overlapped), 3.24 (6H, s, OCH3), 3.15–
3.09 (2H, m, C4H), 2.59–2.52 (2H, m, C4’H), 1.81–1.76
(4H, br. m, C3’,5’Heq), 1.66–1.51 (4H, br. m, C3’,5’Hax). The
1H-NMR signals refer to the α anomer. Signals related
to the β anomer were hardly detectable, and only a
very few were observed and could be undoubtedly
assigned (such as δ(NH)=7.68, δ(C3OH)=4.91,
δ(C1H)=4.19 (3J1,2=8.4), δ(OCH3)=3.58 ppm). 13C{1H}-
NMR (100 MHz; (D6)DMSO; 298 K): 202.2 (NCSS), 173.9
(C=O), 97.9 (C1H), 72.8 (C5H), 70.8 (C3H), 70.7 (C4H), 60.9
(C6H2), 54.5 (OCH3), 53.8 (C2H), 50.8 (C2’,6’H2), 40.0
(C4’H), 28.5 (C3’,5’H2). No 13C signals assignable to the β
anomer were detected. Solution α:β anomers ratio ca.
25 :1 (based on the 1H-NMR spectrum).

[ZnII(SSC-Inp-NHGlc3)2] (4). Yield: 76%. M.p. 245–
248 °C (dec.). Anal. calc. for C28H46N4O12S4Zn (824.31):
C 40.80, H 5.63, N 6.80; found: C 40.91, H 5.83, N 6.76.
FT-IR (CsI disk; 298 K): 3392br (ν, OH+NH overlapped),
1637 (ν, C=O (amide I)), 1543 (δip, CNH (amide II)),
1494 (ν, N� CSS), 1050br (ν, C� OH+C1� O� CH3 over-
lapped), 1010 (νa, SCS), 564 (νs, SCS), 366 (νa, ZnS4).

1H-
NMR (400 MHz; (D6)DMSO; 298 K): 7.97 (2H, dd, J=5.8,
5.8, NH), 4.97 (2H, d, J=5.5, C4OH), 4.90–4.80 (4H, br.
m, C2’,6’Heq), 4.82 (2H, d, J=4.8, C3OH), 4.75 (2H, d, J=

6.5, C2OH), 4.51 (2H, d, J=3.6, C1H), 3.58–3.52 (2H, m,
C6H’), 3.40–3.35 (4H, m, C3H+C5H overlapped), 3.24
(6H, s, OCH3), 3.28–3.19 (6H, m, C2H+C2’,6’Hax over-
lapped), 3.08–2.98 (2H, m, C6H’’), 2.92–2.88 (2H, m,
C4H), 2.57–2.53 (2H, m, C4’H), 1.78–1.75 (4H, m,
C3’,5’Heq), 1.67–1.50 (4H, br. m, C3’,5’Hax).

13C{1H}-NMR
(100 MHz; (D6)DMSO; 298 K): 202.2 (NCSS), 173.8 (C=O),
99.6 (C1H), 73.0 (C3H), 72.1 (C4H), 72.0 (C2H), 70.3 (C5H),
54.3 (OCH3), 50.7 (C2’,6’H2), 39.9 (C4’H), 39.8 (C6H2), 28.4
(C3’,5’H2).
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[(p-cym)Ru(SSC-Inp-NH2)Cl] (5). A suspension of 1
(71.0 mg, 0.16 mmol) in dry DMF (2 mL) was added
dropwise to a solution of ruthenium dimer [(p-
cym)RuCl2]2 (100 mg, 0.16 mmol) in dry DMF (2 mL).
The mixture was then stirred at room temperature
until no precipitate could be observed (1 h) and the
solution turned from turbid orange to clear red. Slow
addition of diethyl ether resulted in the formation of a
red/brown precipitate which was discarded. A second
addition of diethyl ether (100 mL) resulted in the
precipitation of the crude compound as an orange
powder. The residue was subsequently washed with
diethyl ether and dried under vacuum. The orange
powder was then dissolved in acetonitrile and refluxed
in the presence of activated carbon for 10 min before
filtration through Celite. The final product was purified
by precipitation in acetonitrile/dichloromethane. Yield:
36.03%. HR-ESI-MS (pos.): 439.04505 ([M� Cl]+; calc.
439.045172; mass error: � 0.278 ppm). FT-IR (CsI disk;
298 K): 3421/3347sh/3196 (νa,s, NH2), 3058 (ν, CHar),
2966 (νa, CH3), 2930/2872 (νs, CH3), 1670 (ν, C=O
(amide I)), 1614 (δip, CNH2 (amide II)), 1542 (ν, N� CSS),
1500/1446 (overlapped with δa(CH3))/1390 (ν, ring),
1362 (δs, CH3), 1117/1092/1057/1028 (δip, CHar), 1018sh
(νa, SCS), 965/917/881/802 (δoop, CHar), 598/535 (δoop,
ring, overlapped with νs(SCS)), 455–394 (ν, Ru-arene
(tentative)), 376/362 (νa,s, SRuS), 294 (ν, Ru-Clterminal).
1H-NMR (400 MHz; (D6)DMSO; 298 K): 7.32 (1H, 2 s,
NHcis and N*Hcis), 6.84 (1H, 2 s, NHtrans and N*Htrans),
6.24–6.14 (2H, m, Ce’H), 6.00 (1H, d, J=6.4, C*d’H), 5.97
(1H, d, J=6.4, Cd’H), 4.30–4.22 (2H, m, CcHeq), 3.22–
3.14 (2H, m, CcHax), 2.72 (1H, sept, J=6.9, Cb’H), 2.54–
2.48 (1H, m, CaH), 2.18 (3H, 2 s, Cc’H and C*c’H), 1.86–
1.73 (2H, m, CbHeq), 1.51–1.27 (2H, m, CbHax), 1.14 (6H,
d, J=6.9, 2 Ca’H3).

13C{1H}-NMR (100 MHz; (D6)DMSO;
298 K): 91.5 (Cd’H), 88.9 (Ce’H), 46.0 (C*cH2), 45.9 (CcH2),
30.8 (CaH), 28.0 (C*bH2), 27.6 (CbH2), 22.3 (Ca’H3), 22.2
(Ca’H3),18.4 (Cc’H3). Two species are formed with the
majority of the signals overlapping. Distinguishable
signals are marked with a * for the second species.

[(p-cym)Os(SSC-Inp-NH2)Cl] (6). Complex 6 was
synthesised following the procedure described above
for complex 5. Yield: 33.7%. HR-ESI-MS (pos.):
529.10217 ([M� Cl]+; calc. 529.102319;mass error
� 0.282 ppm). FT-IR (CsI disk; 298 K): 3414/3342sh/3196
(νa,s, NH2), 3058 (ν, CHar), 2968 (νa, CH3), 2931/2874 (νs,
CH3), 1668 (ν, C=O (amide I)), 1610 (δip, CNH2 (amide
II)), 1548 (ν, N� CSS), 1467/1446 (overlapped with
δa(CH3))/1388 (ν, ring), 1363 (δs, CH3), 1116/1089/1055/
1028 (δip, CHar), 1015sh (νa, SCS), 962/918/883/802
(δoop, CHar), 577/534 (δoop, ring, overlapped with

νs(SCS)), 470–390 (ν, Os-arene (tentative)), 386br (νa,s,
SOsS), 293 (ν, Os-Clterminal).

1H-NMR (400 MHz;
(D6)DMSO; 298 K): 7.37 (1H, 2 s, NHcis and N*Hcis),
6.95–6.87 (1H, m, NHtrans and N*Htrans), 6.35 (2H, d, J=

5.9, Ce’H), 6.16 (1H, d, J=6.1, C*d’H), 6.14 (1H, d, J=6.1,
Cd’H), 4.23–4.10 (2H, m, CcHeq), 3.31–3.18 (2H, m,
CcHax), 2.73 (1H, sept, J=6.8, Cb’H), 2.49–2.44 (1H, m,
CaH), 2.36 (3H, 2 s, Cc’H and C*c’H), 1.94–1.84 (2 H, m,
CbHeq), 1.58–1.38 (2H, m, CbHax), 1.20 (6H, d, J=7.0, 2
Ca’H3). Two species are formed with the majority of the
signals overlapping. Distinguishable signals are
marked with a * for the second species.

[(p-cym)Os(SSC-Inp-NHGlc1)Cl] (7). Complex 7
was synthesised following the procedure described
above for complex 5. Yield: 28.8%. HR-ESI-MS (pos.):
705.16951 ([M� Cl]+; calc. 705.170793; mass error
� 1.819 ppm). FT-IR (CsI disk; 298 K): 3435br (ν, OH+

NH overlapped), 3061/3029 (ν, CHar), 2961 (νa, CH3),
2923/2868 (νs, CH3), 1655 (ν, C=O (amide I)), 1544 (ν,
N� CSS), 1504 (δip, CNH (amide II)), 1463/1447 (over-
lapped with δa(CH3))/1410/1387 (ν, ring), 1371 (δs,
CH3), 1120/1086 (δip, CHar), 1039/1056 (ν, C� OH+

C1� O� CH3 overlapped), 1008sh (νa, SCS), 918/880/802
(δoop, CHar), 577/532 (δoop, ring, overlapped with
νs(SCS)), 463–397 (ν, Os-arene (tentative)), 380br (νa,s,
SOsS), 295 (ν, Os� Clterminal).

1H-NMR (400 MHz;
(D6)DMSO; 298 K): 7.89–7.74 (1H, m, NH), 6.38–6.29
(2H, m, Ce’H), 6.17 (1H, d, J=6.3, C*d’H), 6.14 (1H, d, J=

6.3, Cd’H), 5.02–4.97 (1H, m, C4OH), 4.76–4.70 (1H, m,
C3OH), 4.54–4.47 (2H, m, C6OH and C1H), 4.23–4.10
(2H, m, CcHeq), 3.67–3.56 (2H, m, C2H and C6H), 3.50–
3.41 (2H, m, C3H and C6H), 3.27–3.07 (10H, m, C5H,
CcHax, C7H, C4H, and OCH3), 2.75 (1H, sept, J=7.1,
Cb’H), 2.67–2.57 (1H, m, CaH), 2.38–2.32 (3H, m, C*c’H
and Cc’H), 1.91–1.78 (2H, m, CbHeq), 1.58–1.40 (2H, m,
CbHax), 1.21 (6H, d, J=7.1, Ca’H). Two species are
formed with the majority of the signals overlapping.
Distinguishable signals are marked with a * for the
second species. The 1H-NMR signals refer to the α
anomer. Signals related to the β anomer were hardly
detectable. 13C{1H}-NMR (100 MHz; (D6)DMSO; 298 K):
200.35 (NCS2), 97.81 (C1H), 84.30 (Ce’H), 81.30 (C*d’H),
81.04 (Cd’H), 72.76 (C5H), 70.74 (C4H), 70.61 (C3H), 60.77
(C6H2), 54.41 (C7H3), 53.73 (C2H), 45.66 (CcH2), 39.78
(CaH3), 30.98 (Cb’H), 28.27 (CbH2), 22.72 (Ca’H3), 18.48
(Cc’H3).

[(p-cym)Os(SSC-Inp-NHGlc2)Cl] (8). Complex 8
was synthesised following the procedure described
above for complex 5. Yield: 29.5%. HR-ESI-MS (pos.):
691.15313 ([M� Cl]+; calc. 691.155144; mass error
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� 2.914 ppm). FT-IR (CsI disk; 298 K): 3414/3342sh/3196
(νa,s, NH2), 3058 (ν, CHar), 2968 (νa, CH3), 2931/2874 (νs,
CH3), 1668 (ν, C=O (amide I)), 1610 (δip, CNH2 (amide
II)), 1548 (ν, N� CSS), 1467/1446 (overlapped with
δa(CH3))/1388 (ν, ring), 1363 (δs, CH3), 1116/1089/1055/
1028 (δip, CHar), 1015sh (νa, SCS), 962/918/883/802
(δoop, CHar), 577/534 (δoop, ring, overlapped with
νs(SCS)), 470–390 (ν, Os-arene (tentative)), 386br (νa,s,
SOsS), 293 (ν, Os� Clterminal).

1H-NMR (400 MHz;
(D6)DMSO; 298 K): 8.04–7.92 (1H, m, NH), 6.38–6.30
(3H, m, Ce’H), 6.16 (1H, d, J=6.5, C*d’H), 6.14 (1H, d, J=

6.5, Cd’H), 4.98–4.95 (1H, m, C4OH), 4.84–4.80 (1 H, m,
C3OH), 4.76–4.73 (1H, m, C6OH), 4.52–4.49 (1H, m,
C1H), 4.23–4.12 (2H, m, CcHeq), 3.61–2.95 (9H, m,
C1OH, C2H, C3H, C4H, C5H, C6H2, C

cHax), 2.75 (1H, sept,
J=6.9, Cb’H), 2.63–2.55 (1H, m, CaH), 2.36 (3H, 2s,
C*c’H, Cc’H), 1.91–1.77 (2H, m, CbHeq), 1.59–1.41 (2H,
m, CbHax), 1.21 (6H, d, J=7.1, Ca’H). Two species
formed for each anomer with majority of the signals
overlapping between them. Distinguishable signals are
marked with a * for the second specie. 13C{1H}-NMR
(100 MHz; (D6)DMSO; 298 K): 199.60 (NCS2), 95.43
(C1H), 90.50 (Ce’H), 76.86 (Cd’H), 72.12 (C5H), 71.10
(C4H), 70.41 (C3H), 61.11 (C6H2), 54.31 (C2H), 50.77
(CcH2), 33.00 (Cb’H), 28.40 (CbH2), 24.01 (Ca’H3), 20.59
(Cc’H3).

[(p-cym)Os(SSC-Inp-NHGlc3)Cl] (9). Complex 9
was synthesised following the procedure described
above for complex 5. Yield: 13.7%. HR-ESI-MS (pos.):
705.16884 ([M� Cl]+; calc. 705.170793; mass error
� 2.770 ppm). FT-IR (CsI disk; 298 K): 3435br (ν, OH+

NH overlapped), 3057 (ν, CHar), 2961 (νa, CH3),
2928/2869 (νs, CH3), 1654 (ν, C=O (amide I)), 1546 (ν,
N� CSS), 1503 (δip, CNH (amide II)), 1466/1446 (over-
lapped with δa(CH3))/1409/1388 (ν, ring), 1371 (δs,
CH3), 1148/1107/1085 (δip, CHar), 1051 (ν, C� OH+

C1� O� CH3 overlapped), 1010 (νa, SCS), 918/878/801
(δoop, CHar), 568/537 (δoop, ring, overlapped with
νs(SCS)), 456–396 (ν, Os-arene (tentative)), 383br (νa,s,
SOsS), 294 (ν, Os� Clterminal).

1H-NMR (400 MHz;
(D6)DMSO; 298 K): 7.77–7.61 (1H, m, NH), 6.35 (2H, d,
J=6.3, Ce’H), 6.16 (1H, d, J=6.03, C*d’H), 6.14 (1H, d,
J=6.03, Cd’H), 4.99–4.75 (2H, m, C3OH and C4OH),
4.65–4.59 (1H, m, C2OH), 4.47–4.38 (1H, m, C1H), 4.24–
4.07 (2H, m, CcHeq), 3.70–2.99 (11H, m, C2H, C3H, C4H,
C5H, C6H2, CcHax, OCH3), 2.73 (1H, sept, J=6.9, Cb’H),
2.69–2.64 (1H, m, CaH), 2.40–2.34 (3H, m, Cc’H), 2.34–
2.29 (3H, m, C*c’H), 1.93–1.78 (2H, m, CbHeq), 1.62–1.40
(2H, m, CbHax), 1.21 (6H, d, J=6.4, Ca’H). Two species
formed with majority of the signals overlapping.
Distinguishable signals are marked with a * for the

second specie. The 1H-NMR signals refer to the α
anomer.

Chemosensitivity Assays

In vitro chemosensitivity tests were performed against
A2780, A2780cisR and PNT2 cells. Cancer cell lines
were routinely maintained as monolayer cultures in
RPMI medium supplemented with 10% foetal calf
serum, penicillin (100 I.U./mL), streptomycin (100 μg/
mL), sodium pyruvate (1 mm), and L-glutamine (2 mm).
For chemosensitivity studies, cells were incubated in
96-well plates at a concentration of 7.5×103 cells per
well and the plates were incubated for 24 h at 37 °C
and a 5% CO2 humidified atmosphere prior to drug
exposure. Complexes were dissolved in DMSO to
provide stock solutions which were further diluted
with media to provide a range of final concentrations.
Drug-media solutions were added to cells (the final
concentration of DMSO was less than 1% (v/v) in all
cases) and incubated for 24 h at 37 °C and 5% CO2
humidified atmosphere. The drug-media was removed
from the wells and the cells were washed with PBS
(100 μL, twice), and 100 μL of complete fresh media
were added to each well. The plates were further
incubated for 48 h at 37 °C in a 5% CO2 humidified
atmosphere to allow for a period of recovery. 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT; 20 μL, 2.5 mg/mL) was added to each well and
incubated for 2 h at 37 °C and 5% CO2 humidified
atmosphere. All solutions were then removed and 100
μL of DMSO was added to each well in order to
dissolve the purple formazan crystals. A Thermo
Scientific Multiskan EX microplate photometer was
used to measure the absorbance in each well at
570 nm. Cell survival was determined as the absorb-
ance of treated cells divided by the absorbance of
controls and expressed as a percentage. The IC50
values were determined from plots of % survival
against drug concentration. Each experiment was
repeated in triplicates of triplicates and a mean value
was obtained and stated as IC50 [μM]�SD. Cisplatin
was also used as a positive control.
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