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The reaction of the anticancer active compound [Rhy(u-O,CCHa),-
(bpy)2(CH3CN),][BF4]2 (1) (bpy = 2,2'-bipyridine) with NaCeHsS
under anaerobic conditions yields Rhy(71-CsHsS)2(14-CeHsS)2(bpy)z
CH3OH (2), which was characterized by UV-visible, IR, and *H
NMR spectroscopies as well as single-crystal X-ray crystallography.
Compound 2 crystallizes as dark red platelets in the monoclinic
space group C2/c with cell parameters a = 20.398(4) A, b =
11.861(2) A, ¢ = 17.417(4) A, p = 108.98°, V = 3984.9(14) A3,
Z = 4. The main structural features are the presence of a [Rhy]**
core with a Rh—Rh distance of 2.549(2) A bridged by two benzene
thiolate ligands in a butterfly-type arrangement. The axial positions
of the [Rh,]** core are occupied by two terminal benzene thiolates.
Cyclic voltammetric studies of 2 reveal that the compound exhibits
an irreversible oxidation at +0.046 V in CH3CN, which is in accord
with the fact that the compound readily oxidizes in the presence
of O,. The fact that this unusual dirhodium(1I/11) thiolate compound
is formed under these conditions is an important first step in
understanding the metabolism of dirhodium anticancer active
compounds with thiol-containing peptides and proteins.

The mechanism of action of the platinum-containing
chemotherapeutic drugss-[PtCl,(NHs),], carboplatin, and
oxaliplatin, vis-avis their cellular targets, has been under
investigation for many yeafsFor example, the reactivity
of cisplatin and analogues with SH-containing compounds
has been explored in substantial detaitructures of Pt(ll)
complexes containing SH-based biomolecules, namely, Pt
(u-accys-SY)bpy) (accys-S= N-acetyli-cysteinate; bpy=
2,2-bipyridine) and { Pt(en)-SG)} ] (SG = deprotonated
glutathione; er= ethylenediamine), have been reportddhe

main structural feature of these complexes is the presence

of bridging thiolate ligand$.Although the metabolism of
these drugs is known to involve reactions with sulfur-
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containing molecules, such as glutathione, it is generally
accepted that nuclear DNA is the main targeétin fact,
there is compelling structural evidence that Pt complexes
form strong intrastrand cross-links which serve to interrupt
the local structure of the double helix, a situation that leads
to an increase in binding affinity of key proteins to these
platinated site$? The ultimate outcome of this cascade of
events is that DNA replication ceases and the cell dies.

In spite of the obvious importance of the medicinal
chemistry of metal-containing compounds, relatively little
is known about the biological activity of anticancer active
transition metal compounds other than those of platidum.
Work in our laboratories over the past 10 years has
endeavored to build a database of structural information on
products of reactions between RRrO,CCHs)il, (L =
solvents), [RB(u-O,CCHg)2(N-N),L2]X 2 (N-N = 2,2-bipy-
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ridine and 1,10-phenanthroline; > halides), and Rifu-
O,CCR;)(DTolF), (DTolF = ditolylformamidinate) and
various biomolecules. Although these compounds are not in
clinical use, they are known to exhibit potent anticancer
activity against Ehrlich ascites, leukemia, sarcoma, and
human oral carcinoma KB tumofsSeminal work in this
area was carried out by Bear and co-workers in the 1970s,
the results of which support the conclusion that DNA is
affected by the presence of Rh-O,CR), compounds.
Although there is general consensus that DNA is the
primary molecular target of anticancer active transition metal
compounds, the chemistry of these metal complexes with
sulfur molecules of biological importance must also be
considered. Typically these studies require a combination
of solution data obtained on the metal complex of a
biomolecule coupled with definitive structural evidence on
a model ligand that allows for crystallization of the prodtict.
In this vein, we are exploring reactions of metal compounds
with cysteine (Cys) and glutathione (GSH) as well as thiolate

ligands, such as 2-aminothiophenol (amp) and benzene

thiolate. In an earlier study, we reported that'Rlompounds
are formed in aerobic reactions between JiRHO,CCH;),-
(N-N)2(CHsCN),]?" and amp. We further proposed that the
putative intermediate in the reaction pathway is a thiolate-
bridged dirhodium(lI/Il) complex that oxidizes to the struc-
turally characterized RH" and RH' compounds. Herein
we report that the reaction of [Rlx-O,CCHs)2(bpy)(CHs-
CN),][BF 4], with thiolate ligands in the absence of Goes,
indeed, produce a RH' compound. This compound, which
contains a RRrRh bond, is unprecedented in the dirhodium-
(1i/1y family of compounds.

A greenish brown solution of [Rfu-O,CCHs),(bpy)(CHs-
CN),][BF4]2 (1) in dry, degassed CJDH reacts with excess
NaGHsS at room temperature to yield a dark red micro-
crystalline product. An X-ray crystallographic study of
the compound revealed the identity of the product to be
[Rh(17-CeHsS) (u-CsHsS)(bpy) k- CH3OH (2).” The molecular
structure of2 consists of a central R, butterfly core that
is further coordinated to two terminalg8sS~ and two

(5) (a) Sorasaenee, K.; GalMascafrs, J. R.; Dunbar, K. Rnorg. Chem.
2002 41, 433. (b)H NMR spectrum of the decomposition product
of compounad?, 6 (ppm; CD3CN): 6.94 (m), 7.21 (m), 7.35 (m), 7.38
(m), 7.76 (m), 7.88 (m), 8.18 (m), 8.32 (d), 8.52 (d).

A CH3CN solution of [Rh(u-O.CCHs)2(bpy)(CHsCN),[BF4]2 (1)
(0.11 mmol) was slowly added to a MeOH solution of excegds€
SNa (1.1 mmol) under N during which time the solution color
changed from orange-brown to dark red. The solution was stirred at
rt for 6 h, concentrated to dryness, and recrystallized from MeOH/
Et,O to yield dark red crystalline plates. Yield before recrystallization
= 70 mg (percent yield= 65).

Crystal data for [Rh{-CsHsS)(CsHsS)(bpy)b-CHsOH (2) at 110(2)

K: CasHaoN4sORRSs, MW = 985.86, dark red platelet, 0.3030.252

x 0.193 mn3, C2/c, a = 20.398(4) Ab=11.861(2) Ac=17.417(4)

A, B =108.98, V = 3984.9(14),Z = 4, pcac = 1.625, Mo Ka
radiation ¢ = 0.71069 A),u = 1.079 mntL. Data were collected on

a Bruker SMART CCD area detector diffractometer equipped with a
graphite-monochromated Mo anode in the rangé 4.@60 < 56.5.

A total of 8966 reflections were collected, of which 4331 were unique
and 1980 were in the randg&? > 40(F.?). The frames were used to
refine 251 parameters to R1 (wR2)0.0756 (0.1424), GOE 0.980,

F2 refinement in SHELXTL-5.0. All non-hydrogen atoms were refined
anisotropically, with the exception of a disordered methanol solvent
molecule which was modeled over two positions and refined isotro-
pically.
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@

~
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Figure 1.

chelating bpy ligands (Figure 1). The RRh distance is
2.549(2) A, which is in the typical range for a RRh single
bond (2.4-2.9 A)® The Rh-S distances are 2.243(4) and
2.275(4) A, and the angles subtended by the bridging thiolate
ligands ared1S—Rh—S = 84.41(2) and ORh—S—Rh =
68.70(13}. The coordination environment of the Ranit

in 2 is completed by the presence of chelating bpy ligands
in the equatorial positions, and two terminalkHsS™
molecules occupying the axial positions. The-Fhdistances

for the axial positions of 2.424(4) A are longer, as expected,
due to the strong trans influence of the metaletal bond?

The RRS, core is reminiscent of the structures of several
known organometallic compounds, but, to our knowledge,
this represents the first example of a mixed thiolate diimine
compound to have been crystallographically charactefized.
The neutral molecules pack in an overall pseudohexagonal
arrangement and do not show any significant intermolecular
interactions.

A H NMR spectrum of2 in a CD;OD solution contains
two sets of multiplet resonances in the ranges4.% and
7.2—-8.5 ppm for the GHsS and bpy ligands, respectivety.
The assignments are based on a comparison of the chemical
shifts observed for the resonances of the parent compound
1 as well as those of free ¢8sSH. The electrochemical
properties of2 were investigated by cyclic voltammetry in
CH3CN,*2 which revealed the presence of an accessible
irreversible oxidation at0.046 V along with minor anodic
and cathodic features. It is interesting to note that the starting
material [RR(u-O.CCHs)(bpy)(CHsCN).J[BF 4], exhibits
remarkably different electrochemical behavior, namely, a
reversible one-electron reduction-a0.89 V14 Clearly, the
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Chem. Soc., Chem. Commu®77 436. (b) Sellmann, D.; Fetz, A;;
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Takami, A.; Matsuzaka, H.; Ishii, Y.; Hidai, Mnorg. Chem.1999
38, 2851.
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electrochemical properties a@ have been dramatically
affected by the replacement of two carboxylate ligands with
four thiolate ligands which are much more electron rich. The
accessibility of the oxidation process f@rsupports our

observation that the compound decomposes in air, and the
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apparent by a color change from dark red-brown to yellow-
orange’, and the concomitant formation of the disulfide
byproduct GHsS—SGsHs.® No suitable single crystals of
the RH' decomposition product were obtained in this study,
but the identity of the product shows a similarity to those
formed with 2-aminothiophenol based on thid NMR
spectroscopic dafa.

The current results are important for our general under-
standing of the fate of anticancer active dirhodium bis-
polypyridine compounds in the presence of thiol groups.
Reactions with cysteine and glutathione proceed with the
same color changes and redox reactions as noted for the
2-aminothiophenol and benzenethiol ligands, which we take
as a promising sign that such model studies are relevant.
An even more compelling observation is that reaction§ of
with both Cys and GSH vyield dark blue precipitatés.
Preliminary characterization of the blue solids by elemental
analyses and IR spectroscdpindicates that the products
with cysteine and glutathione also contain thiolate ligands
bound to a dirhodium core.
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irreversible nature of the process suggests that the oxidized Note Added after ASAP: The version of this paper posted

product will be structurally quite different fro!3 Indeed,

ASAP on January 10, 2003, contained the wrong Scheme 1. The

we have evidence for this hypothesis from a related study correct Scheme 1 is present in the version posted on January 17,

of the reaction ofl with 2-aminothiophenol in air to yield
the dinuclear and mononuclear'iRbations [RR"" (1-CeHe-
NS)(17'-CeHeNS)(bpy)]*" and [RH! (*-CeHeNS)(bpy)]",
respectively’. In this earlier study we proposed that the
reaction proceeds via the formation of a thiolato-bridged
dirhodium compound followed by oxidation of the Rh
core to RH' compounds and release of disulfide upon
exposure to @(Scheme 1).

We are now in a position to further defend the proposed
reaction scheme by providing a previously missing piece of
evidence, namely, the oxidatively unstable intermediate of
the type represented by compoudcrystallized under
anaerobic conditions. The decompositior2an air is readily

(11) IR (Csl pellets) and solution electronic spectra with matching quartz
cuvettes were recorded on Nicolet Nexus model 470-FTIR and
Shimadzu UVPC-1601 spectrophotometers, respectivelyNMR
spectra were recorded on a Mercury-300 MHz spectrometerr IR,
(cm™%; Csl): 308, 321, 483 (RhS vibrational frequencies). Electronic
absorptionA (nm; CHOH): 408.5 (s)H NMR, 6 (ppm; CD;0D):
6.2—7.6 (m), 7.2-8.5 (m). Anal. Calcd for GsHsoN.ORhSs: C,
54.77; H, 4.09; N, 5.68. Found: C, 53.50; H, 3.68; N, 5.03.
Electrochemistry was performed with an HCH Instruments electro-
chemical analyzer employing a standard three-electrode cell (Pt
working, Pt wire auxiliary, and Ag/AgCl reference electrodes). The
supporting electrolyte is [NBY|[PFg]. The CpFe/[CpFe]" couple
occurs at+0.44 V vs Ag/AgCl under the same conditions.
(13) Lide, D. R.CRC Handbook of Chemistry and Physics 1913895
75th ed.; CRC Press: Boca Raton, 1995.
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K. R.; Christou, G.Inorg. Chem 1997, 36, 2458.

(15) The most likely stepwise reaction to fo2nnvolves binding of RS
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displacement of the bridging acetate ligands. Precedence for the
formation of an axial adduct of Rfu-O.CCHgz)s and GHsCH,SH is
the following paper: Christoph, G. C.; Tolbert, Mm. Cryst. Assoc.
Symp.198Q 7, 39.
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single-crystal X-ray methods.
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compounds were removead vacug and the dark blue solids were
collected. Reaction betwednand cysteine: IRy (cm™%; Csl): 315,

334, 352, 422 (RhS vibrational frequencies). Anal. Calcd for
C32H4232F8N803R|’]254: C, 32.73; H, 3.60; N, 9.54. Found: C, 32.66;
H, 3.68; N, 8.97. Reaction betwednand GSH: IRy (cm™%; Csl):
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