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Abstract

A series of neutral and anionic Rh(III)-chloride compounds bearing ammonia or imidazole (Im) ligands, and isostructural to Ru(IIl)
complexes endowed with antineoplastic activity, were synthesized and characterized spectroscopically. The X-ray crystal structure of
[ImH] [ trans-RhCl,(Im),] was determined. Crystal data: monoclinic, space group C2/c, Z=4,a=13.133(3),b=7.977(1),c=16.683(4)
A, B=113.84(2)°. The solution behaviour and some biological parameters of the new rhodium compounds, including cytotoxicity, in vitro
interactions with DNA and in vivo antitumour activity against a tumour model, were investigated and compared with those of the corresponding
ruthenium analogues. © 1998 Elsevier Science S.A. All rights reserved.
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1. Introduction

The square planar Pt(II) complex cis-PtCl,(NH,), (cis-
platin), whose antitumour activity was discovered in the late
1960s [ 1], has been widely investigated in different fields of
science, ranging from classical synthetic inorganic chemistry
to modern bioinorganic chemistry, from pharmacology to
clinical practice. Cisplatin now has a well established leading
position in the panel of chemotherapeutics against human
malignancies; it is routinely administered for the treatment
of testicular and ovarian cancer and is increasingly used
against other malignancies, in particular cervical, bladder and
head and neck tumours [2]; for a recent short but compre-
hensive review on cisplatin see Ref. [3]. Some second and
third generation platinum drugs, with some improved char-
acteristics compared with cisplatin, are currently being
broughtinto clinical use. However, several tumours may have
spontaneous (or acquired) resistance to platinum drugs.
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It is widely accepted that the primary target of platinum
drugs is DNA, to which they bind covalently, most frequently
to neighbouring guanine-N7 sites. Chelation of platinum
induces distortions of the double helix that affect both repli-
cation and transcription of DNA and ultimately lead to cell
death [4].

These findings have long stimulated investigations into the
field of non-platinum inorganic antitumour drugs [5]. Non-
platinum active compounds are likely to have mechanisms of
action, biodistribution and toxicity which are different from
those of platinum drugs and might therefore be active against
human malignancies that are resistant, or have acquired resis-
tance, to them. This indeed proved to be the case for a series
of ruthenium(III) compounds bearing heterocyclic N-donor
ligands, such as [ImH][trans-RuCl,(Im),} (ICR, Im=
imidazole) and the analogous indazole {Ind) complex, which
were shown to possess very good activity against a platinum-
resistant colorectal tumour in rats {6]. On the other hand, a
deceptively similar complex developed by us, [ImH] [frans-
RuCl,(Im) (Me,SO) 1, has, like its sodium salt [ 7], a specific
activity against spontancous lung metastases in animal mod-
els and is currently being developed into an antimetastatic
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drug [8]. The complex can be formally thought of as derived
from [ImH] [trans-RuCl,(Im),] by replacement of one
imidazole ligand with one S-bonded dimethyl sulfoxide mol-
ecule The mechanism of action of this ruthenium drug is still
largely unknown, but the absence of relevant cytotoxicity
suggests that DNA might not be one of its primary targets
[9].

The establishment of the chemical behaviour of a new
inorganic drug in aqueous solution, in particular under phys-
iological conditions and in the presence of biologically rele-
vant molecules, is the first step towards the understanding of
its mechanism of action. In the case of ruthenium(III) drugs,
these investigations have been complicated by their tendency
to form polymeric oxo species at physiological pH and by
the paramagnetism of the Ru(IIl) nucleus, which limits the
use of "H NMR [ 10]. Moreover, ruthenium (1II) compounds
might undergo in vivo reduction to ruthenium(Il) species
[11].

In recent papers [12], we have shown that rhodium (111)
forms a series of diamagnetic Me,SO-chloride complexes
which are isostructural with those formed by Ru(III} and
behave quite similarly to them in aqueous solution as far as
dissociation of the ligands is concerned. As a logical exten-
sion to that work, we report here the synthesis and spectro-
scopic characterization of a series of rhodium(1IT) complexes
with ammonia or imidazole ligands which are isostructural
to the antitumour-active ruthenium(IIl) compounds. Their
cytotoxicity, in vitro interactions with DNA and in vivo anti-
tumour activity against a tumour model have been investi-
gated and are described here.

2. Experimental

Analytical grade solvents were used without further puri-
fication for synthetic purposes. Hydrated RhCl; was pur-
chased from Johnson Mattey. 'H NMR spectra were recorded
in CDCl; (referenced to the solvent peak versus TMS at 7.26
ppm), DMSO-d, (referenced to the solvent peak versus TMS
at 2.50 ppm) and D,O (referenced to the solvent peak versus
DSS at 4.80 ppm) on a Jeol EX400 spectrometer. Deuterated
solvents were purchased from Aldrich and Cambridge Iso-
tope Laboratories. Solid state IR spectra (Nujol) were
recorded on a Perkin-Elmer 983G instrument between Csl
windows. UV-Vis spectra were recorded on a Jasco V550
spectrophotometer. Elemental analyses were performed
by Dr E. Cebulec (Dipartimento di Scienze Chimiche, Uni-
versita di  Trieste). The precursors mer,cis-RhCl;-
(Me,S0),(Me,S0O) (1) and [(Me,SO),H]|zrans-RhCl,-
(Me,S0),] (2) were synthesized according to the reported
procedures [12].

2.1. Preparations

2.1.1. Na[trans-RhCl,(Me,S0),] (2Na)

A 056 g amount of [(Me,SO),H][trans-RhCl,-
(Me,S0O),] (1.0 mmol) was dissolved in a mixture of eth-
anol (16 ml) and water (0.2 ml). Filtration over fine paper

yielded a clear orange solution, to which an 80 mg amount
of NaCl (1.4 mmol) dissolved in 0.3 ml of water was added.
Vigorous stirring or sonication induced the rapid precipitation
of a light orange solid, which was recovered by filtration,
washed with cold ethanol and diethyl ether and vacuum dried
at room temperature (yield 0.34 g, 80%). Anal. Calc. for
CsH,,CL,NaO,RhS, (M, =423.97): C, 11.3; H, 2.85. Found:
C, 11.2; H, 2.76%. Selected IR absorption bands (Nujol,
cm ") wgg 1114 (vS); vris 426 (M)} vricy 347 (8).

2.1.2. mer,cis-RhCl3(Me,SO),(NH;) (3)

A 0.5 g amount of mer,cis-RhCl;(Me,SO),(Me,SO)
(1.12 mmol) was dissolved in a mixture of CH,Cl, (12 ml)
and DMSO (1 ml) in a flask closed with a stopcock. The
flask was first connected to a vacuum line and then to a
reservoir of gaseous ammonia. Within 30 min the solution
turned from orange to yellow and a microcrystalline precip-
itate of the same colour began to form. After reacting over-
night, the precipitate was recovered by filtration, washed
with cold CH,Cl, and diethy] ether, and vacuum dried at
room temperature (yield 0.32 g, 75%). Anal. Calc. for
C,H,;NCI,O,RhS, (M, =382.55):C,12.5; H, 3.95; N, 3.66;
Cl, 27.8. Found: C, 12.4; H, 3.95; N, 3.76; Cl, 27.9%. 'H
NMR (CDCl,, ppm): 3.53 (6H, s, Me,50); 3.47 (6H, s,
Me,SO). (D,0): 3.52 (6H, s, Me,SO); 3.50 (6H, s,
Me,S0O). Selected IR absorption bands (Nujol, cm ™ ') vy
3317 (m), 3228 (m), 3180 (w, sh); vgo 1134 (s), 1123
(v8); Vs 426 (M); Vgyc 345 (5), 326 (m).

2.1.3. mer,cis-RhCl(Me,SO),(Im) (4)

A 0.1 g amount of mer,cis-RhCl;(Me,SO),(Me,SO)
(0.22 mmol) was partially dissolved in 2.5 ml of acetone and
0.068 g of imidazole ( 1 mmol) was added. The mixture was
stirred at room temperature for 5 h, during which time the
precipitate turned gradually from orange to light yellow. It
was then recovered by filtration, washed with chioroform
and diethyl ether and vacuum dried at room temperature
(yield 57 mg, 60%). Anal. Calc. for C;H(N,Cl;O,RhS,
(M, =433.60): C, 19.4; H, 3.72; N, 6.46. Found: C, 19.3; H,
3.65; N, 6.54%. 'H NMR (D,0, ppm): 8.46 (1H, m, Im);
7.63 (1H, m, Im); 7.31 (1H, m, Im), 3.57 (6H, s, Me,SO);
3.32 (6H, s, Me,SO). (CDC!4): 9.6 (br, 1H,NH); 8.29 (1H,
m, Im); 7.67 (1H, m, Im); 6.95 (1H, m, Im); 3.61 (6H, s,
Me,S0); 3.49 (6H, s, Me,SO). (DMSO-d,, ppm): 12.8 (br,
IH, NH); 8.15 (1H, m, Im); 7.37 (1H, m, Im); 7.21 (1H,
m, Im);3.49 (6H, s, Me,SO);3.37 (6H, s, Me,50). Selected
IR absorption bands (Nujol, cm™'): wg,, 1137, 1118 (vs);
Viris 428 (M) vricr 354 (8), 326 (m).

2.1.4. mer,cis-RhCly(Me,SO)Im), (5)

A 0.1 g amount of mer,cis-RhCl;(Me,SO),(Me,SO)
(0.22 mmol) was partially dissolved in 10 ml of methanol
and 0.030 g of imidazole (0.45 mmol) was added. The mix-
ture was heated to reflux and a clear yellow solution was
immediately obtained. After 30 min it was cooled, concen-
trated to ~3 ml and stored at room temperature. A yellow



64 G. Mestroni et al. / Inorganica Chimica Acra 273 (1998) 62-71

precipitate formed within a few days. It was recovered by
filtration, washed with chloroform and diethyl ether and vac-
uum dried at room temperature (yield 60 mg, 65%). Anal.
Calc. for C4gH,,N,CI,ORhS (M,=423.55): C,22.7; H,3.33;
N, 13.22. Found: C, 22.3;: H, 3.35; N, 13.3%. 'H NMR
(DMSO-d,, ppm): (the two inequivalent imidazole ligands
have been arbitrarily labelled A and B and their resonances
assigned with a COSY spectrum) 12.7 (2H, br, NH): 8.04
(1H, m, H2 Im-B); 7.98 (IH, m, H2 Im-A); 7.20 (IH, m,
H5 Im-A); 7.14 (2H, m, H4 4+ H5 Im-B); 6.98 (1H, m, H4
Im-A); 3.42 (6H, s, Me,SO). Selected IR absorption bands
(Nujol, cm ™ "): vgo 1126 (VS); Vgps 429 (M); vy 351
(s).

2.1.5. Na[trans-RhCl(Me,SO)(Im)}]-2Me.S50 (6)

A 0.2 g amount of Na[trans-RhCl,(Me,50).] (0.47
mmol) was partially dissolved in a mixture of acetone (5 ml)
and DMSO (0.65 ml). A 0.2 g amount of imidazole (3
mmol) was added and the mixture reacted at room tempera-
ture under magnetic stirring. A clear, deep orange solution
was obtained within 1 h and was filtered over fine paper. The
addition of a few drops of diethyl ether induced formation of
orange crystals of the product. After standing overnight at
room temperature. the product was recovered by filtration,
washed with cold acetone and diethyl ether and vacuum dried
at room temperature (yield 0.19 g, 70%). As was the case
for the ruthenium analogue [ 7a], complex 6 crystallizes with
two molecules of DMSO and is correctly formulated as
Na| trans-RhCl,(Me,S0) (Im) ] - 2Me,SO. Anal. Calc. for
CyHL,NLCINaO,RES; (M, =570.17): C, 18.9; H, 3.89; N,
4.91. Found: C, 18.9; H, 3.78; N, 5.05%. 'H NMR (D,0,
ppm): 8.29 (1H, m, Im); 7.53 (1H, m, Im): 7.26 (1H, m,
Im); 3.53 (6H, s. Me,S0); 2.71 (12H, s, Me,SO). Selected
IR absorption bands (Nujol, cm ~'): vg, 1088 (vs, Me,S0O),
1028 (vs, Me,SO); vppg 438 (M) Ve 361 (8), 346 (s).
Visible spectrum in H,O solution (A,,. nm (&,
M Tem ') 419 (120); 495 (sh, br) (30).

2.1.6. [ImH][trans-RhCIl(Im),] (7)

A 0.5 g amount of hydrated RhCl; (1.9 mmol) was dis-
solved by gentle warming (1 h) in a mixture of ethanol (5
ml) and 2 M HCIl (5 ml). A | g amount of imidazole (14.7

Table |
Crystallographic data tor [ ImH | [ trans-RhCly(Im), |

mmol) dissolved in 1 ml of 6 N HC] was then added to the
warm brown-red solution; the warm mixture was allowed to
react for 5 min. Red-brown crystals of the product slowly
precipitated from the solution stored at room temperature.
After 3 days they were recovered by filtration, washed with
cold ethanol and diethyl ether and vacuum dried at room
temperature (yield 042 g, 50%). Anal. Calc. for
CoHsN.CI,Rh (M,=44996): C, 24.0; H, 2.91; N, 18.6.
Found: C, 23.8: H, 2.99; N, 18.8%. 'H NMR (D0, ppm):
8.68 (1H, s, ImH"); 827 (2H, m, Im); 7.54 (2H, m, Im);
7.47 (2H, s, ImH™); 7.23 (2H, m, Im). Selected IR absorp-
tion bands (Nujol, cm~'): Im 1063 (s) and 614 (s), ImH*
1047 (s) and 623 ($); vrp.c 353 (s). Visible spectrum in
H,O solution (A,,,,, nm (g, M~ 'ecm™')): 443 (85); 505
(sh, br) (46).

2.2. X-ray crystallography

Crystals of [ImH] [ #rans-RhCl,(Im),] (7) suitable for X-
ray crystallography were obtained with the synthetic proce-
dure described above. Intensity data were collected on a
CAD4 Enraf-Nonius single crystal diffractometer at room
temperature by the w scan technique using graphite-monoch-
romated Mo Ka radiation (A=0.7107 A). Crystal data are
reported in Table I. The intensities were corrected for Lor-
entz and polarization factors. The structure was solved by
conventional Patterson and Fourier methods and refined
through full-matrix least-squares methods using unitary
weight. The non-hydrogen atoms were treated anisotropi-
cally. The hydrogen atoms were added as fixed contributions
at their calculated positions, with isotropic thermal parame-
ters 1.3 times the value of B, of the atoms to which they are
attached. The final R(F,) and R, (F,) values are reported in
Table 1. Complex neutral-atom scattering factors, including
anomalous dispersion terms for all non-H atoms, were taken
from the literature [ 13]. Calculations were carried out on a
VAX 2000 using the Molen package [ 14]. Final non-H posi-
tional parameters and B, (A?) are given in Table 2; bond
distances and angles for the complex are reported in Table 3.

Formula C,H,:CI,N,Rh
M 449.96
a(A) 13,133 (3)
hiA) 7.977¢1)
ciA) 16.683(4)
B(%) 113.84(2)
V(AY 1598.6

V4 4

Crystal system monoclinic
Space group C2/e

26 (Mo Ka) (°) 4-60

Dy (gom ™) 1.869
w(Mo Ka) (cm ") 17.2
F(000) 888

Crystal size (mm)
No. measured reflections

0.05Xx0.3x0.2
2553

No. independent reflections (/=30 (/)) 1644
No. variables 116
R(F,) 0.039
R (F,) 0.039
Goodness of fit 1.21
Residuals in F,,, (e A7) +03
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Table 2
Positional parameters of non-hydrogen atoms for [ImH]/(trans-RhCl,-
(Im),}

Atom X v z

Rh 0.000 0.12784(7) 0.250

Cll 0.000 -0.1637(2) 0.250

CiI2 0.000 0.4194(2) 0.250

CI3 0.14978(9) 0.1273(2) 0.38708(7)
N1 0.1092(3) 0.1300(6) 0.1912(2)
N2 0.2491(3) 0.1988(8) 0.1598(3)
Cl 0.1992(4) 0.2220(8) 0.2145(3)
C2 (.1887(4) 0.0841(9) 0.0999(3)
C3 0.1008(4) 0.0428(8) 0.1179(3)
NIb* 0.0036(7) 0.473(2) 0.4401(5)
N2b* —-0.0469(7) 0.563(1) 0.5383(7)
Clb® —0.066(1) 0.576(2) 0.451(1)
C2b* 0.032(1) 0.453(2) 0.5695(7)
Cib* 0.065(1) 0.388(2) 0.5122(9)

* Occupancy factor 0.5.

Table 3
Bond distances (A) and angles (%) for | ImH | { trans-RhCl(Im), |

Atoms Distance
Rh ClI 2.326(2)
RhCI2 2.325(2)
Rh CI3 2.337(H
Rh NI 2.039(4)
NI ClI 1.310(7)
N1 C3 1.371(7)
N2Cl 1.333(8)
N2 (2 1.350(8)
C2C3 1.345(9)
Atoms Angles
ClI Rh C13 89.89(5)
Cll Rh N1 90.5(1)
CI2Rh CI3 90.11(5)
CI2Rh NI 89.5(1)
CI3 Rh Nt 89.63(9)
NI Rh NI’ 179.0(2)
Rh N1 C! 126.0(4)
Rh NI C3 127.3(3)
CINIC3 106.6(5)
CIN2C2 107.2(5)
NI CI N2 110.7(5)
N2C2C3 107.5(5)
NI C3C2 107.9(5)

2.3. Human tumour cell lines

A2780 cell line, an ovarian carcinoma cell line derived
from an untreated patient, and the cisplatin-resistant subline
A2780/cp8 were kindly supplied by Dr R. Ozols ( Fox Chase
Cancer Center, Philadelphia, PA). LoVo and Calu are colon
and lung carcinoma cell lines respectively, which were
obtained from ATCC (Rockville, MD). The cell lines were
maintained in the logarithmic phase at 37°C in a 5% CO,
humified atmosphere in air using the following: (i) RPMI

1640 medium supplemented with 10% foetal calf serum, 2
uM glutamine, 10 mg ml~' gentamycin and 10 pg ml™'
insulin for A2780 and A2780/cp8 cells; (ii) Ham’s F12
medium supplemented with 20% foetal calf serum, 2 pM
glutamine, 0.1% gentamycin for LoVo cells; (iii) Eagle’s
MEM medium with non-essential amino acids, sodium pyru-
vate | mM, 10% foetal calf serum for Calu cells.

2.4. In vitro growth inhibition assay

The growth inhibitory effect of rhodium complexes
towards tumour cell lines was evaluated using the Cell Pro-
liferation Kit I (MTT) of Boehringer Mannheim, following
the manufacturer’s protocol. Briefly, the cells grown in the
culture flasks were trypsinized and 100 pl of medium con-
taining 5 X 10" cells was inoculated into 96-well microplates.
After 24 h from seeding, the cells were incubated with various
concentrations of rhodium complexes freshly dissolved in the
culture medium for 3 days at 37°C. followed by an additional
4 h incubation with 10 pl/well of tetrazolium salt solution
(5 mgml™"). The cells were dissolved in 100 wl of 10%
SDS solubilization solution, and the absorbance was meas-
ured at 570 nm. The drug concentration which inhibited cell
growth by 50% (ICs,) was obtained from semi-logarithmic
dose-response plots.

2.5. Primer extension footprinting assay

pGEM-4Z double stranded DNA (1.5 X 10~* mol nucle-
otides) was reacted with rhodium complexes (drug/nucle-
otide molar ratio 0.01) in a total volume of 20 pl of 10 mM
NaClO, for 16 h at 37°C, At the end of the reaction time,
excess drug was removed by ethanol precipitation. Afteralka-
line denaturation, the DNA was primed with 18-mer SP6( + )
primer (New England Biolabs) and DNA synthesis was per-
tormed by Sequenase 2 enzyme (United States Biochemi-
cals) in the presence of [a-*P]dATP (370 KBq, 111
TBq mmol ', Amersham) and unlabelled ANTPs following
the manufacturer’s protocol. The products were separated by
clectrophoresis on a denaturing gel (6% polyacrylamide/
7 M urea) in parallel to a sequence ladder performed on
unreacted control DNA. Autoradiography was performed
overnight with Kodak Ektamat G film.

2.6. DNA interstrand cross-link evaluation

The 2746-bp pGEM-4Z DNA lincarized by Bam HI
endonuclease (New England Biolabs) was mixed with rho-
dium complexes at drug/nucleotide formal ratios of 0.001
and 0.01 and then incubated in 10 mM NaClO, at 37°C. At
different time intervals (0-72 h), the cross-linking reaction
was stopped by adjusting the NaOH concentration to 30 mM
and cooling the samples at —20°C. The samples were then
analysed on a denaturing | % agarose gel where DNA frag-
ments containing interstrand cross-links migrate slower than
fragments without interstrand cross-links. The percentage of
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interstrand cross-linking was calculated from a densitometric
scan of the resulting bands.

2.7. Ethidium bromide assay

Calf thymus DNA (Sigma) was reacted with rhodium
complexes for 48 h at 37°C in 10 mM NaClO, at a drug/
nucleotide ratio between 0 and 0.1. Fluorescence measure-
ments of DNA modified by rhodium complexes in the pres-
ence of ethidium bromide (EtBr) were performed using a
Perkin Elmer LS 5B spectrofluorimeter (excitation wave-
length 546 nm, emission wavelength 590 nm). The fluores-
cence was measured in 0.4 M NaCl and the concentrations
were 0.01 mg ml~' for DNA and 0.04 mg m! ™' for EtBr.

2.8, Tumour line

The MCa mammary carcinoma of CBA mouse was
obtained from the Rudjer Boskovic Institute, Zagreb, Croatia.
The tumour line was maintained locally by bi-weekly pas-
sages of 10 viable tumour cells, injected into the calf of the
left hind leg of CBA adult mice obtained from a locally
established breeding colony. Tumour cell suspensions were
prepared from primary tumours of donors similarly inocu-
lated 2 weeks earlier. Tumour propagation for experimental
purposes was similarly performed using male mice 6-8 weeks
old.

2.9, Primary tumour and lung metastasis evaluation

Primary tumours were measured with caliper and their
weight was estimated using the formula (7/6)a*bh. where a
and b are perpendicular axes (¢ <&) and the tumour density
is assumed equal to unity. Evaluation of the number and
weight of lung metastases, formed spontaneously from the
i.m. tumour implants, was performed after sacrifice of the
animals by cervical dislocation. The number of lung meta-
stases on the surface of the freshly removed lungs was eval-
uated using a low-power stereo microscope equipped with a
calibrated grid. The weight of the metastatic tumour per
mouse was calculated by determining the volume of each
metastatic nodule by the formula reported above for primary
tumours.

2.10. Animal treatment

Treatment was performed on days 1-5-9-13 after tumour
implantation. The compounds were dissolved in 0.9% NaCl
and administered i.p. to mice in volumes of 0.1 ml/ 10 g body
weight. The dosage used was 50 mg/kg/day for Na-
| trans-RhCl,(Me,SO) (Im) ] - 2Me,SO, Na[trans-RhCl,-
(Me,S0),], mer,cis-RhCl;(Me,50),(Me,S0O), and 141
mg/kg/day for ImH|[ rrans-RhCl,(Im),]. Controls received
only 0.9% NaCl.

3. Results
3.1. Synthesis and characterization of complexes

Sulfur bonded Me,SO has a rather strong trans-labilizing
effect that was exploited advantageously by us for the selec-
tive introduction of N-donor ligands in the rhodium-chloride-
sulfoxide precursors mer,cis-RhCl;(Me,SO),(Me,SO) (1)
and Naf trans-RhCl,(Me,S50),] (2Na). In 1 replacement of
the Me,SO rrans the S-bonded sulfoxide with eitherammonia
or imidazole (Im) occurred easily at room temperature,
yielding mer,cis-RhCl;(Me,S0),(NH;3) (3) and mer,cis-
RhCl1;(Me»SO),(Im) (4) respectively. In the case of imid-
azole, if the reaction was not properly stopped at this stage
by precipitation of the monosubstituted product, partial for-
mation of the cis-disubstituted species mer,cis-RhCl;-
(Me,SO) (Im), (5) occurred. Compound 5 was obtained
selectively from 1 and an excess of imidazole under slightly
more drastic reaction conditions (refluxing methanol). The
reactivity of [Na][zrans-RhCl,(Me,SO),] with imidazole
was very straightforward and involved the selective replace-
ment of only one of the two Me,SO ligands rrans to each
other, yielding [ Na][trans-RhCl,(Me,SO)(Im)] (6). The
corresponding frans bis-imidazole complex was conven-
iently obtained as imidazolium salt, [ImH][trans-
RhCl,(Im),] (7), adopting a synthetic procedure very
similar to that reported for the ruthenium analogue ICR [6¢].
All the new compounds are very soluble in DMSO. The
solubility in water is quite good for the ionic species
[Na][trans-RhCl,(Me,SO) (Im) ], while it becomes rather
low (~mmolar) for [ImH][#rans-RhCl,(Im},] and the
monosubstituted  neutral  complexes  mer,cis-RhCl;-
(Me,S0),(NH;) and mer.cis-RhCl;(Me,SO),(Im) and
lower yet (at the limit for '"H NMR detection) for the bis-
imidazole neutral species mer,cis-RhCl:(Me,SO) (Im),.

The geometry of the neutral compounds 3-§ was
established unambiguously by combined '"H NMR and
IR spectroscopy. The 'H NMR spectra of mer,cis-
RhCl;(Me,SO),(NH;) and mer,cis-RhCl;(Me,SO),(Im)
have two singlet resonances in the region of S-bonded
Me,SO, each accounting for six protons, which were attrib-
uted to the equivalent methyl groups of the two inequivalent
Me,SO ligands. A fuc geometry, where the two equivalent
Me,SO ligands have inequivalent methyl groups, would also
give a similar NMR pattern, but the strong Rh—Cl stretching
bands in the IR spectra are consistent with the presence of a
mer, rather than fac, disposition of the chlorides. Moreover,
all the structurally characterized monosubstituted derivatives
of mer,cis-RhCl;(Me,SO),(Me,SO) have a mer,cis geo-
metry [15-17]. The neutral compounds mer,cis-RhCl;-
{Me,50),(NH;) and mer,cis-RhCl;(Me,50),(Im) are
linkage isomers compared with the corresponding ruthe-
nium(IIl) analogues mer,cis-RuCl;(Me,50)(Me,SO)-
(NH;) and mer,cis-RuCl;(Me,SO) (Me,SQO) (Im), where
the sulfoxide cis to the N-ligand is bound through oxygen
[7a].
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The 'H NMR spectrum of the disubstituted species
RhCl;(Me,SO) (Im), (5), which shows two inequivalent
imidazole ligands and a single Me,SO resonance, is in agree-
ment only with a mer,cis geometry. Complex 5 is isostructural
to the bis-1-methylimidazole ruthenium species mer,cis-
RuCl;(Me,SO) ( 1Me-Im),, whose X-ray structure has been
recently reported by us [ 18]. The crystal structure of mer,cis-
RhCl;(Me,SO) (py), has also been described [ 19].

The monoanionic species [Na][rrans-RhCl,(Me,SO)-
{Im)] (6) and [ImH][frans-RhCl,(Im),] (7) have very
simple '"H NMR spectra, which might be in agreement also
with a cis geometry of the two neutral ligands. A cis geometry
for the anionic species would not be unprecedented, since we
found that [cis-RhCl,(Me,S0),] ™ is thermodynamically
more stable than the corresponding trans isomer [ 12b]. The
trans geometry of 6 and 7 was established unambiguously by
the analysis of their IR and electronic absorption spectra. The
IR spectra of 6 and 7 are indeed very similar to those of the
crystallographically known ruthenium analogues Na[zrans-
RuCl,(Me,SO) (Im)] [7a] and [ImH] | trans-RuCl(Im),]
[6c] respectively. Moreover, the visible spectra of both
Na[ trans-RhCl,(Me,SO) (Im) ] - 2Me,SO and [ImH] [trans-
RhCl,(Im),] have a characteristic absorption at about 500
am, typical of a trans geometry. In fact, this band is present
in the structurally well characterized trans-{RhCl,(Me,-
SO),] " species [20], but it is absent in the corresponding
cis isomer [ 12b]. In the case of [ImH] [zrans-RhCl,(Im),]
the X-ray crystal structure was also determined.

3.2. X-ray crystallography

An Ortep drawing of the structure of [ImH]{zrans-
RhCl,(Im),] with the atom-numbering scheme is shown in
Fig. 1. The crystal consists of [RhCl,Jm,]~ anions and
[ImH]* cations. The Rh, Cl(1) and Cl(2) atoms lie on a
twofold rotation axis; consequently, the asymmetric unit con-
sists of only half a complex anion. The cation is located
around a crystallographic inversion centre so that it is disor-
dered in two superpositions with occupancy factor 0.5. The
crystals of the Rh complex are isomorphous to those of the
analogous Ru derivative [6c]. A comparison between the

Fig. 1. ORTEP drawing of [ImH] [ trans-RhCl,(Im),] (7) with S0% prob-
ability for the thermal ellipsoids.

two isomorphous structures shows that the Rh-Cl bond
lengths (mean value 2.329 A) are shorter than the corre-
sponding Ru-Cl lengths (mean value 2.349 A), in agreement
with the increase in the atomic number of the metal. This
difference between the coordination distances in the two met-
als is more marked for the binding distance of the Im ligand,
which is 2.039(4) A in the Rh complex and 2.079(3) A in
the Ru analogue [6¢].

The planes of the two trans N-coordinated ligands are
nearly perpendicular to one another (84°). The disordered
cation is involved in a short contact (3.18(1) A) between
the chlorine atom CI2 and protonated nitrogen N1b. Further-
more it forms a stacking interaction with the coordinated Im.

3.3. Chemical behaviour in aqueous solution

The chemical behaviour of a light-protected agueous solu-
tion of the soluble Rh compounds was investigated at room
temperature by '"H NMR spectroscopy. Millimolar solutions
of both mer,cis-RhCl;(Me,SO),(NH;) and mer,cis-
RhCl;(Me,S0),(Im) are rather inert and their spectrum
remained basically unchanged over a 72 h period. Very lim-
ited changes, attributable to a minor dissociation of Me,SO,
were found over a 7 day period. No loss of the nitrogen ligand
was observed. The anionic compounds were found to be
relatively more labile compared with the neutral compounds.
In a D,O solution of [ImH]|trans-RhCl,(Im),] a new set
of resonances for coordinated imidazole (7.33,7.53 and 8.30
ppm) appeared within 24 h and slowly increased over time.
The new species amounted to ~ 25% of the original complex
after 7 days; since the free/bound imidazole ratio did not
change over time, the new resonances can be safely attributed
to the mer,trans-RhCl;(Im),(H,O) species, derived from
the parent compound 7 upon chloride dissociation. As in the
case of ruthenium, replacement of one imidazole ligand with
Me,SO resulted in a more rapid and extensive chloride dis-
sociation process [10,21]. In fact, in a D,0O solution of
Na[ rrans-RhCl,(Me,SO) (Im) ] - 2ZMe,SO, several minor
species were detectable after 24 h and after 7 days ~ 50% of
the original complex had been transformed into new species,
one of which was largely predominant. Since the free/bound
Me,SO ratio was constant over time and no free imidazole
could be detected, all the new species derived from the parent
compound 6 upon chloride loss. The resonances of the main
new species (bound imidazole at 8.32, 7.52 and 7.35 ppm
and Me,SO signal overlapped by that of 6) can be attributed
to a mer,trans-RhCl;(Im) (Me,SO) (H,O) complex, by
comparison with those of mer.trans-RhCl;(Im),(H,0)
reported above.

We have also shown that the solution behaviour of the
ruthenium(1H1)-Me,SO analogues was strongly influenced
by the presence of small amounts of monoelectronic reducing
agents [10]; in particular, the addition of a stoichiometric
amount of either ascorbic acid or cysteine to an aqueous
solution of Na[trans-RuCl,(Me,SO)(Im)] induced the
immediate and complete reduction to ruthenium(11) species.
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Table 4

Cytotoxicity (ICs, expressed as pmol concentrations) of rhodium compounds against human tumour cell lines compared with cisplatin

Compound A2780 A2780/¢p8 LoVo Calu
cisplatin 3241 8§5+1.6 2541 1242
mer,cis-RhCl;(Me,S0),(Me,SO) > 200 >200 > 100 n.d.
mer.cis-RhCl;(Me,SO),(NH;) 1.5+04 25+1 0.4+0.2 9
mer.cis-RhCl;(Me.SO),(Im) 15642 14 +0.9 6.7+3 70
mer,cis-RhCl;(Me,SO) (Im), > 200 > 200 40+ 15 >200
Na{ rrans-RhCl,(Me,SO), | > 200 >200 > 200 n.d.
Na| trans-RhCl,(Me,SO) (Im) | - 2Me,SO > 100 n.d. > 100 n.d.
fImH ]| trans-RhCl(Im), | > 1000 > 1000 > 200 n.d.

n.d. not done.

We found instead that the visible absorption spectrum of
aqueous solutions of Naltrans-RhCl,(Me,SO)(Im)| is
unaffected by the presence of such reductants in stoichio-
metric ratio.

3.4. Cytoroxicity

The cytotoxicity of the rhodium compounds was tested
against four human tumour cell lines, one of which ( A2780/
cp8) is cisplatin resistant (Table 4). While the neutral bis-
imidazole complex mer,cis-RhCl;(Me,SO) (Im), (5) and
the anionic compounds Na[ rrans-RhCl;(Me,SO),] (2Na),
Na[trans-RhCl,(Me,SO) (Im) | - 2Me,SO (6) and [ImH]-
[trans-RhCl,(Im),] (7) had a negligible cytotoxicity,
mer,cis-RhCl;(Me,SO),(Im) (4) and in particular mer.cis-
RhCl;(Me,SO),(NH;) (3) showed a remarkable and selec-
tive cytotoxic activity, similar to that of cisplatin ( Table 4). -
Moreover, the cytotoxicity of the two mono-substituted rho-
dium compounds on the cisplatin-resistant cell line was com-
parable with that on the parent line (cisplatin is at least two
to three times less cytotoxic on the resistant line compared
with the parent line). Instead, the precursor of 3 and 4,
mer,cis-RhCl;(Me,S0),(Me,S0O), was considerably less
cytotoxic against all cell lines.

3.5. In vitro metal-DNA interactions

The interactions of the rhodium compounds with DNA in
vitro were investigated by different techniques. The primer
extension footprinting assay [22] allowed us to evaluate the
sequence selectivity of DNA modification by rhodium com-
plexes (Fig. 2). All rhodium complexes, with the exception
of mer.cis-RhCl;(Me,SO)-(NH-), reacted extensively with
DNA, as shown by the stop sites on the sequencing gel.
Numerous faint bands, resulting from premature termination
of DNA synthesis, corresponded to nearly every nucleotide
of the template strand. Unlike cisplatin and other metal com-
plexes such as rrans-RuCl,(Me,SO), [23], the rhodium
compounds did not show a preferential binding for adjacent
guanine residues; mer,cis-RhCl;(Me,SO),(Im), mer.cis-

> Compounds 3 and 4 are being sent to NCI for 4 screening of their
cytotoxicity on a wider panel of cell lines.

RhCl;(Me,SO) (Im),, Na[ trans-RhCl,(Me,SO) (Im) | and
[ ImH ] [#rans-RhCl4(Im),] showed indeed similar, and quite
uncommon, behaviour, with preferential stop sites corre-
sponding to pyrimidin residues.

The DNA interstrand cross-links are among those critical
molecular lesions known to inactivate the DNA as a template
for replication. We evaluated the ability of rhodium com-
plexes to induce such lesions in vitro by gel electrophoresis
under denaturing conditions of a linearized fragment of
plasmidic DNA, as described by Lemaire et al. [24]. At
a drug/nucleotide ratio of 0.001, only mer.cis-RhCl;-
(Me,S0O),(Me,SO) showed some activity, inducing 4% of
interstrand cross-linked DNA after 72 h of incubation at 37°C.
Assuming the presence of one interstrand cross-link per DNA
molecule, the amount of rhodium involved in this bifunc-
tional interaction can be estimated as being less than 1% of
the total. For the sake of comparison, under the same condi-
tions the antimetastatic active Ru(IIl) complex Na[zrans-
RuCl,;(Me,S0) (Im)] was found by us to induce 30% of
interstrand cross-linked DNA, accounting for 5.3% of the
total ruthenium. At the high drug/nucleotide ratio of 0.01,
mer,cis-RhCl;(Me,SO),(NH;) also showed some activity,
inducing 15% of cross-linked DNA after 72 h of incubation
at 37°C.

The DNA binding mode of rhodium complexes was further
investigated using EtBr as fluorescent probe to distinguish
between perturbations induced by monofunctional and
bifunctional DNA adducts | 25]. The modification of double
helical DNA induced by the rhodium compounds at drug/
nucleotide ratios between 0 and 0.1 did not decrease the EtBr
fluorescence, a result similar to that obtained with monoden-
tate platinum complexes such as [Pt(dien)CI|Cl (not
shown).

Taken together, the rather low interstrand cross-linking
ability of rhodium complexes and the EtBr fluorescence
measurements suggest that in the interaction with DNA pre-
vailingly monofunctional adducts are formed.

3.6. Antitumour activity
The antitumour activity of selected rhodium compounds

was tested in vivo against the MCa mammary carcinoma, an
i.m. implanted solid tumour of CBA mice which gives spon-
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UCTAG123456

showing the blocks to Sequenase 2 T7 DNA polymerase on drug-treated
(drug/nucleotide molar ratio 0.01) pGEM 4z DNA. Lanes designated C. T,
A, and G refer to the base positions on the template strand: lane 1 mer,cis-
RhCl;(Me,S0),(Im); lane 2 mer.cis-RhCl;(Me,SO),(NHy): lane 3
mer.cis-RhCly(Me,SO) (Im).; lane 4 Naltrans-RhCl,(Me,S5O)(Im) |-
2Me,50: lane S [ImH][#frans-RhCl,(Im),]: lane 6 mer.cis-RhCl;-
(Me,S0),(Me,S0); lane U no reagent.

taneous lung metastases. The effect of the treatment on both
the growth of the primary tumour and on the number and
weight of lung metastases was evaluated ( Table 5). The aim
of this experiment was to acquire a direct comparison with
the most active ruthenium analogues and therefore the anionic

rhodium complexes were privileged. Preliminary investiga-
tions showed that, in general, the rhodium-Me,SO com-
pounds are more toxic than the corresponding ruthenium
compounds; the dosages used here were relatively non-toxic,
as determined by the loss of body weight gain versus
untreated controls (e.g. —5.7% and —3.8% for Na-
[trans-RhCl,(Me,SO) (Im) ] - 2Me,SO and mer,cis-RhCls,-
{Me,50),(Me,S0O) respectively). [ImH][zrans-RhCl,-
(Im).] was found to be relatively less toxic, and therefore
used at a higher dosage.

Under these experimental conditions only Nalrrans-
RhCl,(Me,SO) (Im) ] -2Me,SO and mer,cis-RhCly(Me.-
SO),(Me,S0) modified slightly the growth of the pri-
mary tumour (25% reduction versus untreated controls). The
most interesting result is the remarkable and selective activity
of mer,cis-RhCl,(Me,50),(Me,SO) against the growth of
spontaneous metastases, comparable with that of Na| trans-
RuCl,(Me,S50)(Im)] under similar experimental condi-
tions. In fact, mer,cis-RhCl;(Me,50),(Me,SO) signif-
icantly reduced the number of metastatic nodules (70% ver-
sus untreated controls, p <0.05 t-Test for grouped data). The
same compound caused an 80% reduction, versus untreated
controls, of the weight of metastases. Despite the strong
decrease, this effect is not statistically significant, probably
because of the great variability inside some groups. As in the
case of active ruthenium compounds, the antimetastatic activ-
ity of mer,cis-RhCl;(Me,S50),(Me,S0) seems to be unre-
lated to the in vitro cytotoxicity of the complex.

4. Discussion

The reactivity of the Rh(IIl)-chloride-Me,SO precursors
with N-donor ligands closely reflects the behaviour already
observed by us with the corresponding Ru(III) compounds,
and was exploited successfully for the synthesis of neutral
and antonic derivatives which are structurally very similar to
ruthenium(II) complexes endowed with antineoplastic
activity. Despite this structural analogy, the rhodium (IH)
compounds in general did not show any relevant antitumour
activity, with the remarkable exception of mer,cis-Rh-
Cl;(Me,S0),(Me,S0O) which possessed a selective anti-
metastatic activity. The reason for the general inactivity might
be found in the greater inertness of the rhodium complexes
compared with the corresponding ruthenium analogues, evi-
denced by 'H NMR solution studies, and by their lower capa-
bility to be activated by redox mechanisms. The inertness of
the rhodium complexes might also account for their minor
interactions with double stranded DNA in vitro, leading
mainly to monofunctional adducts, and for their general lack
of in vitro cytotoxicity. Surprisingly instead, the two inert
complexes mer,cis-RhCl3(Me,SO),(NH;) and mer,cis-
RhCl;(Me,SO),(Im) have a rather high cytotoxicity, com-
parable with that of cisplatin. This activity is apparently
unrelated to DNA interaction properties similar to those of
cisplatin and might be attributed to interactions with other
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Table 5

Effects of in vivo treatment of MCa mammary carcinoma with rhodium compounds

Compound Primary tumour (g) Metastasis

Number Weight (mg)
Control 3.89+0.65 23+4 17.66+£5.10
Na[zrans-RhCl,(Me,50), | 3.84+0.45 42410 42.22+4.30
Na| zrans-RhCl,(Me,SO) (Im) |} - 2Me,SO 2.84+0.24 2716 16.66 1+ 5.88
ImH[ trans-RhCl,(Im),] 3474+0.14 32410 28.88+9.51
mer,cis-RhCl;(Me,S0),(Me,SO) 2.82+0.22 T+3 3.48£2.06

Five CBA males per group were injected with 10° tumour cells on day () and treated i.p. on days 1-5-9-13 with the compounds at the indicated doses. Primary

tumour and metastasis evaluation was performed on day 23.

cellular components. Experiments aimed to evaluate the anti-
tumour and antimetastatic activity of these two cytotoxic
compounds are in progress.

5. Conclusions

A series of neutral and anionic Rh(III)-chloride com-
pounds bearing ammonia or imidazole (Im) ligands, and
isostructural to Ru(IIl) compounds endowed with antineo-
plastic activity, have been synthesized and characterized
spectroscopically. The solution behaviour and some biolog-
ical parameters of the new rhodium compounds, including
cytotoxicity, in vitro interactions with DNA and antitumour
activity against a tumour model, have been investigated and
compared with those of the corresponding ruthenium ana-
logues. Two neutral complexes, mer,cis-RhCl;(Me,SO) .-
(NH;) and mer,cis-RhCl;(Me,SO),(Im), were found to
possess a cytotoxicity comparable with that of cisplatin
against human tumour cell lines; their antineoplastic activity
against tumour models is currently being investigated further.

6. Supplementary material

Hydrogen atom coordinates, anisotropic thermal parame-
ters, tables of all bond lengths and angles, and a list of final
calculated and observed structure factors for [ImH]| [ trans-
RhCl,(Im),] are available from the authors.
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