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Improved antiparasitic activity by incorporation
of organosilane entities into half-sandwich
ruthenium(in) and rhodium(ii) thiosemicarbazone
complexest

Muneebah Adams,® Carmen de Kock,? Peter J. Smith,” Kirkwood M. Land,®
Nicole Liu,“ Melissa Hopper,© Allyson Hsiao,“ Andrew R. Burgoyne,?
Tameryn Stringer,? Mervin Meyer,“ Lubbe Wiesner,® Kelly Chibale**" and
Gregory S. Smith*@

A series of ferrocenyl- and aryl-functionalised organosilane thiosemicarbazone compounds was obtained
via a nucleophilic substitution reaction with an amine-terminated organosilane. The thiosemicarbazone
(TSC) ligands were further reacted with either a ruthenium dimer [(n®-'PrCgHsMe)Ru(p-CICLl, or a
rhodium dimer [(Cp*)-Rh(p-Cl)Cl], to yield a series of cationic mono- and binuclear complexes. The
thiosemicarbazone ligands, as well as their metal complexes, were characterised using NMR and IR
spectroscopy, and mass spectrometry. The molecular structure of the binuclear ruthenium(i) complex
was determined by single-crystal X-ray diffraction analysis. The thiosemicarbazones and their complexes
were evaluated for their in vitro antiplasmodial activities against the chloroquine-sensitive (NF54) and
chloroquine-resistant (Dd2) Plasmodium falciparum strains, displaying activities in the low micromolar
range. Selected compounds were screened for potential f-haematin inhibition activity, and it was found
that two Rh(i) complexes exhibited moderate to good inhibition. Furthermore, the compounds were
screened for their antitrichomonal activities against the G3 Trichomonas vaginalis strain, revealing a
higher percentage of growth inhibition for the ruthenium and rhodium complexes over their corres-

www.rsc.org/dalton ponding ligand.

Introduction

Parasitic diseases such as malaria and trichomoniasis are rife
due to the emergence of strains that are resistant to widely
used, cost-effective drugs. Malaria, a highly infectious parasitic
disease caused by the plasmodium protozoan, is responsible
for over 2 million cases worldwide." Chemotherapeutic drugs
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used to treat the disease consist mainly of quinoline-based
drugs (e.g. Chloroquine) and artemisinin combination thera-
pies (ACTs). ACTs are drug regimens in which one compound,
an artemisinin derivative, is a fast but short-acting drug while
the other drug has a longer half-life, enabling it to clear any
remaining parasites.

Trichomoniasis is the most common sexually transmitted
parasitic disease caused by the protozoal parasite Trichomonas
vaginalis. Trichomoniasis is generally easily treatable; however,
in most cases the infected individual is asymptomatic. If left
untreated, the disease could spread or make the infected indi-
viduals more susceptible to HIV, cervical and aggressive pros-
tate cancer.®” Antitrichomonal drugs consist mainly of 5-nitro-
imidazole compounds whereas current treatments are the FDA
approved drugs such as metronidazole or tinidazole.®°

However, a common problem pertaining to the treatment of
parasitic diseases is the tendency of a parasite to develop
resistance. Therefore, alternative strategies have been
employed to address this problem. One such strategy involves
the incorporation of metals into drugs with known pharmaco-
logical properties. The clinical success of transition metal

This journal is © The Royal Society of Chemistry 2015
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complexes such as cisplatin, as well as compounds currently
in clinical trials such as the ruthenium complex NKP-1339 or
ferroquine, has demonstrated that the use of transition metals
is a promising strategy.'%*?

In an effort to improve lipophilicity and concomitant drug
accumulation, silicon has previously been incorporated into
the scaffold of a known drug to either enhance the potency of
the drug or remodel the drug for the treatment of another
disease. The silicon-containing compounds generally exhibit
enhanced pharmacological activity and reduced toxicity when
compared to their corresponding non-silicon analogues.'*™**
In the case when a compound enters the cell via membrane
crossing, the more lipophilic nature of silicon-containing com-
pounds has been associated with enhanced cell and tissue
penetration.'® Smith et al. prepared a series of quinoline and
ferroquine organosilane derivatives which were evaluated for
their antiplasmodial activity against chloroquine-sensitive
(NF54) and chloroquine-resistant (Dd2) strains.'®'” The quino-
line derivatives exhibited activity in the low nanomolar range,
whilst the ferroquine derivatives exhibited nanomolar range
activities comparable to or significantly greater than both
chloroquine and ferroquine.'®'”

Thiosemicarbazones are Schiff-base type compounds
known for their pharmacological properties, particularly as
antiparasitic'®?* and antitumoural agents.'®**° Generally,
thiosemicarbazones act as chelating agents for various
endogenous metal ions by bonding through the sulfur atom
and the imine nitrogen atom. The precise mode of action of
thiosemicarbazones on the parasite is currently unknown.
However, different modes of action have been hypothesised for
antimalarial agents: mechanisms such as binding to cysteine
proteases, forming toxic complexes when bound to the cellular
metals (generation of reactive oxygen species), preventing
the uptake of cellular iron thus inhibiting various enzymes
including ribonucleotide reductase (DNA synthesis) as well as
interfering with electron transport and pentose phosphate
shunt enzymes.””° The formation of metal complexes
may aid either the transport into, or the accumulation of the
compound within the active site, due to the lipophilicity of the
compound changing upon coordination.?’

Studies previously conducted by our group based on non-
chloroquine-based derivatives identified thiosemicarbazone-
containing compounds'®*"**?* which exhibited moderate
antiplasmodial and antitrichomonal activity (Fig. 1). It
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IC50(NF54 - P. falciparum) = 2.9+0.9 uM
IC50(Dd2 - P. falciparum) = 3.840.2 uM
IC50(G3- T. vaginalis) = 7.56 uM

ICso(NF54 - P. falciparum) = 1.93+0.04 uM
ICso(Dd2 - P. falciparum) = 2.6940.22 uM

Fig. 1 Ruthenium(i) and palladium(i) complexes, which exhibit anti-
parasitic activity.?32
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was observed that the compounds containing chlorides on
the aromatic ring generally displayed better activity against
P. falciparum and T. vaginalis than the compounds with unsub-
stituted aromatic rings.>’

Herein, we now report on the synthesis and biological
activities of a series of half-sandwich organometallic thiosemi-
carbazone complexes after incorporating an amine-terminated
organosilane on the terminal nitrogen. This study aims
to show their increased biological activity through increased
lipophilicity when endowed with an organosilane entity.

Results and discussion

Schiff-base dithiocarbamates (1a-b; 2b) were prepared follow-
ing published methods,*?® and a similar method was fol-
lowed to synthesise the new compound 2a (Scheme 1). The
Schiff-base dithiocarbamates were reacted with the amines,
(aminomethyl)-trimethylsilane and N,N’-dimethylpropana-
mine, to afford the silicon-containing thiosemicarbazones
3a-b, 4a-b and compound 5 (Scheme 1). Ruthenium(u) and
rhodium(m) complexes, containing either the p-cymene
(‘PrC¢H,;Me) or pentamethylcyclopentadienyl (Cp*) ancillary
ligand respectively, were prepared and isolated as the chloride
salts. Two equivalents of the thiosemicarbazone, which acts as
an N,S-chelate, were reacted with the ruthenium dimer
[(n®'PrCgHsMe)-Ru(p-Cl)Cl], to yield complexes 6a-b, 7a-b
and 8. In a similar manner, the rhodium complexes (9a-b;
10a-b; 11) were prepared by reacting the thiosemicarbazone
(2 equiv.) with the rhodium dimer [(Cp*)Rh(p-Cl)Cl],.

The compounds were characterised using 'H and ">C NMR
spectroscopy. The presence of a singlet in the range of
0.10-0.18 ppm (3a-b; 4a-b) and a singlet at 1.04 ppm (5) con-
firms the displacement of the methanethiolate group (1a-b;
2a-b) with the Si(CH;); and C(CHj;); containing amine groups.
It has also been observed that the CH, protons couple to the
proton of the adjacent secondary amine (CH,NH), resonating
as a doublet, while the amine proton resonates as a triplet.
Additionally, in the *C NMR spectra the displacement of the
methanethiol group with the amine-terminated organosilane
results in a more shielded thiocarbonyl carbon which res-
onates at ca. 178 ppm (e.g. 199.07 ppm for 2a). The 'H NMR
spectra of these chiral ruthenium and rhodium complexes
display peaks which are characteristics of these types of chiral
N,S-chelate systems.>'”*® The characteristic splitting pattern
of the p-cymene arene ring is observed: methyl groups (iso-
propyl) resonate as two doublets; four doublets for the aromatic
protons.>'*”73% A singlet is observed for the pentamethylcyclo-
pentadienyl ring in the 'H NMR spectra of the rhodium
complexes.

The thiosemicarbazone compounds (3a-b; 4a-b; 5) were
analysed using EI'-MS, and the molecular ion peak is observed
at m/z 373, 387, 333, 347 and 331 respectively. In the ESI" mass
spectra of the ruthenium complexes 6a-b, 7a-b and 8 the peak
is observed at m/z 304, 311, 284, 291 and 283 respectively for
the fragment [M — CIJ** (M refers to the cationic portion

Dalton Trans., 2015, 44, 2456-2468 | 2457
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1: Ry = Ferrocene; Ry = H (a), CHj (b)

5 2: Ry = 3,4-Dichlorobenzene; R, = H (a), CHz (b)

3,4-Dichlorobenzene
%_/

Rz

6a: Ry = Ferrocene, R; = H, X = Si

6b: Ry = Ferrocene, R, = CH3, X = Si

7a: Ry = 3,4-Dichlorobenzene, R, = H, X = Si

7b: Ry = 3,4-Dichlorobenzene, R, = CH3, X = Si
8: Ry = 3,4-Dichlorobenzene, R, = CHz, X=C

H H

> N
"R N

3: Ry = Ferrocene; Ry = H (a), CHj (b); X = Si
4: Ry = 3,4-Dichlorobenzene; Ry = H (a), CH3 (b); X = Si
5: Ry = 3,4-Dichlorobenzene; Ry = CHz; X =C

(i)l - CH3SH

|
N X
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9a: Rq = Ferrocene, Ry = H, X = Si
9b: R; = Ferrocene, Ry = CH3, X = Si
10a: Ry = 3,4-Dichlorobenzene, R; = H, X = Si
10b: R, = 3,4-Dichlorobenzene, R, = CH3, X = Si
11: R, = 3,4-Dichlorobenzene, R, = CH3, X=C

Scheme 1 Synthesis of organosilane thiosemicarbazones and their metal complexes. (i) EtOH, reflux, Ny; (i) [(n®-'PrCgH,Me)Ru(u-Cl)Cl],, DCM, RT,

4 h; (iii) [(Cp*)Rh(u-Cl)ClI;, DCM, RT, 4 h.

Table 1 Crystallographic data for 6b

6b-CHCl,

Chemical formula C,,H;30Cl,FeN;RuSSi.CHCl;

Formula weight 812.96
Crystal system Monoclinic
Space group P24/c

Crystal size (mm) 0.04 x 0.16 x 0.17
alA 13.8986(3)
b/A 22.6091(4)
c/A 11.4831(3)
al® 90

Bl 103.4820(10)
y/° 90

VIA® 3508.95(13)
zZ 4

T/K 173(2)

D./g em™ 1.539
p/mm™* 1.341

Scan range/° 3.5<0<27.5
Unique reflections 8016
Reflections used [I > 206(1)] 6426

Rint 0.061

R indices (all data) 0.0519, wR, 0.1587, S 1.06
Goodness-of-fit 1.012

Max, Min Ap/e A -1.96, 2.26

excluding the Cl counter-ion). The same fragment is observed
at m/z 305, 312, 285, 292 and 284 for rhodium complexes 9a-b,
10a-b and 11 respectively.

Single crystals of compound 6b were grown by the slow
diffusion of pentane into a solution of 6b in chloroform, and
analysed using single crystal X-ray diffraction analysis. The
compound crystallised as red blocks with a molecule of chloro-
form in a monoclinic crystal system with space group P2,/c.
Crystallographic data are presented in Table 1 and selected
bond lengths and angles are listed in Table 2.

2458 | Dalton Trans., 2015, 44, 2456-2468

Table 2 Selected bond lengths (A) and angles (°)

Bond lengths (A)

Ru-N(3) 2.158(4)
Ru-S 2.3497(11)
Ru-Cl(1) 2.4134(12)
N(1)-C(5) 1.333(6)
N(2)-C(5) 1.346(6)
N(3)-C(6) 1.303(6)
C(5)-S 1.701(4)
Bond angles (°)

N(3)-Ru-S 82.11(10)
N(3)-Ru-Cl(1) 88.04(11)
Cl(1)-Ru-S 86.07(4)
Ru-S-C(5) 99.19(16)

Fig. 2 ORTEP diagram. The molecular structure of compound 6b.

As seen in Fig. 2 and looking at the bond angles around the
ruthenium metal centre (Table 2), the compound has a
pseudo-tetrahedral geometry around the ruthenium(u) metal.

This journal is © The Royal Society of Chemistry 2015
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The selected bond lengths and angles listed in Table 2 are
similar to those observed for analogous compounds.>*?74%4!
The bond length of C(5)-S [1.701(4) A] was compared to
similar complexes, as well as similar ligands, and was found to
be comparable, which suggests that the ligand chelates in the
thione form (Table 2).>**7**> This is also confirmed by com-
parison of the N-C bond lengths, where the N(2)-C(5)
[1.346 A] bond is longer than the imine bond N(3)-C(6)
[1.303 A], which suggests that N(2)-C(5) is not a double bond
and thus the thiosemicarbazone chelates in the thione
form.>*3”

Predicting the log P values of dithiocarbamates and
thiosemicarbazones

The incorporation of silicon into the framework of these com-
pounds was carried out on the basis that an enhancement of
the compound’s lipophilicity may lead to the enhancement of
biological activity as well as a reduced cytotoxicity to non-
infected cells. Table 3 lists the log P values either calculated
using Marvinsketch or estimated using the method described
in the Experimental section.

Comparison of the dithiocarbamate with the corresponding
TSCs showed that incorporation of the side chain led to an
increase in the logP value (Table 3). A more significant
increase is observed for the organosilane TSCs than the non-
silicon TSC (5). Furthermore, the logP values of two non-
silicon thiosemicarbazones which are analogous to com-
pounds 3a and 4b, and contain a terminal primary amine,
were calculated. Their logP values were significantly lower
than the thiosemicarbazones evaluated in this study and in
certain cases, lower than chloroquine.*?

In vitro antiplasmodial and cytotoxicity studies

The in vitro antiplasmodial activities of the ferrocenyl- (1a-b)
and aryl-derived (2a-b) Schiff-base dithiocarbamates and their
corresponding organosilanes (3a-b; 4a-b) and the non-silicon
(5) thiosemicarbazone were evaluated against two P. falciparum
strains, NF54 (chloroquine-sensitive) and Dd2 (chloroquine-
resistant). The ruthenium (6b; 7a-b; 8) and rhodium (9a;
10a-b; 11) complexes were also evaluated against the two
strains. Chloroquine diphosphate (CQDP) and Artesunate were
used as the control drugs in this study, and the antiplasmodial
data are listed in Table 4. Only compounds displaying ICs,
values in the low micromolar range (against the NF54 strain)

View Article Online

Paper

were further tested against the Dd2 strain, and the cytotoxici-
ties of these compounds were evaluated against the Chinese
hamster ovarian (CHO) cell line with Emetine as the control
drug.

Comparing the data for the Schiff-base dithiocarbamates
(1a-b; 2a-b) it is observed that 1b and 2b (R, = CHj;) are the
most active with ICs, values 3.76 and 2.59 pM respectively.
However, a loss of activity was observed towards the Dd2
strain, and 1b and 2b were found to be more toxic towards
non-infected cells (CHO cell line). Incorporation of the organo-
silane moiety generally led to the enhancement of activity for
thiosemicarbazones 3a, 4a and 4b compared to the dithio-
carbamates. Previously evaluated thiosemicarbazones with
unsubstituted terminal amines were less potent than the
organosilane thiosemicarbazones mentioned herein.**** Even
though a slight loss of activity was observed against the Dd2
strain, these organosilane thiosemicarbazones were found to
be more selective towards the parasite strains than the non-
infected cell-line. Compound 5, a non-silicon derivative of 4b,
was tested to determine whether any observed activity can
be attributed to the incorporation of the silicon atom or
the entire group on the terminal nitrogen. Compound 5
(175.74 uM) was found to be significantly less potent com-
pared to its silicon counterpart 4b (2.24 pM), which suggests
that the incorporation of the silicon atom may play a role in
improving the potency.

The log P values for the Schiff-base dithiocarbamates and
the thiosemicarbazones were predicted (Table 3). The TSCs
which displayed the higher log P values generally displayed
the lowest IC5, values. Additionally, the ferrocenyl [3.43 pM
(NF54); 6.40 pM (Dd2)] and 3,4-dichloroacetophenone
[14.1 pM (NF54); 9.82 pM (Dd2)] analogues were found to have
lower log P values (Table 3) and higher ICs, values than the
corresponding TSCs evaluated in this study.>"*> This suggests
that a difference in lipophilicity may assist in the compounds’
mode of action.

The ruthenium complexes were observed to be slightly less
active than the corresponding thiosemicarbazones. A further
loss of activity is observed when evaluated against the Dd2
strain. On the other hand, the potency of the non-silicon thio-
semicarbazone is significantly enhanced upon complexation
with ruthenium (8; 2.57 pM). However, compound 8 does not
display selectivity towards the parasitic strains versus the mam-
malian cell line, whereas the silicon-containing ruthenium

Table 3 Calculated log P values for the dithiocarbamates and thiosemicarbazones

Compound Compound

number log P number log P Compound number log P

1a 3.73° 3a 4.91° FerrocenylTSC*! 1.66”

1b 3.54" 3b 4.46"

2a 4.58% 4a 5.43¢

2b 4.43° 4b 5.07° 3,4-DichloroacetophenoneTSC*? 2.72°
5 4.56"

“Log P values calculated using MarvinSketch V14.9.29.0. *LogP of ferrocenyl compounds estimated using methods described in the

Experimental section.

This journal is © The Royal Society of Chemistry 2015
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Table 4 Antiplasmodial data for compounds 1-11
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IC5, values (uM)

Compound number NF54 Dd2 CHO RI* ) SI, ¢
1a 52.17 + 11.69 — — — — —
1b 3.76 £ 1.35 13.70 + 1.32 0.49 +0.21 3.64 0.13 0.036
2a 27.33 +7.85 — — — — —
2b 2.59 + 0.89 10.95 + 1.06 1.20 +0.41 4.23 0.46 0.11
3a 1.65 + 0.37 2.62 +0.29 >267.81 1.59 — —
3b 7.92 +1.99 — — — — —

4a 1.26 + 0.69 6.91 +0.48 25.10 +1.23 5.48 19.92 3.63
ab 2.24 +0.26 2.40 + 0.57 29.28 + 0.89 1.07 13.07 12.20
5 175.74 + 43.03 — — — — —
6b 7.81+0.56 — — — — —

7a 2.92 +0.33 4.28 +0.33 71.82 +18.11 1.47 24.60 16.78
7b 4.19 +0.12 6.66 + 2.58 21.54 + 3.80 1.59 5.14 3.23
8 2.57 +0.99 2.29 +0.25 3.65 + 0.63 0.89 1.42 1.59
9a 1.80 £ 0.04 2.27 £ 0.10 53.49 +1.45 1.26 29.72 23.56
10a 3.73 +0.96 3.11+0.58 14.89 + 0.37 0.83 3.99 4.79
10b 1.31 +0.29 1.18 + 0.09 10.85 +1.00 0.90 8.28 9.19
11 3.41 +0.41 1.01 +0.16 4.10 +0.19 0.30 1.20 4.06
CcQDP 0.0097 + 0.0039 0.19 + 0.06 — 19.59 — —
Artesunate 0.0104 + 0.0026 0.05 + 0.02 — 4.81 — —
Emetine — — 0.13 + 0.0062 — — —

“RI = IC5(Dd2)/IC50(NF54). ” SI; = IC5(CHO)/IC50(NF54).  SI, = IC54(CHO)/IC50(Dd2). “ — = not determined.

complexes are more selective towards the parasitic strains. The
rhodium complexes exhibit activities in the low micromolar
range, and the corresponding silicon-containing complexes
are once again less cytotoxic towards the CHO cell line
when compared to the non-silicon containing rhodium
complex (11).

The resistance index [RI = IC5,(Dd2)/IC5,(NF54)] was calcu-
lated and the tested compounds had lower RI values than
chloroquine (RI = 19.59). The rhodium complexes generally
had RI values below 1. This also suggests that they may be less
susceptible to cross resistance.

At this stage, no conclusive statement can be made regard-
ing the use of ruthenium versus rhodium.

p-Haematin inhibition studies

Haemozoin is an important target of many antimalarials,
including chloroquine. When chloroquine reaches the diges-
tive vacuole of the malaria parasite, it binds to a toxic product
of haemoglobin degradation known as haematin (ferriproto-
porphyrin IX) and prevents conversion into less toxic haemo-
zoin. Large amounts of haematin in the digestive vacuole will
result in parasite damage. The NP-40 detergent mediated assay
was used to establish whether selected thiosemicarbazone
compounds prepared in this study inhibit p-haematin (syn-
thetic haemozoin) formation.*> The neutral detergent, NP-40,
is used to mimic lipids and mediate f-haematin formation in
the assay. The amount of f-haematin was quantified using the
colorimetric pyridine ferrochrome method developed by Egan
et al."® Three of the most active compounds (4b, 9a and 10b)
were screened for their ability to inhibit f-haematin formation.
Table 5 gives the ICs5, values obtained for this study.

2460 | Dalton Trans., 2015, 44, 2456-2468

Table 5 p-Haematin inhibition activity of 4b, 9a, 10b and CQ

Compound number ICs (UM) [95% confidence interval]

4b n.a.”
9a 150.3 [144.9 to 155.8]
10b 38.09 [35.94 to 40.38]

cQ

“n.a. = not active at the tested concentration.

73.76 [71.32 to 76.28]

Compounds 4b, 9a and 10b were screened with chloroquine
for p-haematin inhibition activity. Ligand 4b did not exhibit
activity at the tested concentration. Complex 10b was found to
be the most active compound, exhibiting an ICs, value of
approximately 38 uM, and was also more active than chloro-
quine. Complex 9a exhibited moderate f-haematin inhibition
activity (IC5, = 150 uM). From the data it is observed that the
complex possessing the chlorido moieties (10b) exhibits good
f-haematin inhibition activity. The electron withdrawing chlor-
ide positioned on the quinoline ring of chloroquine and ferro-
quine is essential for p-haematin inhibition by providing the
correct charge distribution. Therefore the presence of the
increased number of chlorido moieties on 10b may enhance
the B-haematin inhibition activity. The complex also displays
enhanced activity compared to its free ligand (4b). This may be
a consequence of the higher lipophilicity of the complex com-
pared to the ligand. There also appears to be some relation-
ship between the antiplasmodial activity and the ability of the
tested compounds to inhibit haemozoin formation. Com-
pound 4b was the least effective inhibitor of p-haematin for-
mation and also displayed lower antiplasmodial activity than
9a and 10b. Complex 10b inhibited f-haematin formation to a
greater extent and was also more active than 4b and 9a in the

This journal is © The Royal Society of Chemistry 2015
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Table 6 Antitrichomonal data for compounds 1-11

Percent inhibition + standard  Strain G3 ICj;,

Compound number  error at 50 pM (uM)

la 38.50 + 4.90 —

1b 39.13 +3.24 —

2a 34.27 +£10.20 —

2b 33.23 +3.62 —

3a 41.17 +10.89 —

3b 40.93 +7.63 —

4a 51.10 £ 3.45 —

4b 35.07 +£1.57 —

5 15.56 £ 5.09 —

6b 93.00 + 5.66 35.21 +0.22
7a 97.13 +1.62 17.53 £ 0.88
7b 90.53 + 5.00 12.55 £ 0.61
9a 100.00 £ 0.00 7.51+0.81
10a 91.57 +1.89 7.28

10b 72.97 £9.75 —

11 50.60 £ 16.61 —
Metronidazole 100 0.72

“— = Not determined.

NF54 and Dd2 strains of P. falciparum. Since compound 4b
exhibited good antiplasmodial activity but not very good
f-haematin inhibition activity, these compounds may act by a
different mechanism of action. This suggests that haemozoin
may not be the only target, but may be one of the reasons for
the activity of these compounds.

In vitro antitrichomonal studies

In vitro antitrichomonal screening was carried out for the syn-
thesised compounds (50 pM samples) to determine general
growth inhibition against the strain G3 of Trichomonas
vaginalis. DMSO was employed as a control for the screening,
and the antitrichomonal activity data are listed in Table 6.

The Schiff-base dithiocarbamates (1a-b, 2a-b) and thiosemi-
carbazones (3a-b, 4a-b, 5) generally displayed poor inhibitory
effects (<50%, Table 6). However, complexation of the
thiosemicarbazones with ruthenium and rhodium led to a sig-
nificant enhancement of the inhibitory effects (>90%). As pro-
posed, the non-silicon containing thiosemicarbazone ligand
(5) and rhodium complex (11) displayed the lowest inhibitory
effects when compared to the silicon containing thiosemicar-
bazones and the rhodium complexes respectively (Table 6).
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Only compounds with percent inhibition above 90% were
further analysed by determining their IC5, values against the
G3 strain. Of the ICsq values listed in Table 5, the ferrocenyl-
ruthenium complex 6b (ICs, = 35.21 pM) showed significantly
less activity compared to its aryl-derived ruthenium counter-
parts 7a (ICso = 17.53 pM) and 7b (IC5o = 12.55 uM). Rhodium
complexes 9a and 10a exhibit similar activities with ICs, values
of 7.51 pM and 7.28 uM, respectively.

In vitro anti-tumour studies

Ferrocenyl compounds such as ferrocifen and its analogues
have displayed significant antiproliferative effects on human
cancer cell-lines."”*® Therefore, preliminary anti-tumour
studies were carried out on selected ferrocenyl compounds to
determine whether they display anti-tumour activities. The fer-
rocenyl Schiff-base dithiocarbamates (1a-b), the organosilane
thiosemicarbazones (3a-b), and a ruthenium complex (6a)
were screened against cisplatin-sensitive (A2780) and cisplatin-
resistant (A2780cisR) human ovarian carcinoma cell lines, as
well as non-tumourigenic human fibroblast cells (KMST-6).
The anti-tumour activities are listed in Table 7.

The Schiff-base dithiocarbamates 1a (R, = H) appear to be
slightly more active than 1b (R, = CHj3) against both A2780
and A2780cisR cell lines (Table 7). Upon the formation of the
organosilane thiosemicarbazone a loss of activity is observed
for 3a, whilst 3b [R, = CHj; 82.13 pM (A2780); 113.4 pM
(A2780cisR)] displays a slight enhancement of activity. A sig-
nificant enhancement of activity is observed for the ruthenium
complex [6b; R, = CHj 12.45 pM (A2780); 18.91 pM
(A2780cisR)] when compared to the TSC 3b. The activity
against the resistant strain is comparable to the activity of cis-
platin (18.90 pM). In general, all the compounds exhibited
similar cytotoxicities against the tumourigenic cell-lines and
the non-tumourigenic cells, which leads to unfavourably low
selectivity index values.

Conclusions

We have introduced a series of organosilane-containing thio-
semicarbazone ruthenium(u) and rhodium(m) complexes as
antiparasitic agents. The compounds generally exhibited activi-

Table 7 Anti-tumour data for ferrocenyl-derived compounds 1la—b, 3a—b and 6b

IC50 (1M)
Compound number A2780 A2780cisR KMST-6 SI, * SI, ?
1a 42.67 +5.03 76.52 + 4.15 73.86 + 4.15 1.73 0.96
1b 120.77 + 2.96 150.23 + 3.85 85.83 + 3.85 0.71 0.57
3a 111.13 + 5.87 110.25 + 10.58 104.65 + 10.58 0.94 0.95
3b 82.14 +12.12 113.37 + 4.02 132.27 + 4.02 1.61 1.17
6b 12.45 + 2.50 18.91 + 3.67 17.23 + 3.67 1.38 0.91
Cisplatin 1.97 + 3.41 18.90 + 0.81 44.04 +0.81 22.35 2.33

“SI, = IC5o(KMST-6)/IC50(A2780). © SI, = IC5o(KMST-6)/IC5,(A2780cisR).

This journal is © The Royal Society of Chemistry 2015
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ties in the low micromolar range when screened against
chloroquine-sensitive (NF54) and chloroquine-resistant (Dd2)
P. falciparum strains. Two rhodium(m) complexes inhibited
f-haematin formation, suggesting that this may be a mode
of action for their antiplasmodial activity. The organosilane
compounds were also found to be less cytotoxic towards the
Chinese hamster ovarian cell line than the non-silicon con-
taining complexes.

Antitrichomonal data suggested that ruthenium(n) and
rhodium(ur) complexes generally display greater inhibitory
effects against the G3 strain of Trichomonas vaginalis when
compared to the uncoordinated compounds. Furthermore,
rhodium(ur) complexes demonstrated higher inhibitory action
compared to ruthenium(u) complexes, and the silicon-contain-
ing compounds were more effective than the non-silicon
compounds.

The ruthenium-arene and rhodium-cyclopentadienyl frag-
ments are believed to enhance the lipophilicity of the com-
pounds to which they coordinate by imparting hydrophobic
character to the molecule, which may assist in passive
diffusion through cell membranes, thus enhancing cellular
accumulation. The presence of the ring may also facilitate
interactions of the complexes with DNA or proteins.'>*’
Perhaps these factors play a role in the inhibition observed for
the ruthenium and rhodium complexes evaluated in this
study.

Overall, the silicon-containing compounds displayed
greater activity towards the P. falciparum parasitic strains
compared to the non-infected cell line, and the proposed idea
that silicon-containing compounds are more effective and less
cytotoxic has been demonstrated.

Experimental
General details

All reagents and solvents were purchased from commercial
suppliers. All reagents were purchased from Sigma-Aldrich or
ABCR Chemicals and were used without further purification.
Metal salts were kindly donated by AngloAmerican Platinum
Limited. Methyl hydrazinecarbodithioate,’® Schiff-base dithio-
carbamates [ferrocenyl (1a),>* acetylferrocenyl (1b)** and 3,4-
dichloroacetophenone (2b)*°], [(n°-'PrCeH,Me)Ru(p-Cl)Cl], "
and [(Cp*)Rh(p-Cl)Cl], ** were synthesised by means of pub-
lished methods. NMR spectra were recorded on either a Varian
Mercury XR300 MHz ('H: 300.08 MHz), XR400 MHz (*H at
399.95 MHz) spectrometer or a Bruker Biospin GmbH (*H at
400.22 MHz, *C at 100.65 MHz, *'P at 162.00 MHz) spectro-
meter at ambient temperature. '"H and "*C{"H} NMR chemical
shifts are referenced to the deuterated solvent. Infrared (IR)
spectra were determined using a Perkin-Elmer Spectrum 100
FT-IR spectrometer and were recorded using KBr pellets or
ATR. Elemental analyses (C, H and N) were performed on a
Thermo Flash 1112 Series CHNS-O analyser. Mass spec-
trometry was either carried out on a JEOL GCmatell and data
were recorded using the Electron Impact (EI) mode or on a
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Waters API Quattro Micro triple quadrupole mass spectrometer
(samples were injected into a stream of 50% acetonitrile and
0.1% formic acid) and data were recorded using electrospray
ionisation (ESI) mass spectrometry in the positive mode.
Melting points were determined using the Biichi Melting Point
apparatus B-540.

Schiff-base dithiocarbamates

Schiff-base dithiocarbamates 2a. Methyl hydrazinecarbo-
dithioate (1.01 g, 8.28 mmol) was suspended in dry isopro-
panol (5.00 mL), after which the solution of 3,4-
dichlorobenzaldehyde (1.45 g, 8.29 mmol) in iso-propanol
(10.0 mL) was added. The pale yellow mixture was heated at
70 °C for 24 h, during which the starting material was dis-
solved followed by the precipitation of a solid. The solid was
collected by suction filtration and washed with cold iso-
propanol. Off-white solid. Yield (1.58 g, 68%). M.p.:
200.9-201.4 °C. Found C 38.77, H 2.82, N 9.46; calculated for
CoHgCL,N,S,: C 38.72, H 2.89, N 10.03%. vma/em™' = 1585
(C=N); 811 (C=S). 6y (399.95 MHz, DMSO-d¢): 13.4 (1H, s,
NH); 8.21 (1H, s, HC=N); 7.94 (1H, s, C(2)H); 7.71 (2H, m,
C(5)H & C(6)H); 2.53 (3H, s, SCH3). 6¢ (100.64 MHz, DMSO-d,):
199.0 (C=S); 143.4 (C=N); 134.2, 132.8, 131.8, 131.1, 128.7,
127.0 (Cyr); 16.7 (SCH3). MS (EIY, m/z): 278 ([M]', 100%).

Functionalised thiosemicarbazones

Thiosemicarbazone 3a. An excess of (aminomethyl)tri-
methylsilane (0.220 mL, 1.64 mmol) was added to the flask
under N,. Compound 1a (0.500 g, 1.57 mmol) and dry ethanol
(10.0 mL) were added to the silane. The reaction mixture was
heated at 70 °C under Ar for 22 h and cooled to room tempera-
ture. The EtOH was removed and an extraction [DCM
(20.0 mL), H,O (6 x 30.0 mL)] was carried out. The organic
layer was collected and dried over MgSO, and the solvent was
removed. The resulting solid was suspended in minimal
diethyl ether, stirred in pentane and collected by suction fil-
tration. Light brown solid. Yield (0.199 g, 34%). M.p.: 117.5 °C
(decomposition without melting). Found C 51.10, H 6.38, N
11.30; calculated for C;¢H,3FeN;SiS: C 51.47, H 6.21,
N 11.25%. vpa/em™' = 1607 (C=N); 856 (C=S). &y
(300.07 MHz, CDCl,): 9.22 (1H, s, NNH); 7.68 (1H, s, HC=N);
7.32 (1H, br s, NH); 4.57 (2H, t, Jup 2.0, CsHy); 4.42 (2H, t, Jun
2.0, CsH,); 4.21 (5H, s, C5Hs); 3.26 (2H, d, Jum 5.6, CH,); 0.18
(9H, s, Si(CHj;);). 8¢ (100.64 MHz, CDCl,): 166.4 (C=S); 143.1
(C=N); 78.0, 70.5, 69.3, 67.6 (Fc); 34.9 (CH,); —2.48 (Si(CH,);).
MS (EI', m/z): 373 ((M]", 100%).

Thiosemicarbazone 3b. An excess of (aminomethyl)tri-
methylsilane (0.0900 mL, 0.672 mmol) was added to the flask
under N,. Compound 1b (0.202 g, 0.609 mmol) and dry
ethanol (15.0 mL) were added to the silane. The reaction
mixture was heated at 70 °C under Ar for 7 h and stirred over-
night at room temperature. Water (10.0 mL) was added to the
flask, thus precipitating a solid. The solid was collected by
suction filtration and washed with water, followed by minimal
ethanol. Orange-brown solid. Yield (0.165 g, 70%). M.p.:
125.0-126.2 °C. Found C 52.42, H 6.87, N 11.07; calculated

This journal is © The Royal Society of Chemistry 2015
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for C;,H,5FeN;SiS: C 52.71, H 6.50, N 10.85%. vma/cm™' =
1600 (C=N); 851 (C=S). 8y (300.07 MHz, DMSO-d): 9.88 (1H,
s, NNH); 7.95 (1H, t, *Juy 5.7, NH); 4.74 (2H, t, *Juy 1.8, CsHy);
4.38 (2H, t, *Juy 1.8, CsH,); 4.17 (5H, s, CsH;); 3.18 (2H, d,
*Jan 6.0, CH,); 2.19 (3H, s, CH;); 0.10 (9H, s, Si(CH3);). ¢
(100.64 MHz, CDCl3): 178.1 (C=S); 148.0 (C=N); 82.5, 70.3,
69.3, 66.8 (Fc); 34.7 (CH,); 14.2 (CHj); —2.50 (Si(CHj)3). MS
(ET', m/z): 387 (M]", 100%).

General procedure for the synthesis of compounds 4a-b

An excess of (aminomethyl)trimethylsilane was added to the
flask under N,. The dithiocarbamates and dry ethanol
(15.0 mL) were added to the silane. The reaction mixture was
refluxed under Ar for 24 h, after which water (10.0 mL) was
added to the flask, thus precipitating a solid. The ethanol was
removed, and the white solid was collected by suction filtration
and washed with water, followed by minimal ethanol.

Thiosemicarbazone 4a. (Aminomethyl)trimethylsilane
(0.270 mL, 2.02 mmol), compound 2a (0.500 g, 1.82 mmol).
Off-white solid. Yield (0.375 g, 62%). M.p.: 141.2-143.1 °C.
Found C 43.04, H 5.18, N 12.47; Calculated for
Cy1,H;,CLNSSIS: C 43.24, H 5.14, N 12.62%. vpa/em™ ' = 1603
(C=N); 854 (C=S). & (300.07 MHz, CDCl;): 9.84 (1H, s, NNH);
7.78 (1H, s, HC=N); 7.69 (1H, d, *Juy 1.8, C(2)H); 7.48 (1H, d,
*Jan 8.4, C(5)H); 7.41 (1H, dd, “fp 1.8, *Jun 8.4, C(6)H); 7.38
(1H, br s, NH); 3.28 (2H, d, %y 6.0, CH,); 0.18 (9H, s,
Si(CH,);). ¢ (100.64 MHz, CDCl3): 177.7 (C=S); 139.3 (C=N);
134.1, 133.6, 133.3, 130.9, 128.5, 126.0 (Cy,); 35.0 (CH,); —2.44
(Si(CH3)3). MS (EI', m/z): 333 ([M]", 76%).

Thiosemicarbazone 4b. (Aminomethyl)trimethylsilane
(0.250 mL, 1.87 mmol), compound 2b (0.501 g, 1.71 mmol).
White solid. Yield (0.492 g, 83%). Mp: 153.8-156.7 °C. Found
C 44.78, H 5.77, N 11.71; calculated for C;3H;oCl,N;SiS:
C 44.82, H 5.50, N 12.06%. vma/em ™' = 1617 (C=N); 847
(C=S). 6y (300.07 MHz, DMSO-dg): 10.2 (1H, s, NNH); 8.41
(1H, t, *Jyy 5.7, NH); 8.13 (1H, d, *Juu 2.4, C(2)H); 7.85 (1H,
dd, Yuu 2.4, *Jun 8.4, C(6)H; 7.65 (1H, d, *Jiy 8.4, C(5)H); 3.24
(2H, d, *Jyy 6.3, CH,); 2.28 (3H, s, CH;); 0.10 (9H, s, Si(CH,),).
¢ (100.64 MHz, DMSO-de): 177.3 (C=S); 144.3 (C=N); 138.4,
131.4, 131.2, 130.2, 127.9, 126.4 (Cya,); 34.5 (CH,); 13.7 (CHs);
—1.84 (Si(CHj)3). MS (EI', m/z): 347 ((M]', 31%).

Thiosemicarbazone 5. 2,2-Dimethylpropanamine (0.210 mL,
1.79 mmol) was added to the flask under N,. Compound 2b
(0.501 g, 1.71 mmol) and dry ethanol (15.0 mL) were added
to the amine. The yellow reaction mixture was heated at 70 °C
for 48 h. Water (10.0 mL) was added to the flask, thus
precipitating a solid which was collected by suction filtration
and washed with water, followed by minimal ethanol. White
solid. Yield: 0.471 g (83%). M.p.: 192.2-193 °C. Found C 50.42,
H 5.86, N 12.63; calculated for C;4;H;oCl,N3S: C 50.60,
H 5.76, N 12.64%. Upa/em™ = 1615 (C=N); 858 (C=S). dy
(399.95 MHz, CDCl,): 8.63 (1H, s, NNH); 7.77 (1H, d, *Juy 1.6,
C(2)H); 7.74 (1H, br s, NH); 7.50 (2H, m, C(5)H & C(6)H); 3.60
(2H, d, *Juy 5.6, CH,); 2.26 (3H, s, CH;); 1.04 (9H, s, C(CH3;)3).
5c (100.64 MHz, CDCl,): 178.4 (C=S); 143.7 (C=N); 137.4,
133.7, 133.0, 130.6, 128.0, 125.1 (C,); 55.8 (CH,); 32.2
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(C(CH3)3); 27.4 (C(CH3)5); 13.3 (CH3). MS (ET', m/z): 331 (IM],
640/0).

Organosilane thiosemicarbazones
ruthenium(i) complexes

General method

The ruthenium dimer [(n®'PrCeH,Me)Ru(p-Cl)Cl], was dis-
solved in DCM (5.00 mL) followed by the addition of the
organosilane thiosemicarbazone. The reaction mixture was
stirred at room temperature for 4 h. The solvent was reduced
(~1.00 mL) and added with stirring to diethyl ether to precipi-
tate a solid. The solid was collected by suction filtration and
washed with diethyl ether and pentane.

Ruthenium complex 6a. Ruthenium dimer (0.0500 g,
0.0816 mmol), compound 3a (0.0650 g, 0.174 mmol). Orange-
red solid. Yield (0.0678 g, 61%). M.p.: 102.9 °C (decomposition
without melting). Found C 46.88, H 5.72, N 5.92; calculated for
C,6H3,CL,FeN;RUSIS1CsHy,: C 46.91, H 5.78, N 6.03%. Oy
(300.07 MHz, CDCI,): 8.68 (1H, br s, NH); 8.60 (1H, s, HC=N);
6.06 (1H, s, CsH,); 5.52 (1H, d, J;4 6.0, p-cym); 5.20 (2H, br s,
p-cym); 5.13 (1H, d, *Jyy 6.0, p-cym); 4.65 (3H, br s, CsH,); 4.34
(5H, s, CsHs); 2.99 (2H, t, *Jjuy 6.3, CH,); 2.66 (1H, m,
CH(CHs,),); 2.13 (3H, S, CHz(pcym)); 1.19 (3H, d, *Jun 6.9, CH-
(CH3),); 1.14 (3H, d, *Juy 6.9, CH(CH,),); 0.21 (9H, s, Si(CHj)s3).
8¢ (100.64 MHz, CDCly): 158.6 (C=N); 101.6 (p-CyMuatern.);
88.5, 87.3, 83.8, 81.6 (p-cym); 70.0-72.6 (Fc); 36.1 (CH,);
30.5 (CH(CH,),); 22.7 (CH(CH,),); 21.7 (CH(CHj),); 18.5
(CHs(p-cym)); —2.56 (Si(CHj)s). MS (ESI', m/z): 608 (M — H —
CIT", 40%); 304 (M — CIJ**, 100%).

Ruthenium complex 6b. Ruthenium dimer (0.0383 g,
0.0625 mmol); compound 3b (0.0506 g, 0.131 mmol). Red
solid. Yield (0.0598 g, 69%). M.p.: 183.8 °C (decomposition
with melting). Found C 46.48, H 5.97, N 5.62; calculated
for C,,H3oCl,FeN;RuSiS: C 46.75, H 5.66, N 6.05%. on
(399.95 MHz, CDCl,): 12.4 (1H, s, NNH); 10.3 (1H, t, *J;;;1 6.0,
NH); 6.28 (1H, s, CsH,); 5.37 (1H, d, *Juy 6.0, p-cym); 4.89 (1H,
d, *Jun 6.0, p-cym); 4.81 (1H, d, *Juy 5.6, p-cym); 4.74 (1H, d,
*an 6.0, p-cym); 4.65 (2H, d, *Juy 6.0, CsH,); 4.56 (1H, s,
CsHy); 4.29 (5H, s, CsH;); 3.05 (5H, m, CH; & CH,); 2.57 (1H,
m, CH(CHs),); 2.07 (3H, S, CHj(p.cym); 1.13 (3H, d, *Juu 6.8,
CH(CH,),); 1.08 (3H, d, */yy 6.8, CH(CH;),); 0.23 (9H, s,
Si(CH,);). 8¢ (100.64 MHz, CDCl;): 178.5 (C=S); 168.2 (C=N);
102.2, 102.1 (p-cyMguatern.); 89.5, 87.3 (p-cym); 86.5 (Fcquatern.);
84.1, 81.3 (p-cym); 72.9, 71.9, 71.4, 70.5, 69.8 (Fc); 36.6 (CH,);
30.5 (CH(CHz;),); 27.7 (CH3); 22.8 (CH(CHz),); 21.4 (CH(CH3),);
18.4 (CHj(p-cym)); —2.26 (Si(CH;)3). MS (ESI', m/2): 622 (M — H
- CIT", 100%); 311 (M — CI**, 98%).

Ruthenium complex 7a. Ruthenium dimer (0.0765 g,
0.125 mmol); compound 4a (0.0860 g, 0.257 mmol). Light
orange solid. Yield (0.115 g, 72%). M.p.: 156.1 °C (decom-
position with melting). Found C 40.06, H 4.77, N 5.94; calcu-
lated for C,,H3,Cl;N;3RuSiS-H,0: C 40.12, H 5.05, N 6.38%. Jy
(399.95 MHz, CDCl,): 8.91 (1H, br s, NH); 8.77 (1H, s, HC=N);
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8.67 (1H, s, C(2)H); 7.88 (1H, d, *Jyu 8.4, C(5)H); 7.64 (1H, d,
*Jun 8.4, C(6)H); 5.49 (1H, d, *Juy 5.7, p-cym); 4.98 (1H, d, *Juy
6.0, p-cym); 4.90 (1H, d, *Jyy 6.0, p-cym); 4.86 (1H, d, *Jyy 5.7,
p-cym); 3.03 (2H, d, *Juy 6.0, CH,); 2.64 (1H, m, CH(CHj,),);
2.12 (3H, s, CHy(p-cym)); 1.18 (3H, d, *Jun 6.9, CH(CH,),); 1.12
(3H, d, */yy 6.9, CH(CH;),); 0.18 (9H, s, Si(CHs);). 6c
(100.64 MHz, CDCly): 6 (ppm) = 177.7 (C=S); 156.4 (C=N);
136.2, 133.4, 132.7, 132.6, 130.9, 129.8 (C,,); 104.2, 103.7
(p-cyMquatern); 88.5, 88.2, 82.7, 81.2 (p-cym); 36.5 (CH,); 30.8
(CH(CHy),); 22.9 (CH(CH5),); 21.5 (CH(CHs),); 18.7 (CH(p-eym);
—2.49 (Si(CHj3);). MS (ESIY, m/z): 568 (M — H — CIJ", 100%);
284 (M — CIJ*, 57%).

Ruthenium complex 7b. Ruthenium dimer (0.0495 g,
0.0808 mmol); compound 4b (0.0561 g, 0.161 mmol). Orange
solid. Yield (0.0883 g, 84%). M.p.: 190.8 °C (decomposition
with melting). Found C 42.37, H 5.27, N 6.14; calculated for
C,3H33CLN;RUSIS: C 42.20, H 5.08, N 6.42%. 5y (300.07 MHz,
CDCl,): 12.7 (1H, s, NNH); 10.4 (1H, br s, NH); 8.23 (1H, s, C(2)H);
7.68 (2H, m, C(5)H & C(6)H); 5.32 (1H, d, *Juu 6.4, p-cym);
4.90 (1H, d, *Jyy 5.6, p-cym); 4.71 (1H, d, *Jyy 6.0, p-cym); 4.10
(1H, d, *Juy 5.6, p-cym); 3.07 (2H, d, *Juy 5.40, CH,); 2.93 (3H,
s, CH,); 2.65 (1H, m, CH(CHj;),); 2.06 (3H, s, CHj(p-cym)); 1.16
3H, (3H, d, *Jyn 6.9, CH(CH;),); 1.10 (3H, d, *Juy 6.6, CH
(CH3),); 0.22 (9H, s, Si(CH3);). 8¢ (100.64 MHz, CDCl,): 178.5
(C=S); 165.9 (C=N); 141.2, 134.7, 133.2, 131.5, 130.6, 128.1
(Car); 105.9, 102.5 (p-CyMguacern.); 88.9, 88.1, 84.0, 82.5 (p-cym);
36.8 (CH,); 30.6 (CH(CH3;),); 26.8 (CH3); 23.5 (CH(CH,),); 21.1
(CH(CHj,),); 18.7 (CHj(p-cym)); —2.30 (Si(CHs);). MS (ESI', m/z):
582 (M — H — CIJ", 100%); 291 (M — CIJ*", 42%).

Ruthenium complex 8. Ruthenium dimer (0.0515 g,
0.0841 mmol); compound 5 (0.0575 g, 0.173 mmol). Orange
solid. Yield (0.0896 g, 83%). M.p.: 197.7 °C (decomposition
without melting). Found C 47.53 H 5.46 N 6.80; calculated for
C24H33CLN;RUS-ICsHyp: € 47.24, H 5.83, N 6.24. dy
(399.95 MHz, CDCl;): 12.99 (1H, s, NNH); 10.45 (1H, s, NH);
8.22 (1H, s, C(2)H); 7.68 (2H, m, C(5)H & C(6)H); 5.32 (1H, d,
*Jun 5.6, p-cym); 4.92 (1H, d, *Jiy 5.6, p-cym); 4.73 (1H, d, *Juy
6.4, p-cym); 4.10 (1H, d, *Jyy 5.6, p-cym); 3.41 (2H, m, CH,);
2.96 (3H, s, CH3); 2.65 (1H, m, CH(CH;),); 2.06 (3H, s,
CHj(p-cym)); 1.17 (3H, d, *Juw 7.2, CH(CH,),); 1.11 (3H, d, *Jun
6.8, CH(CH3),); 1.08 (9H, s, C(CH3)s). 8¢ (100.64 MHz, CDCl,):
178.46 (C=S); 166.85 (C=N); 141.24, 134.83, 133.29, 131.50,
130.64, 128.18 (Ca); 106.14, 102.73 (p-CyMguaternary); 89.00,
88.02, 84.07, 82.47 (p-cym); 57.81 (CH,); 32.50 (C(CHj),); 30.63
(CH(CHg),); 27.13 (CHj); 23.54 (CH(CH,3),); 22.26 (C(CHj)s);
21.15 (CH(CH,),); 18.73 (CHj(pcym)- MS (ESI', m/z): 566
(IM — H - CI", 100%); 283 (M — CIJ**, 68%).

Organosilane thiosemicarbazones
rhodium(in) complexes
General method

The rhodium dimer [(Cp*)Rh(p-Cl)Cl], was dissolved in DCM
(5.00 mL), followed by the addition of the ligand. The solution
was stirred at room temperature for 4 h. The solvent
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was reduced (~1.00 mL) and added with stirring to pentane to
precipitate a solid.

Rhodium complex 9a. Rhodium dimer (0.0404 g,
0.0654 mmol); compound 3a (0.0486 g, 0.130 mmol). Red
solid. Yield (0.0730 g, 82%). M.p.: 132.8 °C (decomposition
without melting). Found C 45.11, H 5.55, N 5.41%; calculated
for C,eH3sCLN;FeRhSiS-I1H,0: C 44.87, H 5.72, N 6.04%.
Sy (399.95 MHz, CDCL,): 8.75 (1H, s, NH); 8.62 (1H, s, HC=N);
6.25 (1H, s, CsH,); 4.64 (1H, s, CsH,); 4.60 (2H, s, CsH,); 4.34
(5H, s, CsHs); 2.99 (2H, m, CH,); 1.51 (15H, s, Cp*); 0.240 (9H,
s, Si(CH3);). 6c (100.64 MHz, CDCly): 176.2 (C=S); 158.5
(C=N); 97.3 (d, Yrnc 7-45, CP*quatern.); 75-6, 74.1, 73.2, 72.3,
70.4, 69.1 (Fc); 36.3 (CH,); 9.48 (CHa(cpm); —2-42 (Si(CHz)s). MS
(EST*, m/z): 610 ([M — H — CI], 88%); 305 ([M — CI]**, 100%).

Rhodium complex 9b. Rhodium dimer (0.0556 g,
0.0900 mmol); compound 3b (0.0683 g, 0.176 mmol). Orange
solid. Yield (0.0962 g, 78%). Found C 46.00, H 6.13, N 5.27; cal-
culated for CZ7H4OC12N3FeRhSiS-%H20: C 45.96, H 5.86, N
5.96%. &y (399.95 MHz, acetone-dg): 10.90 (1H, s, NNH); 7.86
(1H, s, NH); 4.69 (2H, t, *Ji 1.8, CsHy); 4.38 (2H, t, *Jyy 1.8,
CsH,); 4.18 (5H, s, CsHs); 3.31 (2H, d, *Juy 6.3, CH,); 2.40 (3H,
s, CH3); 1.62 (15H, s, Cp*); 0.21 (9H, s, Si(CH;);). &c
(100.64 MHz, acetone-dg): 172.88 (C=S); 153.18 (C=N); 94.58
(d, Yrnc 7-75, CP*quatern.); 82.59, 70.18, 69.41, 67.35 (Fc); 34.51
(CH,); 17.06 (CHy); 8.16 (CHjcp+); —2.81 (Si(CHs)s). MS (EST,
m/z): 624 (M — H — CI", 25%); 312 ([M — CI]**, 100%).

Rhodium complex 10a. Rhodium dimer (0.0410 g,
0.0663 mmol); compound 4a (0.0445 g, 0.133 mmol). Red
solid. Yield (0.0796 g, 93%). M.p.: 205.4 °C (decomposition
without melting). Found C 40.24, H 5.26, N 6.11; calculated for
C5,H3,CLN;RSISIH,0: C 40.50, H 5.09, N 6.44%. &y
(399.95 MHz, CDCl,): 11.55 (1H, s, NNH); 7.94 (1H, s, HC=N);
7.67 (1H, d, *Juy 2.0, C(2)H); 7.44 (1H, d, *J;;4 8.8, C(5)H); 7.36
(1H, dd, Yuy 1.6, *Juu 8.0, C(6)H); 7.10 (1H, br s, NH); 3.20
(2H, d, */yy 5.6, CH,); 1.70 (15H, s, Cp*); 0.20 (9H, s,
Si(CH3)3). 8¢ (100.64 MHz, CDCly): 173.95 (C=S); 143.57
(C=N); 134.30; 133.61; 133.20; 130.81; 128.53; 126.66; 95.43
(d, Yrnc 8.05, CP*quatern.); 34.80 (CH,); 8.89 (CHy(gpn); —2.41
(Si(CH;)3). MS (ESI', m/z): 570 (M — H — CI]', 100%); 285
(IM - CIT**, 30%).

Rhodium complex 10b. Rhodium dimer (0.0490 g,
0.0793 mmol); compound 4b (0.0552 g, 0.158 mmol). Orange
solid. Yield (0.0839 g, 80%). M.p.: 112.7 °C (decomposition
without melting). Found C 41.42, H 5.08, N 6.26; calculated for
Cy3H3,CLN;RSISHH,0: C 41.45, H 5.29, N 6.31%. 6y
(399.95 MHz, CDCl;): 10.9 (1H, s, NNH); 7.73 (1H, m, H,); 7.43
(2H, m, C(5)H & C(6)H); 7.39 (1H, t, *Jyy 5.2, NH); 3.16 (2H, d,
3Jun 5.6, CHy); 2.52 (3H, s, CH3); 1.69 (15H, s, Cp*); 0.19 (9H,
s, Si(CH3);). 6c (100.64 MHz, CDCl;): 174.3 (C=S); 149.4
(C=N); 137.9; 133.5; 132.7; 130.3; 128.2; 125.5; 95.2 (d, Yrnc
8.09, Cp*quatern.); 34.5 (CH,); 16.7 (CH3); 8.78 (CHz(cpx); —2.48
(Si(CH;)3). MS (ESI', m/z): 584 (M — H — CI]', 100%); 292
(IM — CIT*, 98%).

Rhodium complex 11. Rhodium dimer (0.0500 g,
0.0809 mmol); compound 5 (0.0546 g, 0.164 mmol). Orange
solid. Yield (0.0741 g, 80%). M.p.: 118.5 °C (decomposition
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with melting). Found C 44.10, H 5.44, N 6.18; calculated
for C,,H;,Cl,N;RhS.H,O: C 43.72, H 5.50, N 6.37%. &y
(399.95 MHz, CDCl;): 10.9 (1H, s, NNH); 7.71 (1H, m, H,); 7.54
(1H, t, *Jun 6.4, NH); 7.44 (2H, m, Hs & He); 3.49 (2H, d, *Jupn
5.6, CH,); 2.53 (3H, s, CH3); 1.68 (15H, s, Cp*); 1.03 (9H, s,
C(CH3);). 8¢ (100.64 MHz, CDCl,): 173.7 (C=S); 149.8 (C=N);
137.9; 133.6; 132.8; 130.4; 128.3; 125.5; 95.4 (d, Jrnc 8.05,
Cp*quatern.); 55.5 (CH,); 31.9 (C(CHs)s); 27.5 (C(CHs)s); 16.9
(CH;).8.79 (CHy(cp+). MS (ESI', m/z): 568 (M — H — CIJ',
100%); 284 ([M — CIJ**, 62%).

Single crystal X-ray diffraction

X-ray single crystal intensity data were collected on a Nonius
Kappa-CCD diffractometer using graphite monochromated
MoKa radiation (4 = 0.71073 A). The temperature was con-
trolled using an Oxford Cryostream cooling system (Oxford
Cryostat). The strategy for the data collection was evaluated
using the Bruker Nonius “Collect” program. Data were scaled
and reduced using DENZO-SMN software.>® Absorption correc-
tion was performed using SADABS.”* The structure was solved
by direct methods and refined by full-matrix least-squares
using the program SHELXL-97>° refining on F°. The diagram
was produced using the program PovRay and the graphic inter-
face X-seed.’® All non-hydrogen atoms, except those of the
solvent molecule, were refined anisotropically. The solvent
molecules exhibit high thermal motions and were disordered.
Therefore only the carbon atom C28 was refined anisotropic-
ally. The chlorine atoms were modelled over two positions
each, with site occupancy factors of 0.55 and 0.45 respectively
and were refined with isotropic temperature factors. All hydro-
gen atoms, except H1 and H2, were placed in idealised posi-
tions and refined in riding models with Uy, assigned the
values of 1.2 or 1.5 times the Uy of the atoms to which they
are attached and the constraint distances of C-H ranging from
0.95 A to 1.00 A. The hydrogens H1 and H2 were located in the
difference Fourier maps and refined with the bond length con-
straint d(N-H) = 0.97 A. The structure was refined to an R
factor of 0.0519. The parameters for crystal data collection and
structure refinements, bond lengths, angles, and torsion
angles are contained in the file MA218.SUP.

Calculation of log P values

The modified method put forward by Stringer et al. combines
the fragmental approach proposed by Rekker et al®’ and
Lanez et al.***® with log P data from Marvinsketch V14.9.29.0
to predict the log P of the Fc compounds.® Stringer et al. used
Marvinsketch (weighted method) to predict the logP of a
benzene derivative. The data were then used in the following
equation:

log P(Fc derivative) = log P(benzene derivative) _f(benzene fragment)
+f (fe-H)

where 10g Phenzene derivative) 1S calculated using Marvinsketch,
Jibenzene fragmeny) 1S Obtained from Marvinsketch, firer) is
obtained from the reference by Lanez et al>® to predict the
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log P values of ferrocenyl compounds with published experi-
mental log P data.

The calculated log P versus experimental logP data was
plotted, and the graph equation was determined.

The log P values were corrected using the following straight
line equation:

y = 0.8238x + 0.9425 R* = 0.9676

e.g. compound 1a

Initial prediction:

log P (e derivative) — log P (3,4-dichlorobenzene derivative ) -f (3,4=dichlorobenzene fragment)

+f (1) = 4.58 — 3.019 + 2.456 = 4.017
Corrected: (4.017-0.9425)/0.8238 = 3.732.

Antiplasmodial assay

Continuous in vitro cultures of asexual erythrocyte stages of
P. falciparum were maintained using a modified method of
Trager and Jensen.®” A quantitative assessment of antiplasmo-
dial activity in vitro was determined via the parasite lactate
dehydrogenase assay using a modified method described by
Makler.®® The antiplasmodial assay was conducted according
to previously published methods.®® A full dose-response was
performed for all compounds to determine the concentration
inhibiting 50% of parasite growth (ICs,-value). Test samples
were tested at a starting concentration of 100 pg ml™", which
was then serially diluted 2-fold in complete medium to give 10
concentrations, with the lowest concentration being 0.2 pg
ml~". Reference drugs were tested at a starting concentration
of 1000 ng ml™". Active compounds were retested at a starting
concentration of 10 ug mI™" or 1000 ng ml~*. The highest con-
centration of the solvent to which the parasites were exposed
had no measurable effect on the parasite viability (data not
shown). The ICs, values were obtained using a non-linear
dose-response curve fitting analysis via Graph Pad Prism v.4.0
software.

Cytotoxicity assay

The MTT-assay is used as a colorimetric assay for cellular
growth and survival, and compares well with other available
assays.®>®®> The test samples were tested in triplicate on one
occasion. The same stock solutions prepared for the anti-
plasmodial activity testing were used for the cytotoxicity tests.
Dilutions were prepared on the day of the experiment in com-
plete medium. Emetine was used as the reference drug. The
initial concentration of emetine was 100 pg ml™", which was
serially diluted in complete medium with 10-fold dilutions to
give 6 concentrations, the lowest being 0.001 pg ml~". The
same dilution technique was applied to all the test samples.
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The highest concentration of the solvent to which the cells
were exposed had no measurable effect on the cell viability
(data not shown). The ICs, values were obtained from full
dose-response curves, using a non-linear dose-response curve
fitting analysis via GraphPad Prism v.4 software.

f-Haematin inhibition assay

The p-haematin inhibition assay was adapted from the method
described by Wright and co-workers.*> Compounds were pre-
pared as a 10 mM stock solution in DMSO. The samples were
tested at various concentrations between 5 and 500 pM. The
stock solution was serially diluted to give 12 concentrations in
a 96 well flat-bottom assay plate. NP-40 detergent was added to
mediate the formation of f-haematin (305.5 pM). A 25 mM
stock solution of haematin was prepared by dissolving haemin
(16.3 mg) in dimethyl sulfoxide (1 mL). A 177.76 pL aliquot of
the haematin stock was suspended in 20 ml of a 2 M acetate
buffer at pH 4.7. The suspension was then added to the plate
to give a final haematin concentration of 100 pM. The
plate was then incubated for 16 hours at 37 °C. The assay was
analysed using the pyridine-ferrochrome method developed by
Ncokazi and Egan.*® 32 pL of a solution of 50% pyridine, 20%
acetone, 20% water and 10% 2 M HEPES buffer (pH 7.4) was
added to each well. To this, 60 pL acetone was added to each
well and mixed. The absorbance of the resulting complex was
measured at 405 nm on a SpectraMax 340PC plate reader. The
ICs, values were obtained using a non-linear dose-response
curve fitting analysis via GraphPad Prism v.5.00 software.

Antitrichomonal assay

Cultures of the G3 strain of T. vaginalis were grown in 5 ml
complete TYM Diamond’s media in a 37 °C incubator for
24 hours. 50 mM stocks of the compounds were prepared by
dissolving in DMSO and were screened against the G3 strain of
T. vaginalis. Untreated cells and those inoculated with 5 pl
DMSO (0.1%) were used as controls. 5 uL of 50 mM stocks of
the compound library were inoculated at a final concentration
of 50 pM. The results were calculated based on cell counts uti-
lising a haemocytometer after 24 hours. ICs, values were deter-
mined using serial dilution of the compounds. The calculated
ICs, values were then confirmed using the same assay
described above.

Antitumour assay

Human A2780 and A2780cisR ovarian cancer cells and KMST-6
cells were obtained from the European Collection of Cell Cul-
tures (Salisbury, UK). A2780 and A2780cisR cells were grown
routinely in RPMI-1640 medium and KMST-6 cells in DMEM
medium. Both media were supplemented with 10% fetal calf
serum (FCS) and antibiotics (penicillin and streptomycin) at
37 °C and 5% CO,. Cytotoxicity was determined using the
WST-1 assay (WST-1 = (4-[3-(4-iodophenyl)-2-(4-nitrophenyl)-
2H-5-tetrazolio]-1,3-benzene disulfonate). The cells
seeded in 96-well plates as monolayers with 100 pL of cell solu-
tion (approximately 5000 cells) per well and pre-incubated for
24 h in a medium supplemented with 10% FCS. The com-

were
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pounds were prepared as DMSO solutions, dissolved in the
culture medium and serially diluted to the appropriate concen-
tration to give a final DMSO concentration of 0.5%. 100 pL of
drug solution was added to each well and the plates were incu-
bated for another 24 h. Subsequently, WST-1 (10 pL solution)
was added to the cells and the plates were incubated for a
further 3 h. The WST-1 tetrazolium salt is cleaved to a soluble
formazan by a cellular mechanism, the succinate-tetrazolium
reductase system (EC 1.3.99.1), which occurs primarily at the
cell surface. This bioreduction depends largely on the cellular
production of NAD(P)H within metabolically intact and viable
cells. The optical density, directly proportional to the number
of surviving cells, was quantified at 450 nm, background cor-
rection was performed at 600 nm using a multiwell plate
reader, and the fraction of surviving cells was calculated from
the absorbance of untreated control cells. Evaluation is based
on the means from three microcultures per concentration level
and is analysed via GraphPad Prism v.5.00 software.
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