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The Ru(ll) organometallic antitumor complex [(#5-biphenyl)RuCl(en)][PFg] (1) reacts slowly with the amino acid
L-cysteine (L-CysH,) in agueous solution at 310 K. Reactions were followed over periods of up to 48 h using HPLC,
electronic absorption spectroscopy, LC-ESI-MS, and 1D or 2D *H and ®N NMR spectroscopy. Reactions at a 1
mM/2 mM (Ru/L-CysH,) ratio were multiphasic in acidic solutions (pH 5.1) and appeared to involve aquation as the
first step. Initially, 1:1 adducts involving substitution of CI by S-bound or O-bound L-CysH,, [(17°-biphenyl)Ru(S-L-
CysH)(en)]* (4a) and [(7°-biphenyl)Ru(O-L-CysH,)(en)]?* (4b) formed, followed by the cystine adduct [(5-biphenyl)-
Ru(O-Cys,H,)(en)]** (3), and two dinuclear complexes from which half or all of the chelated ethylenediamine had
been displaced, [(77%-biphenyl)Ru(H,0)(«S,N-L-Cys)Ru(r5-biphenyl)(en)]** (5) containing one bridging cysteine, and
[(375-biphenyl)Ru(O,N-L-Cys-S)(S-L-Cys-N)Ru(r8-biphenyl)(H,0)] (6) containing two bridging cysteines. The unusual
cluster species {(biphenyl)Ru}s (7a) was also detected by MS and was more prevalent in reactions at higher
L-CysH, concentrations. Complex 5 was the dominant product at pH 2-5, but overall, only ca. 50% of 1 reacted
with L-CysH, in these conditions. The reaction between 1 and L-CysH, was suppressed in 50 mM triethylammonium
acetate solution at pH > 5 or in 100 mM NaCl. Only 27% of complex 1 reacted with L-methionine (L.-MetH) at an
initial pH of 5.7 after 48 h at 310 K and gave rise to only one adduct [(r78-biphenyl)Ru(S-L-MetH)(en))** (8).

Introduction guanine bases on DNAand DNA may be an important

Ruthenium arene complexes are known to have antibacte-target site for this class of cytotoxic agents. Recently, related
rial activity! and have the potential for inhibiting enzymes Phosphine adducts such agp-cymene)RuGlpta)] (pta
involved in DNA biochemistry. Recently, we have shown = 1,3,5-triaza-7-phosphatricyclo[3.3.1.1]decane) have been
that Ru(ll) arene complexes of the type/f@rene)Ru(X)- shown to be activé.Additional interest in the biological
(YZ)] where X is a leaving group such asChnd YZ is a chemistry of Ru complexes arises from, for example, clinical
chelating diamine such as ethylenediamine (en), are cytotoxictfia!s of NAMI-A as an antimetastatic agémind the activity
to cancer cells including cisplatin-resistant cell lifesn of related complexes containing heterocyclic nitrogen lig&nds.
example is [¢®-biphenyl)RuCl(en)][PH (1), a stable, water- Most meta_ll complexe_s can readily undergo I_|gand substi-
soluble complex with the characteristic “piano-stool” struc- tution reactions and, in the case of transition metals,
ture, which is active in the A2780 human ovarian cancer Sometimes also redox reactions. The role of these in the
xenograft and non-cross-resistant in the A2780cis xendgraft. biological activity of metal complexes depends both on their
Such complexes appear to bind strongly and specifically to
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Chart 1. Schematic Drawings of Complekand Its Adducts with KO (2a), TFA (2b), Cystine 8), andL-Cysteine 4a and4b)
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extent (thermodynamics) and on the rate (kinetics). It is spectroscopy to investigate the structures of products from
therefore of interest to investigate reactions between candi-reactions of the ruthenium(il) arene anticancer complg [(
date metallodrugs and biomolecules in order to understandbiphenyl)RuCl(en)][PF (1) with L-cysteine and-methion-
both in vitro and in vivo biological data. The metal complex ine in agueous solution. The reaction of complexvith
may undergo a chemical transformation in the cell culture L-cysteine afforded six novel adducts, three mononuclear
medium, or in blood plasma, or in the cell membrane or complexes 3§, 4a, 4b), one singly bridged dinuclear adduct
cytoplasm before it reaches the target site (e.g., DNA in the (5), and one doubly bridged dinuclear addug} (Charts 1
nucleus or mitochondrion). and 2). In the presence of high concentrations-oysteine,
Reactions with the sulfur-containing amino acids an unusual ruthenium cluster speciéa)(was also detected.
cysteine (-CysH,) andL-methionine (-MetH) appearto play  In contrast, reactions of complek with L-methionine
key roles in the biological chemistry of both Pt(ll) and Pt- followed a single pathway giving the mononuclear addict
(IV), and Ru(lll) anticancer agents. The concentration of the (Chart 3).
cysteine-containing tripeptide glutathione is elevated in some ) )
platinum-resistant cell lines, and thiols appear to be involved EXperimental Section
in the reduction of Pt(IV) and Ru(lll) complexes to active Materials. [(75-biphenyl)RuCl(en)][PE (1) and5N-labeled1
Pt(11) and Ru(ll) specie’®Methionine adducts of cisplatin  (5N-1) were synthesized as described elsewRereCysteine,
and carboplatin have been detected in animal ufine. L-methionine, and triethlyammonium acetate (TEAA, 1.0 M) were
In this work, we have used a combination of high purchased from Fluka, and trifluoroacetic acid (TFA) was purchased
performance liquid chromatography (HPLC), electronic from Arcos.
absorption spectroscopy, electrospray ionization mass spec- Ultraviolet and Visible (UV —Vis) Spectrometry. A Perkin-

trometry (ESI-MS), and nuclear magnetic resonance (NMR) El_mer Lambda-20 UV+vis recording spectrophotometer was use_d
with 1 cm path-length quartz cuvettes (0.5 mL) and a PTP1 Peltier

(9) (a) Talman, E. G.; Bming, W.; Reedijk, J.; Spek, A. L.: Veldman,  temperature controller. Spectra were processed with UVWinlab
N. Inorg. Chem1997 36, 854-861. (b) Kratochwil, N. A.; Guo, Z,; software for Windows 95.
Murdoch, P. del S.; Parkinson, J. A.; Bednarski, P. J.; Sadler,P. J. High Performance Liquid Chromatography (HPLC). A
Am. Chem. Sod 998 120, 8253-8254. .
(10) (a) Mestroni, G.; Alessio, E.; Sava, G.; Pacor, S.; Coluccia, M.; Hewlett-Packard series 1100 quaternary pump and a Rheodyne
Boccarelli, A.Met.-Based Drugd994 1, 41-63. (b) Mestroni, G.; sample injector with 10@L and 2.0 mL loops, an HP 1100 series
Alessio, E.; Sava, G.; Pacor, S.; Coluccia, MMetal Complexesin v —vis detector, and an HP 1100 series Chemstation with an HP

Cancer ChemotherapKeppler, B. K., Ed.; VCH: Weinheim, 1993. . . . .
(©) Clarke, M. J.. Zhu, F.. Frasca, D. Bhem. Re. 1999 99, 2511 enhanced integrator were used. Analytical separations were carried

NH,

4a 4b

2533. (d) Frasca, D. R.; Clarke, M. J. Am. Chem. S0d.999 121, out on a PLRP-S reversed-phase column (250 m#h6 mm, 100
an 5(35)2%—185326 M S L AR A3 s S mal A, 5 um, Polymer Labs), and semipreparative work was carried

a, liey, C. .; Sternson, L. A.; Repta, A. J.; Slyter, S. al. H _ T8N

Biochem1983 130, 203-214. (b) Barnham, K. J.; Frey, U.; Murdoch, outona Llchrosqrb 5RP18'reversed. phase column (25.0

P. del S.: Ranford, J. D.; Sadler, P.JJAm. Chem. Sod994 116 mm, 5um, Technicol Ltd.) with detection at 254 nm. Mobile phase

11175-11176. A: water (purified using a Millipore Elix 5 system) containing 0.1%
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Chart 2.
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aThe dotted lines indicate observed NOEs. The NOEs between H61, H63 (protons in ring 6) and4%(protons in ring 4) of comple& were not
resolvable because of overlap of cross-peaks with NOEs between aromatic protonsl4541

Chart 3. Schematic Drawing of Addud, Product from Reaction of
Complex1 with L-Methionine

H3 H1 H1 H3

2+
H4 H2 H2 H4
NH,*
— Rulim,... /\/K
Nz ‘ T co0"
NH2 CH;

8

TFA. Mobile phase B: acetonitrile (for HPLC application, Fisher
Chemicals) containing 0.1% TFA. For analytical assays, the flow
rate was 1.0 mL mint, for semipreparative work, 4 mL niif.

The gradient (solvent B) was the following: 2% from 0 to 5 min,
15% from 6 to 15 min, 26.5% from 18 to 30 min, 60% from 32 to
35 min, and resetting to 2% at 40 min. For the semipreparative
work, the gradient over 18 to 30 min was changed from 26.5% to
23.0%.

Electrospray lonization Mass Spectroscopy (ESI-MS)Posi-
tive-ion electrospray ionization mass spectra were obtained with a
Platform 1l mass spectrometer (Micromass, Manchester, U.K.). For
offline ESI-MS assays, the samples were prepared with a 50% CH
CN/50% HO mixture and infused at 8L min~* directly into the

pressure ionization (API)/ESI ion source. For the online LC-ESI-

MS assays, a Waters 2690 HPLC system was interfaced with the

mass spectrometer, using the same column and gradients a
described previously for the analytical HPLC assays with a flow
rate of 1.0 mL min! and a splitting ratio of 1/6. The spray voltage
was 3.56-3.68 kV. The cone voltage was varied over the range
15-60 V as required. The capillary temperature was 338 K for
direct infusion and 373 K for the HPLC sampling, with a 450 L
h~1 flow of nitrogen drying gas. The quadrupole analyzer, operated
at a background pressure 0£2107° Torr, was scanned at 300 Da
s1 for direct infusion and 900 Da$ for HPLC sampling. Data

were collected (for 10 scans during the direct infusion assays) and
analyzed on a Mass Lynx (ver. 2.3) Windows NT PC data system
using the Max Ent Electrospray software algorithm and calibrated
versus an Nal calibration file. The mass accuracy of all measure-
ments was within 0.1nvz unit. For the instrument used, the
resolution, as calculated from/Amggy, WhereAmeqgy, is the width

of the mass spectral peak at half-height, ranges from 524@zat

= 314.9 to 1340 atw'z = 803.9.

Nuclear Magnetic Resonance (NMR) Spectroscopya) For
HPLC-isolated adducts, NMR data were acquired at a temperature
of 298 K using a Varia®"¥INOVA 600 MHz NMR spectrometer
equipped with a triple resonandéi( 13C, 1°N) z-gradient probehead.

1D H NMR data were acquired with 128 transients into 64K
data points over a frequency width of 7 kHz using a double pulsed-
field gradient spir-echo routine (DPFGSE) to eliminate the solvent
resonancé? A relaxation delay b2 s was applied between
transients.

2D 'H DQFCOSY, TOCSY, NOESY, and ROESY NMR data
were acquired over a frequency width of 7 kHz in both F2 and F1
into 4K complex data points in F2 (acquisition tirse 293 ms)
with 32 transients for each of 2 300t; increments. A relaxation
delay d 2 s between transients was used for all experiments.
Specifically, two 2D NOESY NMR data sets were acquired with
mixing times of 500 ms and 1 s. Water suppression was achieved
using a DPFGSE routine after the final read pulse. The 2D TOCSY
NMR data were acquired with a spin-lock time of 75 ms. The water
resonance was suppressed by means of a DPFGSE routine. 2D

ROESY NMR data were acquired with a mixing time of 150 ms

with solvent suppression achieved using a DPFGSE routine. 2D
DQFCOSY data were acquired using a pulse program based on

that of Altieri and Byrd® in which the solvent resonance is

eliminated by combining water randomization at the start of the
pulse sequence with a composite WATERGATE sequence prior
to data acquisition in order to reduce dispersive tails on cross-peaks.

(12) Hwang, T. L.; Shaka, A. J. Magn. Reson., Ser. 2095 112 275—
9

(13) AItiéri, A. S.; Byrd, R. A.J. Magn. Reson., Ser. B395 107, 260—
266.
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Data were processed using standard apodizing functions prior to
Fourier transformation.

(b) The time course of the reaction betwéeé-1 andL-cysteine
was followed by NMR using a Bruker DMX NMR spectrometer
operating at 500 MHz. All data were acquired on samples
equilibrated at 310 K. A triple resonance (TBH, 13C, X)
probehead equipped with a singl® éxis gradient coil was used
for all data accumulation. Calibration and spectrometer setup were
carried out using a sample BN-1, prior to the addition of cysteine.

1D H NMR spectra were acquired withotiN-decoupling over
a 6 kHz frequency width and acquired with 128 transients into 32K
data points (acquisition time 2.726 s) with a relaxation delay of
1.5 s between transient$i pulse calibration was carried out using
a presaturation pulse sequence (zgpr). SubsequédtNMR data
were either acquired using a DPFGSE routine or its modified form
in which composite inversion pulses were applitth addition,
15N-edited'H NMR spectra were acquired withotiN-decoupling.
This enabled high resolution NMR spectra to be acquired, which
could then be compared directly with 2B NMR spectra acquired
under the same conditions. In this way, NMR resonances ffbin
attached protons could be directly identified using both gradient-
HSQC and gradient-HSQC TOCSY pulse programs. Gradients were
used to select fotH—5N coherences and were simultaneously
responsible for eliminating the water resonance.

2D ['H, ®N] HSQC NMR data were acquired, witFPN-
decoupling during the acquisition period, over an F2 frequency
width of 5 kHz (acquisition time= 204 ms). Multiples of 4
transients were accumulated for each of 25@crements over an
F1 frequency width of 80 ppm centered -aBO ppm relative to
15NH,4CI (reference for O ppm). Phase-sensitive data were acquired
in a sensitivity-improved manner using an eetamtiecho acquisi-
tion mode'® 2D [*H, 1°N] HSQC TOCSY NMR data were acquired
using a similar procedure but incorporating a DIPSI-2 spin-lock of
55 ms duration.

2D [*H, H] TOCSY NMR data were acquired over a frequency
width of 5 kHz (acquisition time 204 ms) in F2 and F1. A multiple
of 16 transients was acquired for each of 5lidcrements (TPPI).

A spin-lock time of 55 ms and a relaxation del&y20s were used.
15N-decoupling was applied using'aN-refocusing pulse halfway
through the incremental delay period together wWitN-GARP-
decoupling during,.

(c) For the reaction mixtures of compléxwith L-methionine,

IH NMR and 2D [H, H] TOCSY, NOESY NMR spectra were
acquired using a Bruker DMX NMR spectrometer operating at 500
MHz.

All NMR data were processed using Xwin-nmr (version 2.0,
Bruker U.K. Ltd.).

pH Measurements.All pH measurements were made using a
Corning 240 pH meter equipped with an Aldrich micro combination
electrode calibrated with Aldrich standard buffer solutions of pH
4,7, and 10. NMR samples were prepared in 1099/90% HO.

No correction has been applied for the effect of deuterium on the
glass electrode.

Preparation of Samples. (a) HPLC. Reaction mixtures of
complexl with L-cysteine and-methionine at various molar ratios
were prepared by mixing a 10 mM solution @fand 50 mM

(14) Liu, M.; Mao, X.; Ye, C.; Huang, H.; Nicholson, J. K; Lindon, J. C.
J. Magn. Reson1998 132, 125-129.

(15) (a) Palmer, A. G.; Cavanagh, J.; Wright, P. E.; RanceJMJlagn.
Reson1991, 93, 151-170. (b) Kay, L. E.; Keifer, P.; Saarinen, J.
Am. Chem. Socl1992 114 10663-10665. (c) Schleucher, J.;
Schwendinger, M.; Sattler, M.; Schmidt, P.; Schedletzky, O.; Glaser,
S. J.; Sgrensen, O. W.; Griesinger,JCBiomol. NMR1994 4, 301—
306.
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Figure 1. HPLC traces with UV detection at 254 nm for compléx1

mM) in (A) 100 mM NacCl solution, pH 6.92, and (B) water, pH 5.48.
Both solutions were incubated for 48 h at 310 K before analysis and were
at equilibrium. Peak assignmentd: [(75-biphenyl)RuCl(en)}; 2a [(#°-
biphenyl)Ru(HO)(en)F*; 2b [(5-biphenyl)Ru(CECOO)(en)f.

25

solutions of the amino acids. The mixtures were diluted to the
required concentration with deionized water or 50 mM TEAA
solution with the relevant pH values and then incubated at 310 K
in a water bath for 48 h for the subsequent HPLC analysis.

The time course of the reaction of compléx(1 mM) with
L-cysteine (2 mM) at 310 K was followed chromatographically by
injection of aliquots of the mixture onto the HPLC column at
various time intervals.

The samples for semipreparative separation contained 10 mM
of complex1 and 20 mM ofL-cysteine.

(b) ESI-MS. The fractions collected from analytical HPLC
separations were frozen in liquid nitrogen, lyophilized using a
Modulyo Edwards freeze-drier, and then dissolved in a 50:50 (v/
V) mixture of acetonitrile and water for direct infusion. For LC-
ESI-MS assays, the samples were prepared by the same method as
for the preparation of samples for HPLC separation.

(c) NMR. 15N-1 (2.776 mg) was dissolved in 0.6 mL of 10%
D,0/90% HO, and the 2D1H,'N] HSQC TOCSY spectrum was
recorded after 12 h. Then, 104 of 112 mM solution of cysteine
in 10% D,0O/90% HO was added to the described solution. 2D
[*H,2*N] HSQC TOCSY or 2D1H, *H] TOCSY NMR spectra were
recorded at various intervals. For thd NMR time course, the
reaction mixture contained 6 mM compl&and 6 mML-cysteine.
1D H or 2D [H, 1H] TOCSY and NOESY NMR spectra were
recorded for a reaction mixture of complek (5 mM) with
L-methionine (5 mM) in 10% BD/90% HO.

The HPLC-isolated adductand6 collected from semiprepara-
tive HPLC separations were frozen in liquid nitrogen, lyophilized
as described, and then dissolved in 0.6 mL of 1099/00% HO
for 1D and 2D'H NMR spectra.

Results

Hydrolysis of Ruthenium Arene Complex [@°-Biphe-
nyl)RuCl(en)][PFg] (1). First, the hydrolysis of complek
in aqueous solution was investigated by HPLC and LC-ESI-
MS assays and NMR spectroscopy. This allowed ready
identification of any hydrolysis products formed during
reactions with amino acids.

HPLC chromatograms faa 1 mM solution of complext
in water and in 100 mM NacCl solution are shown in Figure
1. Three species were detected with elution times of 12.25,
20.77, and 26.16 min for an aqueous solution of comfplex
The subsequent ESI-MS assays showed that the second peak
at 20.77 min corresponds to the intact cation of comglex
and the first and the third peaks correspond to hydrolysis
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product @a) and TFA adduct Zb) of 2a. Detailed mass Time /h
spectral data are shown in Figure S1. \ 7&MA) A A 6 48
The 2D [H,™>N] HSQC NMR spectrum (Figure S2) of CysH, 3 5

15N-1 (8 mM) in 90% HO/10% DO incubated at 310 K \ v JVERE
for 12 h contains two sets of cross-peaks &t/*>N 5.98/ 12
24.5 and 3.93/24.5 corresponding to intact compl&x56%, —A JL’M—/\—
based on the integrals of cross-peaks), andl &tl4/-22.8 4b 2b o

and 4.104-22.8 corresponding to the aqua compba(44%). = 2a 1

The equilibrium constantK() for hydrolysis of complexL ‘\ 0.05
in aqueous solution is 2.8 102 M at 298 K, as determined 5 ' 15 ' 25 '

from these NMR data. A detailed kinetic study of the
hydrolysis of complexL will be published elsewhere.

Reaction of [(5-Biphenyl)RuCl(en)][PFg] with L-Cys-
teine. UV and HPLC Reaction Course.The UV time
course for the reaction of complet (100 uM) with
L-cysteine (80Q«M) in aqueous solution was followed over
a period of 12 h. There were increases in absorbance at 329,
250, and 208 nm, and a decrease in absorbance at 228 nm
(Figure S3).

The course of the reaction of compléx(1 mM) with
L-cysteine (2 mM) in aqueous solution was also followed 20 40 60
by HPLC. As shown in Figure 2A, six adducts were
separated on a reversed-phase column using an acetonitrile
gradient and TFA as ion-pairing agent after a period of 48 7a (C)
h of reaction. The peaks for addueta and4b increased in N
intensity for 12 h but had disappeared after 48 h, suggesting
that they are intermediates. Adduétand6 appeared after (c)
6 and 24 h, respectively. After 48 h, compl&became the

6
dominant product. The peak for addu8tincreased in l h (b)
25

Reaction Time / h

5

intensity slowly up to 24 h of reaction time, and then

1~
decreased, but was still detectable after 48 h. Addads 2 4a (a)
a minor product but increased in concentration slowly over ST —— —_—
the period of 48 h. After 48 h, ca. 50% of complexbased 5 15

on ICP-AES determination of Ru) had not reacted with

L-cysteine; of this, ca. 65% was present as the hydrolysis _ _
Figure 2. (A) HPLC chromatograms for the reaction of compléx1

pI’OdUCtS Ra+ 2b) (Figure 2B). In 100 mM NacCl solution, mM) with L-cysteine (2 mM) in aqueous solution at 310 K using UV
less of complexl (21%) reacted with.-cysteine, and ca.  detection at 254 nm over a period of 48 h. (B) Variation in the relative Ru
91% of unreacted complex was present as the chloro concentrations of various species detected during the described reaction
. ., with time. HPLC peaks areas were calibrated by ICP-AES. The relative
complex after 48 h at 310 K. When the reaction was carried eytinction coefficients fot/2a/2b/3/4al5/6 at 254 nm are 1.00/1.15/0.94/
out in the absence of air, undep,Nhe peak for producta 1.19/2.11/1.81/2.84. Pealts and7aare minor products and are not plotted.

was significantly more intense (Figure 2C). (C) HPLC chromatograms for the reaction of comptex2 mM) with
LC-)ESI-MS Identificati f Adducts. Th fi L-cysteine (4 mM) in (a) 100 mM NacCl solution, (b) aqueous solution, and
( ') - enuficaton o ucts. € reaction (c) aqueous solution underzNat 310 K for 48 h. For peak labels, see

mixtures of complexl (2 mM) with L-cysteine (4 mM) Charts 1 and 2. CyBl, = cystine.
incubated at 310 K for 6 or 48 h were analyzed by LC-ESI-

MS. The TIC (total ion count) and UV traces are shown_ in the isomers [§°-bipheny)RuGCysH)(en)T (4a) and [(°-
F|ggre S4, and the mass gpectra of the respective fraCt'onSbiphenyl)RuO—Cyst)(en)F* (4b) (calcdm/z 436.1 for Bal*
in Figures 3 and 4, and Figure S5. or [4b — H]*) (Figure 3A). It can also be seen that there are

o e o ok s a0 Uy i o pesks iz 2101 and 236
assignable to complexds and4b (calcdm/z 218.5 for Ba

at m/'z 554.7 and 277.7 corresponding to a cystine adduct o . ) :

[(75-biphenyl)Ru(CysH,)(en)B* (3) (calcdm/z 555.1 for B + H]?* or [4b]?"), and their adducts with C}N (calcd

— H]* and 278.1 for §]2*). In addition, a singly charged ~MZ239.0 for Ba+ CH,CN +H]?" or [4b + CH:,CNJ*"), a

ion peak at'z 240.7 was also detected and is assignable to Solvent used for HPLC separation. Another singly charged

free cystine (calcdn/z 241.0 for [CysH, + H]*) which ion was detected avz 314.8 corresponding to the fragment

results from the fragmentation of addu&{(Figure 3A). [(17°-biphenyl)Ru(enji" (F1, calcdm/z315.0 for F1 — H]*)
The fractions eluting at 13.73 and 15.63 min gave rise to resulting from loss of bound cysteine frofm or 4b. It is

a singly charged ion atwz 436.0 corresponding to the notable that for adducta a singly charged ion peak is

quasimolecular ions of cysteine-bound adducts, presumablyobserved atm/z 375.8, assignable to the fragment%

Retention Time / min
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Figure 3. (A) Mass spectra for HPLC fractions with retention times (RTs)
of 11.17 @), 13.73 @a), and 15.63 4b) min (see Figure S4) from the
reaction mixture of compleg (2 mM) with L-cysteine (4 mM) in aqueous
solution incubated at 310 K for 6 h. RIA relative ion abundance. (B)
Mass spectra of addudf at different cone voltages (CVs). At high cone
voltages, compleXa fragments by loss of cysteine to form fragmé&iif*™
and by loss of en to form fragmeR2*.

biphenyl)Ru&CysH)I" (F2, calcd m/z 376.0), formed by
loss of bound en froda

To obtain further structural information, the fractions
eluting at 11.17, 13.73, and 15.63 min fronet® h reaction
mixture were also collected by HPLC separation and
analyzed by direct infusion ESI-MS at different cone
voltages. The results (Figure 3B) confirm that only adduct
4aeluting at 13.73 min readily gives rise to fragmeRtsat
m/z 314.8 andF2 at m/z 375.8 with increase of the cone
voltage. With a cone voltage of 40 V, the majority 4d is
fragmented intd=1 and F2. However, no fragment iofr2
was observed for adduct® and 4b (data not shown),
implying that the coordination mode for cysteine in adducts
4a and4b is different.

Figure 4A shows the mass spectra of the fractions eluting
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Figure 4. Mass spectra for HPLC fractions from the reaction mixture of
complex1 (2 mM) with L-cysteine (4 mM) in agueous solution incubated
at 310 K for 48 h. For HPLC chromatograms, see Figure S4. (A) Peaks

at 22.31 and 25.26 min from the 48 h reaction mixture. These with retention times 22.31 and 25.26 min (addugtnd®6, respectively),
show that both adducts are di-ruthenium complexes. In the (B) variation of cone voltage for addust and (C) for adduce. At high

higherm/z region, two singly charged ion peaksratz 803.8
and 751.9 are observed, corresponding to the adduct®f [(
biphenyl)Ru(HO)(uSN-L-Cys)Rug8-biphenyl)(en)i™ (5)
with TFA (calcdm/z 804.0 for b — H,O + TFA]") and to
the quasimolecular ion of §f-biphenyl)RuQ,N-L-Cys-5)-
(SL-CysN)Ru(®-biphenyl)(HO)] (6) (calcdm/z 751.0 for
[6 — HO + H]™), respectively. Two doubly charged ions
of adductsb and6 were detected atvz 345.1 (calcd 345.5
for [5 — H,0]?*") and 376.7 (calcd 376.0 fob[— H,O +

cone voltages, the di-ruthenium complé&xfragments to give mono-
ruthenium specie=12" and F2"; complex 6 fragments by loss of
CH3(NH2)CHCOO from one of the bridging cysteines to give the mono-
cysteine-bridged di-ruthenium speck3*. For structures, see Charts 2 and
S1.

abundance ion peaks present at lowéz values assignable
to fragments=1 and F2.

The HPLC-isolated complexdsand6 were also infused
directly into the ESI source to study their detailed fragmenta-
tion. In the mass spectrum of compl&xvith a cone voltage

2H]?") with a much greater abundance than those of singly of 20 V, only one doubly charged ion peak was observed at

charged ions. In addition, for addustthere are two lower

4514 Inorganic Chemistry, Vol. 41, No. 17, 2002
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singly charged ion peaks appearedvér 314.8 and 375.8
corresponding to fragments;ftbiphenyl)Ru(enf}™ (F1) and
[(#5-biphenyl)RuG-L-CysH)I" (F2). These fragments result

Table 1. Adduct lons Detected by LC-ESI-MS Assays of HPLC
Fractions from the Reaction of Compléx(»®- Biphenyl)RuCl(en)}
with L-Cysteine

from the cleavage of the cysteine bridge between the two___RT°min obsd (calcd)m/z obsd iong
ruthenium ions of comple®. When the cone voltage was 3.01(2.89) 228-5; ((gi-ll)o) [[%”;MHE];HF
in_creased to 40 V, the doubly charged iomé 345.1 almost 10.85 (10.34) 511.8 (510.7) Ta— 42He]4+
disappeared, and fragmerffd and F2 became dominant. 592.1 (592.8) Tb — 4H]**
Meanwhile, in the highemvz region, at lower cone voltage, 1117 525747-77 (532575811) 2_+H .
two singly charged ion peaks &Yz 803.8 and 730.8 were 1575 41 SAEVETY S T e
detected corresponding to adducts of comg@exith TFA 15.63 238.6 (239.0) 4a+ CHZCN + H]2+,
and CHCN (calcdmyz 731.1 for b — H,O + CHsCN — 4148 (3150 [4£+ﬁ'13CN]2+
H]™). At a cone voltage of 30 V, a new singly charged ion 375.8 2376:03 EE]: ]
peak appeared at/z 689.9 as expected for the quasimo- 436.0 (436.1) 4al*, [4b — H]*
lecular ion of complexs (calcdm/z 690.0 for p — H,O — 22.31 334154f (334155;)) [li_HHC];Z*
H]*) and increased in abundance with increase of cone 3758 2376:03 EFE]* ]
voltage. 689.9 (690.0) $— H,0 — H|*
; ; 730.8 (731.1) $ — Hy0 + CHsCN — H]*

For complex6 (Figure 4C), on_ly one doubly charged ion 803.8 (804.0) 5 H§O+ TF2]+
pgak am/z 376.7 was observed in the loweyz region even 25 26 376.7 (376.0) 6~ H.0 + 2H]2"
with a high (40 V) cone voltage. In the highevz region, 663.9 (664.0) B+

751.9 (751.0) - H,0 + H]*

besides the singly charged quasimolecular iom/at751.9,
another singly charged ion peak was detecteavai865.8.
This is assigned to the TFA adduct of compléx(s;°-
biphenyl)RuQ,N-L-Cys-9(SL-CysN)Ru(;5-biphenyl)(Ck-
COO)] (calcdm/z 865.0 for p — H,O + TFA + 2H]").
Moreover, a new singly charged ion peak ratz 664.9
appeared in the highen/z region when the cone voltage
was increased to 30 V. This new peak corresponds to the
fragment ion [(®-biphenyl)Ru(SH)Q,N-L-Cys-SRu;5-bi-
pheny))Jt (F3, calcdm/z 664.0) resulting from the loss of
CH,(NH,)CHCOO" from one of the cysteine bridges be- Figures 3, 4, and S5.
tween the two ruthenium ions of compléx 1D 'H and 2D ['H, 'H] NMR Spectra of HPLC-Isolated

Two significant peaks were observed at 2.89 and 10.34 Di-Ruthenium Complexes 5 and 6.Complexes5 and 6
min in the HPLC trace with UV detection for the reaction Were isolated by semipreparative HPLC from a solution (8
mixture of complexl (2 mM) with L-cysteine (4 mM)  mL) of complex 1 (10 mM) and L-cysteine (20 mM)
(Figure S4A). However, the TIC signals over the range-200 incubated at 310 K for 48 h and were characterized by 1D
1000 Da (Figure S4B) were not strong enough to allow mass and 2D*H NMR spectroscopy. The solutions fand6 in
spectra to be recorded for both fractions. Therefore, a larger10% D,0/90% HO had pH values of 4.0 and 4.2, respec-
volume (8 mL) of a more concentrated solution of complex tively.
1 (10 mM) andL-cysteine (20 mM) incubated at 310 K for The 'H NMR chemical shift data for complexésand 6
48 h was separated by semipreparative HPLC. The fractionsare summarized in Table 2, together with those of complex
eluting at 2.89 and 10.34 min were collected and then directly 1 for comparison. In théH NMR spectra of both adduct
infused for ESI-MS assays. The mass spectra of the twoand6 (Figure S6), two groups of peaks are present in the
fractions are shown in Figure S5. For the fraction eluting at aromatic region. The first group is assigned to noncoordi-
2.89 min, there are two peaksralz 240.7 and 60.8, showing  nated phenyl rings (Phl and Ph3), and the second group, to
that it contains a mixture of oxidizedcysteine (calcdn/z coordinated rings Ph2 and Ph4 of the biphenyl ligands. For
241.0 for [CysH, + H]*) and free ethylenediamine (calcd adduct5, a single set of cysteine resonances was observed.
m/z 61.1 for [en+ H]™). The latter probably results from  For adducs, there are two sets of cysteine resonances. Only
the loss of en from the S-bound cysteine addtet one set of signals was observed for £&hd NH protons

For the fraction eluting at 10.34 min, two quadruply of en corresponding to the one en ligand present in adduct
charged ion peaks were observed (Figure S5B). On the basi$. No peaks assignable to en were detected for ad@uct
of the mass-to-charge ratio and isotopic model, the peak atThis suggests that only one of two Ru ionssihas a bound
m/z 511.8 corresponds to the ruthenium cluster [(biphenyl)- ethylenediamine ligand and that neither Ru has a bound en
Rulg®™ (74) (calcdmyz 510.7 for [fa — 4H]*"); the second  in adduct6. These results agree with those obtained from
peak atm/z 592.1 corresponds to an adduct of this cluster ESI-MS assays.
with CH3CN, [(biphenyl)RU(CHCN)]g8* (7b) (calcd m/z
592.8 for [fb — 4H]*"). Although these are reasonable
assignments, the resolution is not high enough to allow an
unambiguous assignment of the overall charge in terms of

865.8 (865.0) 6 — H,O + TFA + 2H]*

aRT is the retention time in TIC traces from LC-ESI-MS assays.
b Retention time for UV detection (see texiPbserved (obsd) and calculated
(calcd) mass-to-charge ratios for the observed ions. Mass type: monoiso.
For mass spectra, see Figures 3, 4, and$%r structures, see Charts 1,
2, and S1#H indicates gain or loss of a proton.

the oxidation state of Ru (0+1, or +2) and number of
protons gained or lost by the idh.
Table 1 provides a complete list of the ions observed in

(16) Preliminary FTICR-MS studies (Polfer, N.; Wang, F.; Langridge-
Smith, P. R. R.; Sadler, P. J. Unpublished.) have allowed detection of
the fragment [{bipheny} Ru), + 2H]?" suggesting that at least part
of the cluster may contain Ru(0).
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Table 2. H NMR Chemical Shifts §) for Complexesl, 4a, 4b, 5, and
6 in 10% D,O/90% HO

complex (pH)b
protor? 10 (5.5) 4a(ca. 3.6} 4b(ca.3.6Y 5°(4.0) 6°(4.2)
Phenyl
H11, H12 7.83(m) 7.74 (m) 7.92(m) 7.65(m) 7.73(m)
H13, H14, H15 7.64 (m) 7.58 (m) 7.64(m) 7.64(m) 7.55(m)
H21 5.98(t) 6.09 (t) 6.21(d) 5.81(t) 6.21(d)
H22 5.98 () 6.09 (t) 6.21(d) 5.60(d) 692
H23 6.26 (d) 5.91(t) 6.08 (t) 6.31(t) 5.91(t)
H24 6.26 (d) 5.91(t) 6.08 (1) 6.17 () 6.11 ()
H25 591 () 5.75(d) 5.78(d) 5.78(t) 5.76(t)
H31, H32 7.72 (m) 7.61(m)
H33, H34, H35 7.68 (m) 7.56 (m)
H41 6.21(t) 6.16(d)
H42 6.21(t) 6.02
H43 5.89 (m) 5.84(t)
H44 5.89 (m) 6.02
H45 5.78 () 5.73(m)
en
NH2® 3.93 (br) 3.54 (m) 4.10(m) 1.68 ()
5.98 (m) 3.64 (m) 6.07 (m) 3.68(t)
5.47 (m) 5.81 (m)
CHz® 2.45(m) 2.45(m) 231 (m) 2.41(m)
2.47 (m) 242 (m) 2.31(m)
2.44 (m)
2.33(m)
Bound Cys1
NHz® f f 5.39(d) 3.64(t)
f f 6.31(t) 7.21(d)
o-CH 3.83(t) 3.86 (1) 3.83 () 3.70 ()
p-CHz® 294 (dd) 2.85(dd) 1.99(d) 2.28(t)
3.10(dd)  2.80(dd) 2.68(dd) 2.65 (dd)
Bound Cys2
NH. 5.47 (d)
o-CH 3.58 (1)
f-CH, 1.86 (t)
2.31 (dd)

aFor proton labeling, see Charts 1 and®&pectra recorded at 298 K.
¢ Spectra recorded during reaction of complewith L-cysteine at 310 K
after an average reaction time of 9.8%0Overlapped with one another.
e Stereospecific assignment not matiot observed.

The 2D [H, H] DQF—COSY and NOESY spectra of
complex5 are shown in Figure 5. As shown in the COSY
spectrum of5 (Figure 5A), cross-peaks 1a& arise from
coupling of CH to NH; (1a—c) and NH to NH (1d&-e) of
the bound en. Cross-peaks-2a result from coupling of
B-CH to 3-CH (2a),5-CH to a-CH (2b), a-CH to a-NH
(2d), anda-NH to a-NH (2e) of the bound cysteine. It is
notable that one cross-peak, 2t 1.99/6.31), is observed
corresponding to the coupling of protons HEBEH) to H51
(a-NH), suggesting that there is one conformation of “M”
or “W” shape between protons H55 and H51 in a five-
membered cysteine chelate ring (Chart 2).

In the 2D H, *H] NOESY NMR spectrum of comple
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Figure 5. 2D [*H, H] NMR spectra of HPLC-isolated compléxat 298

K'in 90% H,0/10% DO, pH 4.0. (A) COSY spectrum, peak assignments:
la—c CHy/NH; and 1d-e NH/NH (en), showing that only one bound en is
present in this di-ruthenium complex; BaCH/S-CH; 2b 5-CH/a-CH; 2c
B-CHla-NH; 2d a-CH/o-NH; and 2ea-NH/a-NH (cysteine). The observa-
tion of peak 2c indicates the presence of a five-membered cysteine chelate
ring. (B) NOESY spectrum (1 s mixing time). Assignments of NOE cross-
peaks: la H64 to H67, H68; 1b H62 to H65, H66; 1¢c H61, H63 to H65,
H66, H67, H68; 1d H64 to H63; 1e H62 to H61; 1f H68 to H11, H12,
H13, H14, H15; 1g H64 to H11, H12, H13, H14, H15. 2a, H55 to H54; 2b
H55 to H53; 2c H54 to H53; 2d H54 to H52; 2e H53 to H52; 2f H53 to
H51; 2g H51 to H52; 2h H55 to H62; 2i H55 to H43 and H44; 2j H55 to
H41 and H42, 2k H55 to H31 and H32. 3a H21 to H11; 3b H22 to H12;
3c H41, H42 to H31, H32. Notable are cross-peaks 1f,g, which indicate
the close proximity of en to Ph1, and -2k, which show that H55 of-CH,

in cysteine ligand is close to en (H62) and close to Ph3 and Ph4. The NOEs
between H61, H63 and H41H45 are undetectable because of overlapping
with the NOEs between the aromatic protons. Dotted squares contain phenyl
resonances, and dotted circles, resonances for en of cothfifeompletely
separated by HPLC). For structure of compkxand atom labeling, see
Chart 2.

respectively, which shows that one proton (H55) of the
B-CH; in the cysteine chelate ring is close to en-H62 and
close to Ph3 and Ph4. Peaks-3aare due to NOEs between

aromatic protons H21 and H11(3a), H22 and H12 (3b), H41,
H42 and H31, H32(3c). The described NMR data, together

(Figure 5B), two sets of cross-peaks are assignable to NOEswith 2D [*H, *H] TOCSY (Figure S7) and ROESY (not

between protons of an en ligand (peaks-g&aand between
protons of the chelated cysteine bridge (peaks@a In
addition, two cross-peaks at2.31/7.65 (1f) and 1.68/7.65

(1g) due to NOEs between en-H68 (1f), en-H64 (1g), and

shown) spectra support a monochelated, mono-cysteine
S-bridged di-ruthenium structure for compléxas shown
in Chart 2.

In the 2D FH, *H] TOCSY spectrum of comple& (Figure

H11-15 (Phl) are observed, which indicates the close 6A), besides the cross-peaks for aromatic protons (in solid

proximity of the en ring to Phl. Four cross-peak® dt.99/

boxes), two sets of cross-peaks assignable to two cysteine

3.68 (2h), 1.99/5.89 (2i), 1.99/6.21 (2j), and 1.99/7.72 (2k) bridges are observed. Cross-peaks are present for coupling
are assigned to NOEs between H55 and H62 (2h), H43 andof 3-CH to 5-CH (1a), 5-CH; to a-CH (1b,c),3-CH; to

H44 (2i), H41 and H42 (2j), and H31 and H32 (2k),
4516 Inorganic Chemistry, Vol. 41, No. 17, 2002

o-NH; (1d—g), o-CH to a-NH; (1h,i) anda-NH to o-NH
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Figure 6. 2D ['*H, IH] NMR spectra of HPLC-isolated compldkat 298

K'in 90% HO/10% DO, pH 4.2. The labels shown are for peaks only, for
atom labeling system see Chart 2. (A) TOCSY spectrum. Peak assign-
ments: 1g3-CH/B-CH; 1b,c-CHy/a-CH; 1d—g -CHy/NHy; 1h,i o-CH/

NH2; 1j NH/NH of Cysl. Peaks 28-CHI/3-CH; 2b,c3-CHJ/a-CH; 2d,e
B-CH2/NH2; 2h a-CH/NH; of Cys2. Dotted boxes show expansions; solid
boxes indicate phenyl resonances. The spectrum shows that two coordinate
Cys residues are different: Cysl is both a chelating and a bridging ligand,
whereas Cys2 forms only a bridge between the two Ru ions (i.e., peaks
2f,g,i,j are absent for Cys2). (B) Aromatic region of the NOESY spectrum
(1 s mixing time). Assignments of NOE peaks: 1la H11 to H21, 1b H12 to
H22, 2a H31 to H41, 2b H32 to H42. The spectrum shows that the di-
ruthenium comple contains two types of coordinated biphenyl ligands
and that the protons of bridging Cys ligands ar& A away from the
biphenyl protons (no NOEs observed).

(1j) of the first cysteine-bridge Cys1, which forms a five-
memberedN,O-chelate ring. Another set of cross-peaks{2a
e,h) is due to the second cysteine ligand Cys2 which forms
a linear bridge between the two ruthenium ions (Chart 2).
No TOCSY cross-peaks assignable to en were observed
again confirming that comple® does not contain en. The
2D ['H, *H] NOESY spectrum (Figure 6B) allowed assign-
ment of peaks for the aromatic systems. Two pairs of cross-
peaks, lad 6.16/7.61) and 1b{ 6.02/7.61), 2ad 6.21/
7.73) and 2bd 6.02/7.73), are assignable to NOEs between
H11 and H21, H12 and H22, H31 and H41, H32 and H42,
respectively.

NMR Time Course. The course of the reaction of
complex1 with L-cysteine at 310 K was also followed by
1D '™H NMR (Figure S8A) and 2D'H, ®>N] HSQC TOCSY
NMR (Figure 7) spectroscopy usidgN-1. The pH of the
reaction mixtures decreased from an initial value of 5.12 to
3.53 over a period of 48 h.

After just 15 min of reaction, two triplets at 3.86 and
3.83 and two pairs of doublets of doublets were detected,
corresponding to the bound cysteines of intermedidges
and4b. The pair of double doublets at2.85 and 2.80 had
almost disappeared after 12 h, and another paiy at10
and 2.94 disappeared after 24 h. Considering the HPLC time
course of this reaction and mass spectra of these adducts,
the former pair can be assigned to th€H, of intermediate
4b, and the latter, tala. After 6 h, one strong singlet at
3.46 appeared and increased in intensity up to 48 h,
accompanied by a decrease in intensity of the broad peaks
for the en-CH of complexl, which implies that this singlet
is due to the CH of free ethylenediamine. ThiH NMR
spectrum (Figure S8B) and mass spectrum (Figure S5A) of
the HPLC fraction eluting at 2.89 min from the reaction
mixture of 1 (10 mM) with L-cysteine (20 mM) confirmed
that this singlet can be assigned to free ethylenediamine. With
the decrease in intensity of peaks for intermedidi@snd
4b, a doublet of doublets &t 2.68 and a doublet at 1.99
appeared, corresponding to {feCH, resonances of bound
cysteine in adducs. The a-CH peak for bound -cysteine
of 5 was overlapped with that of the intermedidte(d 3.83).
Because of the low percentage (ca. 5% at 48 h, based on the
UV absorption) in the reaction mixture, no peaks for adduct
6 were detectable during tH&l NMR time course.

During the course of the reaction as shown in Figure S8A,
a triplet (0 3.99) and a pair of double doublets3.11, 3.04)
due to theo-CH andp-CH; of free L-cysteine decreased in
intensity and disappeared after 24 h. Meanwhile, a new
doublet of doublets ad 4.12 and a new pair of double
doublets at 3.21 and 3.40 appeared and can be assigned to

4he a-CH and8-CH; of oxidized L-cysteine. This implies

that unbound. -cysteine was completely oxidized to cystine
by Ru(ll) and/or Q from air. During the last stages of the
NMR time course, needle-shaped crystals appeared in the
NMR tube, attributable to the low solubility of cystine in
water.

The course of the reaction 8N-1 with L-cysteine as seen
by 2D [*H, 5N] HSQC TOCSY NMR is shown in Figure 7,
andH and >N chemical shifts are listed in Table 3. The
results are consistent with those obtained by HPLC “hd
NMR spectroscopy. During the early period of this reaction
(<6 h), three sets of new cross-peaks assignable to adducts

3, 4a, and4b are present. Cross-peaks 3a, 3b, and 3c are

due to the couplings of en-H1/N1 and en-H3/N2 (3a), en-
H2/N1 and en-H4/N2 (3b), en-H5, H6/N1 and en-H7, H8/
N2 (3c) of complex3, and peaks 5a, 5b, and 5c arise from
similar couplings for intermediat#h. The cross-peaks 4al

are assigned to en-H1/N1, en-H2/N1, en-H3/N2 and en-H4/
N2, and 4g and 4h to en-H5, H6/N1 and en-H7, H8/N2 of
intermediateda (atom labeling for en ring is the same as
shown in Chart 2 for comple®). The presence of cross-
peaks 4e (en-H2/N2) and 4f (en-H4/N1) suggests that the
two protons en-H2 and en-H4, oriented away from the
biphenyl ligand, as well as the twBN nuclei of the en-
NH, groups irda, are nonequivalent because of the electronic
effect of the sulfur atom and the chirality of the cysteine
ligand.
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Figure 7. 2D ['H, 15N] HSQC TOCSY NMR time course for the reaction’8N-1 (8 mM) with L-cysteine (16 mM) in 90% kD/10% DO at 310 K over
a period of 2 weeks. Assignments: peaks-tdrom coupling of protons of en-NiHa,b) and protons (c) of en-Ghh complex1 to 13N, 2a—c for complex

2a, 3a—c for complex3, 4a—h for complexda, 5a—c for complex4b, 6a—h for complex5. For structures, see Charts 1 and 2. Chemical shifts of cross-peaks
for adducts3, 4a, 4b, and5 are listed in Table 3. It can be seen that compleXeéa, and4b are intermediates in the reaction. Note that no peaks for
complex6 and free en are observed because compldres not contain bountN-en and the NH protons of free protonated en exchange with solvent.

Table 3. Cross-Peaks Observed in the 2] 1N] HSQC TOCSY
Spectra (Figure 7) for Reaction iN-1 with L-Cysteine at 310 K

O /SN

are due to intact complek and its hydrolysis produc?a
(also see Figure S2).

Figure 8 shows a 2D, 'H] TOCSY NMR spectrum

adduct en-NHz/eniH; en-QHz/enNH; for the reaction of5N-1 (8 mM) with L-cysteine (16 mM)
s g'%’;gg; 82’ g'éilt_zzefé?(fbt;) g-igigg-; gg)) at 310 K after an average reaction time of 9.8 h. It can be
5.47/-27.9 (4c), 3.54+27.9 (4d)  2.45+27.9 (4h) seen that there is one set of cross-peaks assignable to the
i g-gg’;gz-? 2‘5‘6} i-gggi-? E‘Sﬁg) 2.30/24.1 (50) coupling of CH/NH, (1a,b), NH/NH (1c,d) of an en ligand,
. . a), 4. . . . C . . . .
5 5.72/-29.6 (6a), 3.60/29.6 (6b)  2.33, 2.28/29.6 (6g) anda-CH/B-CH, (1e) of an.-cysteine ligand for intermediate

5.72/~30.4 (6¢), 1.74+30.4 (6d)
3.60/~30.4 (6€), 1.74+29.6 (6f)

2.40, 2.29/30.4 (6h)

aFor structures, see Charts 1 anc® Peak labels used in Figure 7.

4a. Another set of cross-peaks can be assigned to intermedi-
ate4b: 2a and 2b to en-Cien-NH,, 2c to en-NH/en-NH,
and 2d toa-CH/3-CH; of the L-cysteine ligand. No cross-
peaks were observed for the protons of thamino groups

After 12 h, a new set of cross-peaks appeared correspondNH, of 4a and4b. However, a group of cross-peaks (inside
ing to the formation of adduds: 6a [en-H1/N1], 6b [en-
H2/N1], 6¢ [en-H3/N2], 6d [en-H4/N2], 6e (en-H2/N2), 6f
(en-H4/N1), 6g [en-H5, H6/N1], and 6h [en-H7, H8/N2].
Like those of intermediatda, the two protons en-H2 and
en-H4, oriented away from the arene rings Ph3 and Ph4 a-CH andS-CH, protons via TOCSY as expected, but during
(Chart 2), and the twdN nuclei of en-NH groups in
complex5, are nonequivalent, leading to the presence of protons, and the N§t protons carry the correlation effect
cross-peaks 6e and 6f. Over the reaction course, no signalith them as they change their identity betweensNldnd
appeared in the 2D, ®N] HSQC NMR spectra corre-
sponding to the formation o8, which therefore does not
have a bouné®N-en ligand. The cross-peaks-d@and 2a-c
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the dotted box of Figure 8) is assignable to correlation of
the water protons witl-CH andg-CH, of 4aand4b. This
suggests that the-NH; groups of4a and4b are protonated.
The NH;* protons of the cysteine residue correlate with

the TOCSY mixing time, NK" protons exchange with 4@
H,0. Hence, these cross-peaks were observed at e H

resonance position. THel chemical shifts of intermediates
4a and4b are also listed in Table 2.
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Figure 8. 2D [*H, 'H] TOCSY NMR spectrum for the reaction of complex  Figure 9. (A) HPLC trace (detected by total ion count, TIC) for the
1 with L-cysteine (8:16 mM) at 310 K after an average reaction time of 9.8 reaction of complex (2 mM) with L-methionine (4 mM) at 310 K after 48

h. This spectrum allows characterization of the reaction intermeddates 1 (B) Mass spectrum of the HPLC fraction eluting at 10.74 min. This allows
and 4b which cannot be obtained in sufficient quantities by HPLC the identification of comple8 as a 1:1 adduct (see Chart 3). For other
separation. Assignments: peaks 1a,b en/€mNH, 1c,d en-NH/en-NH, peak labels, see Charts 1 and S1.

le a-CH/B-CH, for complex4a. Peaks 2a,b, en-GHn-NH,, 2c en-NH/

en-NH, 2d o-CH/B-CH; for complex 4b. The solid circles contain . . .
resonances for complexésnd?2a, the dotted circle, resonances foCH/ S10). Further studies on this unusual ruthenium cluster are

B-CH; of free cysteine, and the solid square, resonances for phenyl protons.being carried out.
T o vty ™ Reaction of (" Bipheny)RUCI(EIIPF with 1-Me-
cysteine 4a and4b (from left to right). thionine. An aqueous solution containing 2 mM compléx
and 4 mML-methionine was incubated at 310 K for 48 h,
Neither in the 1D'*H NMR time course (Figure S8A) of  during which time the pH decreased from 6.64 to 3.75. The
the reaction of comple with L-cysteine nor in the 2D'H, HPLC chromatogram for this reaction mixture detected by
IH] TOCSY NMR spectrum (Figure 8) of this reaction total ion counts (TIC) (Figure 9A) shows only one new peak
mixture after an average reaction time of 9.8 h at 310 K are at 10.74 min. One singly charged ion peakrét 463.8 was
there peaks assignabledeCH, $-CH,, anda-amino group observed in the subsequent LC-ESI-MS assay for this fraction
of adduct3. One possible explanation is that the NMR signals (Figure 9B), indicating that this adductyftbiphenyl)Ru-

of O-bound cystine ir8 are overlapped with those of free  (St-MetH)(en)F* (8), contains one methionine ligand which
cystine or the intermediatéb. has displaced the Cl ligand from compléxcalcdm/z 464.1

for [8 — H] ™). This reaction was also slow, withtg of 2.3

h on the basis of the HPLC time course shown in Figure
S11. On the basis of the UV absorption at 254 nm, ca. 73%
of original ruthenium complex had not reacted with me-

thionine after 48 h.

The 2D [H, H] TOCSY NMR spectrum at 298 K of a
solution containing compleg andL-methionine (5:5 mM,
final pH 3.64) which had reacted at 310 K for 48 h shows
three new cross-peaks at6.24/6.34, 6.00/6.34, and 6.00/
6.24 assignable to coupling of the aromatic protons (Ph2)
of adduct8 (Figure 10). Another set of cross-peaksacan
be reasonably assigned to coupling of enJ@H-NH, (a,

. . b) and en-NH/en-NH (c) oB. In the region expected for
be less reactive toward the thiol. However, the O-bound a-CH, 8-CH,, 7-CHs, and CH of methionine, a set of new

adduct4b increases in intensity with increase of pH (Figure cross-peaks (dh) appeared, corresponding to the connec-
S9A). When the pH of the reaction mixture was higher than tivities of B-CH, to o-CH (d), y-CH, to a-CH (e), 5-CH to
7, moreL—.cysteine was oxidized to cystine, and less bound B-CH (f), andy-CH; to 8-CH; (g, h) of the bound methionine
to ruthenium. of 8. No signals assignable to toeNH, of bound methionine

At higher molar ratios ot-cysteinel and at lower pH,  were observed, suggesting that this amino acid functional
more complexl reacted with cysteine, but the proportion of ~ group remains protonated and is not involved in coordination.
dinuclear adduch decreased and that 6increased as shown In the 2D [H, H] NOESY spectrum of the same solution
in Figure S9B. In this case, after 48 h, significant peaks were (data not shown), only one new cross-peak) 4.34/7.69
still detectable corresponding to the intermediteOn the was observed and is assigned to an NOE between H11, H12
other hand, with a higher excessiefysteine, larger amounts  and H21, H22 of Ph1 and Ph2 in add@8affor the structure,
of ruthenium clustei7a formed, and7a was the dominant  see Chart 3). Table 4 shows a complete listibfchemical
product instead 06. Aqueous solutions ofa were green shifts of theL-methionine compleg and freeL.-methionine,
with two absorption bands at 393.7 and 588.2 nm (Figure together with the coordination shifts eafmethionine. As

Dependence on pH and Molar Ratio.Further studies
indicated that the pathway of the reaction of complexith
L-cysteine strongly depends on pH and the molar ratio of
complexl1 to L-cysteine. The HPLC traces (Figure S9A) for
reaction mixtures in 50 mM triethylammonium acetate
(TEAA) solutions at different pH values show that the final
dinuclear adductS and6 are detected only when pH is lower
than 5. Above this pH, the hydrolysis product of complex
becomes dominant. The aqua ligan®ais partly replaced
by acetate, and subsequently by TFA on the HPLC column
to form 2b, leading to an increase in intensity of the HPLC
peak for2b. The acetate adduct of compl@a appears to

Inorganic Chemistry, Vol. 41, No. 17, 2002 4519
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Figure 10. 2D [*H, H] NMR TOCSY spectrum for the reaction mixture

of complex1 (5 mM) with L-methionine (5 mM) in 90% bkD/10% D,O
incubated at 310 K for 48 h, final pH 3.64. Peak assignments: a, b en-
CHy/en-NH,, c en-NH/en-NH, dy-CHy/a-CH, e 5-CHJ/a-CH, f y-CH/y-

CH, g, hj-CHy/y-CHj; for bound methionine. Solid squares contains phenyl
resonances of addu; the dotted square contains those of complekes
and 2a, dotted circles contain resonances for the en of compléxasd

23, and solid circles contain resonances for unbowsmdethionine.

Table 4. IH NMR Chemical Shifts §) of Adduct8 from the Reaction
of Complex1 with L-Methionine and Free-Methionine in 10%
D,0/90% HO (pH 3.64)

complexd
protorft 8b L-Met Ao¢
Phenyl
H11, H12 7.69 (m)
H13, H14, H15 7.51 (m)
H21, H22 6.34 (t)
H23, H24 6.24 (1)
H25 6.00 (t)
en

NH? 4.52 (br)

5.80 (br)
CH, 2.43 (br)

L-Met

NH> e e
a-CH 3.69 (1) 3.73 (1) —0.04
B-CHH 2.06 (m) 2.00 (m) 0.06

2.16 (m) 2.06 (m) 0.10
y-CHA 3.01 (m) 251 (1) 0.50

3.14 (m) 2.51 (1) 0.63
CHs 2.53(s) 2.01(s) 0.52

aFor atom labeling, see Chart 8Spectrum recorded for the reaction
mixture, 1/Met = 5/5 mM, 310 K, after 48 h¢ Ad = 6 (8) — O (L-Met) =
coordination shiftd Stereospecific assignments not matisiot observed.

shown in Table 4, the protons of theCH, and CH of
boundL-methionine give rise to larger coordination shifts
than those of the-CH andg-CH,, suggesting that addu8t

is the S-boundL-methionine ruthenium complex -
biphenyl)Ru&-L-MetH)(en)F+.

Discussion

Although the cobalt corrin vitamin B (deoxyadenosyl-
cobalamine) is a naturally occurring organometallic com-
pound, the wider potential medical applications of organo-

metallic chemistry have only recently attracted attention. The

cyclopentadienyl complex GPpiCl, has been in clinical

Wang et al.

are also activé? Specific targeting of Fe cyclopentadienyl
complexes can be achieved by incorporating substituents onto
the cyclopentadienyl rings which are recognized by cellular
receptors. The complex ferrocifen 1-[4-(2-dimethylamino-
ethoxy)]-1-(phenyl-2-ferrocenyl-but-1-er@for example, is
a candidate for clinical trials against breast cancer.

Organometallic ruthenium complexes have been reported
to exhibit antitumor activity’;*® but most interest in the
biological activity of ruthenium compounds has centered on
Ru(lll) complexes:®19%In view of the usual kinetic inertness
of Ru(lll), these complexes are thought to be activated in
vivo by reduction to Ru(lI?* Ru(ll) complexes can be
stabilized by arene ligands, and we have found recétitit
arene Ru(ll) complexes containing a chelated ethylenedi-
amine ligand and additional monodentate ligand exhibit
anticancer activity, an example being§biphenyl)Ru(en)-
(CI)][PFg], complex1.# To elucidate the mechanism of action
of complexy, it is important to investigate potential reactions
with biomolecules. Here, we have studied reactions with
sulfur-containing amino acidscysteine and-methionine,
which are known to play important roles in the metabolic
chemistry of platinum anticancer drugfsin general, the
biological chemistry of ruthenium arene complexes is
relatively unexplored, although there have been several
reports of the isolation of amino acid and peptide adducts
and their use as synthetic reagéhté or as chiral cata-
lysts25:26

Pathways for Reactions of [§%-Biphenyl)Ru(en)CI]?*
with L-Cysteine andL-Methionine. The HPLC and NMR
time courses and ESI-MS and NMR data for the adducts
allow a reaction course to be drawn up focysteine as

(17) (a) Kpf-Maier, P.Prog. Clin. Biochem. Med1989 10, 151-184.
(b) Kopf-Maier, P.; Neuse, E.; Klapotke, T.; 6 H. Cancer Chemoth.
Pharmacol.1989 24 (1), 23-27. (c) Christodoulou, C. V.; Ferry, D.
R.; Fyfe, D. W.; Young, A.; Doran, J.; Sheehan, T. M. T.; Eliopoulos,
A.; Hale, K.; Baumgart, J.; Saas, G.; Keer, DJJClin. Oncol.1998
16, 2761-2769.

(18) (a) Mross, K.; Robben-Bathe, P.; Edler, L.; Baumgart, J.; Berdel, W.
E.; Fiebig, H.; Unger, COnkologie200Q 23, 576-579. (b) Krodger,
N.; Kleeberg, U. R.; Mross, K.; Edler, L.; Sass, G.; Hossfeld, D. K.
Onkologie200Q 23, 60—62.

(19) (a) Ktpf, H.; Kopf-Maier, P.Angew. Chem., Int. Ed. Endl979 18,
477-478. (b) Kpf-Maier, P.; Kgf, H. In Metal Compounds in Cancer
Therapy Fricker, S. P., Ed.; Chapman & Hall: London, 1994; pp
109-146.

(20) Top, S.; Dauer, B.; Vaissermann, J.; Jaouen). @rganomet. Chem.
1997 541, 355-361.

(21) (a) Clarke, M. JMet. lons Biol. Syst198Q 11, 231-283. (b) Laliberte,

J. F.; Sun, I. L,; Crane, F. L.; Clarke, M. J. Bioenerg. Biomembr.
1987 19, 69-81. (c) Stanbury, D. M.; Hass, O.; Taube, Horg.
Chem.198Q 19, 518-524.

(22) (a) Reedijk, J.; Teuben, J. M. @isplatin Chemistry and Biochemistry
of a Leading Anticancer DrugLippert, B., Ed.; Wiley-VCH: Ger-
many, 1999; pp 339362. (b) Barnham, K. J.; Djuran, M. I.; Murdoch,
P. del S.; Ranford J. D.; Sadler, P.Idorg. Chem1996 35, 1065~
1072.

(23) Severin, K.; Bergs, R.; Beck, VAngew. Chem., Int. Ed. Endl998
37, 1634-1654.

(24) (a) Haas, K.; Beck, WEur. J. Inorg. Chem2001, 2485-2488. (b)
Hoffmiller, W.; Maurus, M.; Severin, K.; Beck, WEur. J. Inorg.
Chem.1998 729-731. (c) Severin, K.; Mihan, S.; Beck, V\@hem.
Ber.1995 128 1117-1125.

(25) Davenport, A. J.; Davies, D. L.; Fawcett, J.; Garratt, S. A.; Russell,
D. R.J. Chem. Soc., Dalton Tran200Q 4432-4441.

trials'’ as an anticancer agent although the results have not(26) (a) Davies, D. L.; Fawcett, J.; Graratt, S. A.; Russell, D. R.

been encouragintj,and a range of related cyclopendadienyl
complexes, including those of V, Nb, Fe, Mo, Ge, and Sn,
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Organometallics2001, 20, 3029-3034. (b) Carmona, D.; Vega, C.;
Lahoz, F. J.; Atencio, R.; Ore, L. A.; Lamata, P. M.; Viguri, F.; San
Jose, EOrganometallics200Q 19, 2273-2280.
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Scheme 1 47% was present as the aquated prodfa}. (Although 2a
appears to be reactive toward the thiol, oxidation of cysteine
accounts for the lack of further reaction.

The reaction of complex with L-methionine was slow
with a ty, of 2.3 h and relatively simple, with only one
monodentate adduct{{-biphenyl)RuG-MetH)(en)F* (8) as
product. For the reaction of 2 mM complédxwith 4 mM
L-methionine in aqueous solution at 310 K, after 48 h, 73%
of the original ruthenium arene complex remained unreacted,
of which ca. 44% was present as the aquated product. This
implies that (arene)Ru(H)S(thioether) bonds are relatively
weak.

In the cyclopentadienyl complexf{-CsMes)Ru(L-Met)],?®
methionine has been reported to be tridentate forming five-
and six-membered chelate rings. Other examples of bis-
(chelate) complexes with five- and six- or seven-membered
rings are the half-sandwich Ru(ll) arene complexes with
L-methionyglycinat&’ and 8-, y-amino acid ester&2 The
ethylenediamine ligand in complek prevents methionine
chelation.

Structures of Mono-Ruthenium Cysteine Adducts.The
ESI-MS fragmentation of addudt (Figure 3B) and forma-
tion of dinuclear adducts and6 suggests that en labilization
and ring-opening take place both during the electrospray
ionization and during the reaction of complek with
L-cysteine. The presence of a R8 bond in intermediate
or even Ru(0), is given by the formation of the unusual 4amay account for the labilization. Both sulfur and carbon
ruthenium cluster specig¢¢biphenyl)Ri g (78). The amount ligands are known to exhibit high trans effects in Pt(ll)
of this species increased sharply at high concentrations ofchemistry??*3! For example, reactions of [Pt(en){®l),]*"
L-cysteine (Figure S9B). The resolution of the mass spectralwith L-cysteine-derivatives are accompanied by en ring-
peaks was too low to allow unambiguous identification of opening?
both the oxidation state of Ru and the number of bound The a-NH; groups of intermediate4a and4b exchange
protons. Further high resolution mass spectral studies will their protons rapidly with water protons, implying that the
be needed to fully characterize this new cludteRu(ll), o-NH; groups of 4a and 4b are protonated and not
Ru(l), and Ru(0) states of diruthenium polycyclic arene coordinated to Ru. Furthermore, the fragmentatioAadnd
complexes are knowl, but no electrochemical data are 4b in ESI-MS assays (Figure 3) suggested thhthas a
available yet for Ru(ll) arene diamine complexes. Small different coordination mode compared4aand, thus, is an
arene Ru(l)-containing clusters have been reported previ-O-bound cysteine adduct. TH&N chemical shifts of en-
ously. The Ry cluster [§75-CeHg)2(175-CsMeg)sRUs(ti2-H)2- NH, of adduct3 are close to those ofib (Figure 7),
(u3-O)2(u2-Cl)2)?" has recently been reported by Faure 88al  suggesting that they both contain an O-bound ligand and that
and consists of two tetrahedral Rsubstructures bridged by 3 is the O-bound cystine adducyftbiphenyl)RuQ-CysH.)-

a Rug,-Cl),Ru linkage. Each substructure appears to contain (en)P*. Both HPLC and NMR time courses indicate that
three Ru(l) arene units. Our cluster may therefore be anadduct3 slowly reverts to comple®a via substitution of
elaboration of this substructure. We are carrying out further cystine by water and disappears after 2 weeks (Figure 7).

[(ne-biphenyhRuCl(en)* (1) =129 5 [me-biphenyl)Ru(H,0)(en)?* (2a)
Tl*‘ Cys,H,
+ HSCH,(NH,*)CH(COO") (CysH,)  [(n®-biphenyl)Ru(O-Cys,H,)(en)?* (3)

[(n®-biphenyl)Ru(S-CysH)(en)]* (4a) + [(n®-biphenyl)Ru(O-CysH,)(en)]?* (4b)

[(n®-biphenyl) Ru(H,0)(uS, N-Cys)Ru(n®-biphenyl)(en)]?* (5) + {(n®-biphenyl)Ru}, (7a)
+

[(m®-biphenyl) Ru(N, O-Cys-S)(S-Cys-N)Ru(n®-biphenyl)(H,0)] (6)

shown in Scheme 1. In aqueous solution (at 310 K, pH 5.12),
L-cysteine reacts with the hydrolysis produgs) of complex
1to give S-bound and O-bound intermediates-{§iphenyl)-
Ru(SCysH)(en)I (4a) and [@5-biphenyl)RuQ-CysH)-
(en)Ft (4b). Meanwhile, cysteine is partly oxidized to
cystine, which may involve @and/or Ru(ll) as the oxidant.
Cystine slowly displaces the aqua ligand2afto form the
O-bound cystine adductff-biphenyl)RuQ-CysH.)(en)F*
(3). Because of the electronic effect of sulfur, the S-bound
intermediateda is slowly converted into the di-ruthenium
adducts [8-biphenyl)Ru(HO)(uSN-L-Cys)Rug®-biphenyl)-
(en)F* (5) and [(7®-biphenyl)RUQ,N-L-Cys-5)(SL-CysN)-
Ru(;5-biphenyl)(HO)] (6) via chelate ring-opening and
displacement of en by cysteine.

An indication thatL-cysteine can reduce Ru(ll) to Ru(l),

work to investigate this.

The course of the reaction of complé&with L-cysteine
depends strongly on pH. In 50 mM TEAA solutions, when
the pH was higher than theKp of acetic acid (4.75), the

Structures of Di-Ruthenium Cysteine Adducts.The 2D
[*H, 'H] NMR COSY and NOESY spectra (Figures 5 and
6) of adductss and6, as well as the fragmentation in ESI-
MS (Figure 4), unambiguously show that they are di-

reaction was suppressed because of the formation of the lessuthenium complexes. Complé&contains two biphenyl, one
reactive acetate adduct. However, the carboxylate-bound
cysteine adducttb predominates (Figure S9A). When the
pH value was lower than 5, the dinuclear addugisnd 6
were the dominant products, but ca. 50% of the original
ruthenium arene complex remained unreacted, of which ca.

(29) Sheldrick, W. S.; Gleichmann, A. Organomet. Chen1994 470,
183-187.

(30) Prem, M.; Polborn, K.; Beck, WZ. Naturforsch.1998 53b, 1501~
1505.

(31) (a) Prinsloo, F. F.; Pienaar, J. J.; van Eldik JRChem. Soc., Dalton
Trans. 1995 3581-3589. (b) Schrilling, M.; Ryabov, A. D.; van
Eldik, R. J. Chem. Soc., Dalton Transl994 1257-1263. (c)
Schmilling, M.; Grove, D. M.; van Koten, G.; van Eldik, R.; Veldman,
N.; Spek, A. L.Organometallics1996 15, 1384-1391.

(32) Rau, T.; Alsfasser, R.; Zahl, A.; van Eldik, Rorg. Chem1998 37,
4223-4230.

(27) Plitzko, K.-D.; Boekelheide, VAngew. Chem., Int. EA987, 26, 700~
702.

(28) Faure, M.; Steeckli-Evans, H.;'&4#Fink, G.Inorg. Chem. Commun.
2002 5, 9-11.
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en, and one cysteine ligands, addwo biphenyl and two during ESI-MS analysis (Figure 4). Fortunately, the TFA
cysteine ligands. The chemical shift of tieeNH, group adducts present no significant interference in ESI-MS
suggests that the cysteine ligandbdbrms a five-membered  identification of these adducts. In contrast, the formation of
S/N chelate ring and thd contains a five-membered N/O TFA adducts suggests the presence of an aqua ligand in
chelate ring. The second cysteine ligand in com@efxom complexes2a, 5, and 6. ESI-MS has become a powerful
which the CHNH,CHCOO™ group is readily lost during  technique for the characterization of organometallic com-
ESI-MS assays (Figure 4C) and for which theNH, *H pounds and their adducts with biological molecufe#
resonances are equivalent, appears to adopt a bridgingarticular, when used in combination with HPLC separa-
conformation (Chart 2). Thereforey is a di-ruthenium tions38 In this work, HPLC-ESI-MS assays allowed not only
complex containing two half-sandwich units linked by a identification of amino acid adducts of compl&but also
mono-chelated S-bridged cysteine, whereas the two half-determination of the specific metal binding sites by frag-
sandwich units 06 are linked by one monochelated bridging mentation patterns.

cysteine and a second bridging cysteine. One di-ruthenium ) ) . o

amino acid complex [6-CeHe)Ru(-pen)Ch].Cl, has been Conclusions and Biological Implications

reported previously® However, the penicillamine ligands The anticancer ruthenium arene compley®fBiphenyl)-
in this complex form two five-membered N,S chelate rings, RuCl(en)}' (1) reacts slowly withL-cysteine in aqueous
and the two thiolate sulfur atoms form bridges between the solution at 310 K, initially giving rise to three mononuclear
two ruthenium atoms to give a four-membered RuUSRuUS-ring. adducts and then, after 24 h, two di-ruthenium adducts. The
Because such a ring does not appear to be present inwo di-ruthenium complexesjf-biphenyl)Ru(HO)(uSN-
complexes5 and 6, the en ligand inl plays an important | -Cys)RugS-biphenyl)(en)}* (5) and [¢;5-biphenyl)RuQ,N-
role in determining the nature of the dinuclear products |-Cys-S)(SL-CysN)Ru(;¢-biphenyl)(HO)] (6), isolated by
formed here. HPLC and characterized by LC-ESI-MS and NMR spec-
Models of complexe$ and 6 (Figure S12) were con-  troscopy, are the first examples of di-ruthenium arene amino
structed using data from the X-ray crystal structure of acid complexes containing bridging cysteine. Also, complex
complex1® and the di-rutheniurhpenicillamine complex? 1is not highly reactive toward the thioether methionine under
Because of the presence of the S-bridge and two chelate ringghe conditions used here. The presence of the en ligand has
(en ring and chelate cysteine), only one model could be built a significant effect on the biological chemistry of the
for 5 [R(Rul)R(a-C1)], whereas, it was possible to build ruthenium arene complek
four isomers for comple8: R(Rul)R(a-C1)R(Ru2)Sa-C2), In the presence of a large molar excess of cysteine,
R(Rul)R(a-C1)R(Ru2)R(a-C2), YRul)R(o-C1L)R(RU2)R(ct- complexl reacted to give significant amounts of an apparent
C2), andSRul)R(a-C1)R(Ru2)Ya-C2). The model fors Rug cluster. Because biological cells usually contain milli-
also confirms the proximity of the en ring to Phl and the molar amounts of the tripeptide glutathione@lu—Cys—
proximity of the cysteine chelate ring to Ph3 and Ph4 (Figure Gly), such cluster formation could be of significance inside
5B). Only one set of 1D and 2BH NMR peaks was detected  cells. This is being further investigated.
for 6 in acidic solution, suggesting that the presence of The slowness of the reactions of compléxvith these
solvent stabilizes one of the four possible configurations or sulfur-containing amino acids and also withhistidine
that there is rapid interconversion on the NMR time scale. (unpublished data), and high reactivity toward the DNA base
Applications of HPLC and ESI-MS. The ionic nature ~ guanine; suggests that adducts with DNA may form even
of adducts of metallodrugs with amino acids and peptides in the presence of amino acids, peptides, and proteins. In
has led to an emphasis on reversed-phase liquid chromatogcontrast, Ru(lll) anticancer complexes are thought to bind
raphy, often with the use of ion-pairing reagents (IPRs), for more strongly to proteins than to DNA. For examittens-
the separation of products from reactions in aqueous solu-indazolium(bisindazole) tetrachloro-ruthenate(lIRu¢In),
tions34 Because of its volatility, trifluoroacetic acid (TFA) transimidazolium (bisimidazole) tetrachloro-ruthenate(lIl)
was used as an ion-pairing reagent (IPR) in the present study(Ru-Im), and Nafrans-RuClL(Me,SO)(Im)] [NAMI ] form
The results show that with 0.1% of TFA present and a Strong complexes with the plasma proteins albumin and
suitable acetonitrile gradient, adducts of compliexvith transferrin, and the latter protein may be responsible for the
water, L-cysteine, on.-methionine in aqueous solution can delivery of Ru(lll) to cancer cell¥’ We find that (arene)-
readily be separated. However, the subsequent ESI-MS —
assays indicate that the hydrolysis prodatpartly forms (35) é(’gcgjéggrtizcz';gz'ggfg'znﬁi_(ig)Bv?,‘;maQ_”'x'j';Sﬁir;)i”e’?%mégggnm_
a TFA adduct [{5-biphenyl)Ru(CECOO)(en)f 2b on the L. J. Am. Chem. Soc200Q 122, 300-307. (c) Nemeth, J. F.;
HPLC column and during the electrospray ionization (Figures Hochensang, G. P., Jr.; Mamett, L. J.; Caprioli, R. Blochemistry
T ) 2001, 40, 3109-3116.
1 and S1) via displacement o8 by trifluoracetate. Also, (36) Tomer, K. B.Chem. Re. 2001, 101, 297—328.

the di-ruthenium adducts and6 give rise to TFA adducts ~ (37) (a) Kratz, F.; Hartmann, M.; Keppler, B.; Messori,L.Biol. Chem.
1994 269, 2581-2588. (b) Smith, C. A.; Sutherland-Smith, A. J.;

Keppler, B. K.; Kratz, F.; Baker, E. Nl. Biol. Inorg. Chem1996

(33) Sheldrick, W. S.; Heeb, S. Organomet. Chenil989 377, 357— 424-431. (c) Trynda-Lemiesz, L.; Keppler, B. K.; Kozlowski, Bl.
366. Inorg. Biochem1999 73, 123-128. (d) Messori, L.; Orioli, P.; Vullo,

(34) (a) Gaze, H. J.; Sheldrick, W. S.; Siebert, A. F. Fresenius J. Anal. D.; Alessio, E.; Lengo, EEur. J. Biochem200Q 267, 1206-1213.
Chem.1993 346, 634-638. (b) Siebert, A. F. M.; Fiding, C. D. (e) Piccioli, F.; Messori, L.; Orioli, P.; Keppler, B.; Alessio, E.; Sava,
W.; Sheldrick, W. S.J. Chromatogr., AL997, 761, 115-127. G. J. Inorg. Biochem2001, 86, 379-379.
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Ru(ll) complexes interact only weakly with transferrin Centre), Wolfson Foundation, and ETF for their support of
(unpublished data). It seems likely, therefore, that the this work, and Sally Shirran for helpful advice on ESI-MS.
mechanism of action of ruthenium(ll) arene anticancer  Supporting Information Available: NMR data for complexes

complexes is different from that of ruthenium(lll) complexes. 4a, 4b, 5, and 6 (Table S1), schematic drawings of fragments
observed by ESI-MS (Chart S1), and additional figures detailing
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