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A series of bimetallic titanium-ruthenium complexes of general formula [(η5-C5H5)(μ-η
5:κ1-C5H4-

(CR2)nPR
0R00)TiCl2](η

6-p-cymene)RuCl2 (n=0, 1, 2 or 4;R=HorMe;R0 =H,Ph, orCy;R00 =Phor
Cy) have been synthesized, including two novel compounds as well as two cationic derivatives of
formula [(η5-C5H5)(μ-η

5:κ1-C5H4(CH2)nPPh2)TiCl2] [(η
6-p-cymene)RuCl](BF4) (n= 0 or 2). The solid

state structure of two of these compoundswas also established byX-ray crystallography. The complexes
showed a cytotoxic effect on human ovarian cancer cells and weremarkedlymore active than their Ti or
Ru monometallic analogues titanocene dichloride and RAPTA-C, respectively. Studies of cathepsin
B inhibition, an enzyme involved in cancer progression, showed that enzyme inhibition by the bimetallic
complexes is influenced by the length of the alkyl chain in between the metal centers. Complementary
ESI-MS studies provided evidence for binding of a Ru(II) fragment to proteins.

Introduction

The pioneering discovery of the anticancer activity of cispla-
tin byRosenberg in 19691 opened theway tometal-based drugs
in the fight against cancer. Indeed, platinum-based drugs are
nowadays among the most effective clinical agents for the
treatment of cancer, with cisplatin, carboplatin, and oxaliplatin
being themost widely used.2However, their effectiveness is still
hindered by clinical problems, including acquired or intrinsic
resistance that limits the spectrum of cancers that can be
treated, and high toxicity leading to side effects and limiting
the dose that can be administrated.3 Consequently, efforts
have focused on the development of other platinum-based
drugs4 as well as metallodrugs based on other metal centers.5

Among the thousands of inorganic derivatives synthesized
andtested,only threenonplatinum-basedcomplexeshavereached
phase II clinical trials, namely the organometallic compound
titanocene dichloride (Ti(η5-C5H5)2Cl2)

6 and the Ru-based co-
ordination compounds KP10197 and NAMI-A8 (Figure 1).

Because of the promise of these metallodrugs, increasing
interest has thus turned to the development of ruthenium- and
titanium-based anticancer compounds, among others. Of
particular interest, investigations into the anticancer activity
of organometallicRu(II)-arene derivatives is gaining increas-
ing attention.9 Ru-arene complexes containing a phosphine
ligand, such as [Ru(η6-C6H6)(pta)Cl2] (RAPTA-B) and
[Ru(η6-p-C10H14)(pta)Cl2] (RAPTA-C) (pta =1,3,5-triaza-
7-phosphaadamantane) (Figure 1) showverypromising in vivo
activities on the inhibitionofmetastasis growth,10 togetherwith
a high selectivity and low general toxicity.11

In parallel, following the failure of titanocene dichloride to
fulfill the criteria required in phase II clinical trials, modifica-
tion of its Cp-ligands via the introduction of various func-
tional groups, such as amines12 and ether13 moieties, led to a
revival in the field.14 The different physico- and biochemical
properties of these new Ti(IV) complexes (viz. solubility in
aqueous media, hydrolytic stability, and hydrogen bonding
toward DNA) resulted in superior antitumor activity in some
cases (Figure 1).15

For all the above-mentioned Ru- and Ti-based metal
complexes, theirmechanismof pharmacological action remains
poorly understood.16 Several studies suggest thatRAPTAcom-
poundswork onmolecular targets other thanDNA, implying
a biochemical mode of action profoundly different from
classical platinum anticancer drugs. Indeed, it is likely that
the mechanism of action of the RAPTA complexes may
involve interactions with critical intracellular or even extra-
cellular proteins.9h,17 Within this frame, we have recently
reported on the in vitro inhibitory properties of ruthenium
complexes, including RAPTA compounds, against cathepsin
B (EC 3.4.22.1, cat Ba),18 a lysosomal papain-family cysteine
protease involved in cellular metabolism processes and im-
plicated in tumor progression andmetastasis,19 processes that
RAPTA compounds have been shown to inhibit.10a,20 In
addition, modeling studies on the cat B active site were able
to provide probable structures of selected RAPTA-protein
adducts showing direct coordination of the Ru-center to the
active site cysteine.18a Depending on their localization, cathe-
psins canbe involved in two apparently opposingmechanisms
of cancer progression, i.e. tumor invasion and apoptosis.19
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Cysteine cathepsins that are secreted or are associated with
the plasma membrane participate in tumor invasion through
proteolitic cascade activation, extracellular matrix degrada-
tion, and inactivationof cell-adhesion proteins,whereas intra-
cellular proteolysis by cathepsins can trigger apoptosis.

In the case of Ti(η5-C5H5)2Cl2, it has been postulated that
binding toDNAplays amajor role in the therapeutic actionof
the compound21 although interactions with proteins might
also be involved.22

A number of bi- and polymetallic complexes, either
homo-23 or heterometallic,9m,24 have been evaluated as anti-
cancer agents. On the ground of these previous studies, and
considering thatmultinuclearitymay lead to innovative chem-
ical and biological properties,9m we have developed a series of
heteronuclear Ti-Ru complexes based on a titanocene-
phosphine backbone.25 As far as we are aware, bimetallic
Ti-Ru complexes have not been previously investigated,
and our aim was to elucidate cooperative effects of these
two metals when associated in the same molecule, either in

terms of interacting with multiple biological targets or in
terms of compound stability and favorable physicochemical
properties.

Results and Discussion

The novel titanocene-phosphine 1 was obtained from the
reaction of lithium diphenylphosphide on (4-bromobutyl)-
cyclopentadiene followed by condensation with the corre-
sponding cyclopentadienide on CpTiCl3. The secondary
phosphine complex 4was prepared using amethod involving,
in the initial step, the reaction of the corresponding lithium
phosphide with 6,6-dimethylfulvene.26 It is noteworthy that
the 31PNMRchemical shifts of-15.2 andþ17.4 ppm (1JPH=
206 Hz) of these two phosphines are consistent with tertiary
alkyldiaryl- and secondary alkylaryl-phosphine ligands, re-
spectively, that are not coordinated to a metal center. The
corresponding bimetallic ruthenium-titanocene complexes
(η6-p-cymene)[(η5-C5H5)(μ-η

5:κ1-C5H4(CH2)4PPh2)TiCl2]RuCl2
(7) and (η6-p-cymene)[(η5-C5H5)(μ-η

5:κ1-C5H4(CMe2)PHPh)-
TiCl2]RuCl2 (10) were synthesized from the titanocene-
phophines and [(p-cymene)RuCl2]2 using a literature proce-
dure (Scheme1).25According to this procedure, a slight excess
of the desired phosphine is stirred in benzene for 4 h at room
temperature in the presenceof the rutheniumprecursor. Spon-
taneous precipitation of the bimetallic species upon formation
allows their isolation in high yield.

The 31P NMR spectra of 7 and 10 contain singlets at 23.6
and at 59.8 ppm, corresponding to a downfield shift of about
40 ppm relatively to free ligands,25 indicative of coordination
of the phosphorus center to the ruthenium center. It is also
worthmentioning that in the 1Hand 31PNMRspectra of 10, a
substantial increase of the 1JPH coupling constant, from 208
Hz in the free titanocene-phosphine 4 to 380 Hz in the κ1-P-
coordinated derivative 10, was observed. The structure of
7 was established in the solid state by X-ray crystallography,
confirming the formationof thebimetallic complex (Figure 2).

The molecular structure of 7 is similar to that of 8 reported
previously.25 The geometry of the Cp(C5H4R)TiCl2 fragment
is as expected with the alkyl-chain lying in the open side of the
bent metallocene. The arene ruthenium moiety adopts a
classical three-leg piano stool conformation and exhibits the
standard geometrical parameters found for 65 (η6-p-cymene)-
Ru(PR3)Cl2 fragments found in the CCDC database. The
observed intramolecular intermetallic distance is 10.8137(11)

Scheme 1. Synthesis of the Ruthenium-Titanocene Bimetallic
Complexes 7-12

Figure 2. ORTEP view of [(η6-p-cymene)[(η5-C5H5)(μ-η
5:κ1-C5H4-

(CH2)4PPh2)TiCl2]RuCl2] (7). Thermal ellipsoids are drawn at the
30% probability level, and solvate molecules have been omitted for
clarity. Selected bond lengths (Å) and angles (deg): Ti-Ct1,
2.057(4); Ti-Ct2, 2.058(3); Ti-Cl1, 2.338(2); Ti-Cl2, 2.365(2);
Ru-Ct3, 1.703(3); Ru-Cl3, 2.4104(17); Ru-Cl4, 2.4198(14); Ru-P,
2.3457(13); Ct1-Ti-Ct2, 132.1(2); Cl1-Ti-Cl2, 92.33(10); Ct3-
Ru-P,130.51(11);Ct3-Ru-Cl3, 126.43(13);Ct3-Ru-Cl4,126.47(13);
P-Ru-Cl3, 85.25(5); P-Ru-Cl4, 87.02(5); Cl3-Ru-Cl4, 86.73(7).

Figure 1. Nonplatinum-based metallodrugs.
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Å. (CCDC 766062 (compound 7) and 766061 (compound
14 3BPh4) contain the supplementary crystallographic data for
this paper, which can be obtained free of charge from the
Cambridge Crystallographic Data Center via www.ccdc.
cam.ac.uk/data_request/cif.)

To modify the solubility of the titanocene complexes in
aqueous media, the cationic derivatives 13 and 14 were
prepared by chloride abstraction from the ruthenium center
in the correspondingneutral compounds.Thus, (η6-p-cymene)-
[(η5-C5H5)(μ-η

5:κ1-C5H4(CH2)2PPh2)TiCl2]RuCl2 (8) and
(η6-p-cymene)[(η5-C5H5)(μ-η

5:κ1-C5H4PPh2)TiCl2]RuCl2 (9)
were treated with an excess of silver tetrafluoroborate in
dichloromethane at room temperature (Scheme 2).

The 31P NMR spectrum of 13 contains two signals at 23.2
and 23.3 ppm in 55:45 ratio. The existence of two different
species was also noted in the 1H NMR spectra in which two
sets of signals were observed for the two iso-propyl-methyl
groups at 0.86, 0.94, and 0.90, 0.93 ppm or for the unsub-
stituted Cp ligand at 6.49 and 6.52 ppm (see Experimental
Section). Moreover, the typical shape of the signals of the
substituted Cp-ligand and of the aromatic protons of the
arene in the minor compound, with all protons being aniso-
chrones, reveal a rigid structure with loss of symmetry. These
observations indicate the presence of the two isomers [(η6-p-
cymene)[(η5-C5H5)(μ-η

5:κ1-C5H4(CH2)2PPh2)TiCl(μ-Cl)]RuCl]-
(BF4) (13 3BF4), corresponding to an 18-electron species, and
[(η6-p-cymene)[(η5-C5H5)(μ-η5:κ1-C5H4(CH2)2PPh2)TiCl2]-
RuCl](BF4) (13

0
3BF4), which is formally electronically un-

saturated, although a weakly coordinating solvent ligand
could stabilize the structure. In the case of 14 3BF4, obtained
from the corresponding neutral derivative (η6-p-cymene)[(η5-
C5H5)(μ-η

5:κ1-C5H4PPh2)TiCl2]RuCl2 (9), only one reso-
nance signal was observed at 33.3 ppm in the 31P NMR
spectrum. The 1H NMR spectrum of 14 3BF4 revealed only
one set of signals with the same desymetrization phenomena
describedabove, indicating the exclusive formationof thechelate
five-membered ring complex, probably owing to the proximity
of the P-atom and of the potentially bridging μ-chloride. This
assumption was further confirmed by an X-ray structure of
14 3BPh4, prepared in a similar manner but containing the more
crystallogenic tetraphenylborate anion (Figure 3).

The expected cyclic structure of the bimetallic cationic com-
plex 14 3BPh4 is observed, resulting from the chelation of the
arene-chlororuthenium cation by the phosphorus atom and
one of the two chlorides belonging to the dichlorotitanocene-
phosphine moiety (Figure 3). Chelation results in the forma-
tion of a five-membered metallacyclic ring. It should be
pointed out that due to a slight conformational difference,
the two enantiomers observed in this structure cannot be
related one to each other by an inversion center. Figure 4,
which represents the overlay of these enantiomers (one of
them being inverted for superimposition), shows that a main
conformational difference is due to a rotation of ca. 45� of the

p-cymene ligand. Consequently, in the following general
description of the geometrical parameters of 14 3BPh4, two
numbers arequoted.The titanocenemoiety exhibits the expected
geometry with, as expected, two different Ti-Cl bond lengths:
2.338(2), 2.340(2) Å for the terminal chloride ligandanda longer

Scheme 2. Synthesis of the Cationic Ruthenium-Titanocene Bimetallic Complexes 13 and 14

Figure 3. ORTEP view of the cation [(η6-p-cymene)[(η5-C5H5)(μ-
η5:κ1-C5H4PPh2)TiCl(μ-Cl)]RuCl] from 14 3BPh4. Thermal ellip-
soids are drawn at the 50% probability level. For clarity, only one
enantiomer is shown and the tetraphenylborate anion is omitted.
Selected bond lengths (Å) and angles (deg) (the second number
refers to the second enantiomer) Ti1-Ct1 2.059(3), 2.061(3);
Ti1-Ct2, 2.045(4), 2.046(4); Ti1-Cl1, 2.438(2), 2.448(2); Ti1-Cl2,
2.338(2), 2.339(2); Ru1-Ct3, 1.715(3), 1.724(3); Ru1-Cl1, 2.455(2),
2.443(2); Ru1-Cl3, 2.388(2), 2.391(2); Ru1-P1, 2.353(2), 2.343(2);
Ct1-Ti1-Ct2, 131.1(14), 131.3(14); Cl1-Ti1-Cl2, 96.53(8), 95.09(8);
Cl1-Ru1-Cl3, 88.31(6), 88.35(6); Cl1-Ru1-P1; 85.13(6), 83.94(6);
Cl3-Ru1-P1, 87.28(6), 82.07(6); Ti1-Cl1-Ru1, 128.12(7), 128.35(7).

Figure 4. Overlay of the two independent cations (one being in-
verted) in 14 3BPh4. A root-mean-square fit was performed on the
five-membered rings to facilitate the superimposition of the two
structures.
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one of 2.448(2), 2.448(2) Å for the μ-Cl ligand. The ruthenium
moiety exhibits a distorted three-legged piano stool structure
with two different Ru-Cl bonds: 2.388(2), 2.391 (2) Å for the
terminal chloride ligand and a longer one of 2.455(2), 2.443(2)
Å for the bridging ligand. The five-membered ring is almost
planar, with a root-mean-square deviation to the mean plane
of 0.13, 0.15 Å. The terminal chloride ligands are located in
a trans position to each other with respect to this plane, the
torsion angle Cl2-Ti-Ru-Cl3 being equal to -172.80(7),
169.04(7)�. The observed Ti 3 3 3Ru intermetallic distance is
4.4008(13), 4.4018(12) Å.

The antiproliferative properties of 7-14 were assayed by
monitoring their ability to inhibit cell growth using theMTT
assay (see Experimental Section). Cytotoxic activity was
determined on the human ovarian cancer (A2780) cell line,
and its cisplatin-resistant variant (A2780cisR), after 72 h
exposure to the compounds, in comparison toRAPTA-C and
titanocene dichloride as controls. The obtained results are
summarized in Table 1. Notably, all the compounds were
active in the range of 4-36 μM and therefore markedly more
cytotoxic than the reference compoundsonboth cell lines.The
most effective compounds among the series are 12 (IC50 ≈
5 μM), 7, and 8 (IC50 in the range 4-10 μM). Notably, these
compounds were more effective than cisplatin on the
A2780cisR cell line, indicating lack of cross resistance and
supporting the idea of a mechanism of action different to
cisplatin.27 It is noteworthy that themajority of the complexes
were more cytotoxic toward the resistant cell line. Interest-
ingly, coadministration ofRAPTA-C and titanocene dichloride
did not produce any significant cytotoxic effect on both
cell lines, supporting the idea that the new dinuclear com-
pounds possess peculiar chemicophysical properties with re-
spect to their precursors responsible for theobservedbiological
effects.

The complexes were also screened for inhibition of cat B
using an established spectrophotomeric assay (see Experimen-
tal Section) in order to evaluate the affinity of the dinuclear
compounds for the enzyme in comparison to RAPTA-C. It is
worth mentioning that a compound that inhibits cat B is not
necessarily a cytotoxic agent, as is the case of RAPTA-C,

which is one of the most potent cat B inhibitors but is not
cytotoxic. RAPTA-C prevents the progression of metastasis
via a mechanism that probably involves inhibition of cat B in
the extracellular matrix or associated with the plasma mem-
brane. As mentioned above, however, inhibition of intracel-
lular cat B may be involved in the induction of apoptotic
pathways. In any case, inhibition of cat B bymetal complexes
can be envisaged in order for the compounds to exert an
anticancer effect either cytotoxic or antimetastatic. Indeed,
metal complexes are often good inhibitors of cat B and other
cysteine proteases, which are therefore worth considering as
potential targets.28

The obtained in vitro data for cat B inhibition are reported
in Table 1, revealing that the different complexes inhibit cat B
tovaryingdegrees, themost effective inhibitor being 7, withan
IC50 value of about 5 μM, close to the value for RAPTA-C
(IC50 = 2.5 ( 0.5 μM).18 Notably, some preliminary struc-
ture-activity relationships could be drawn that correlate the
inhibitory potency of the compounds with the alkyl chain in
each complex. For example, the longer the chain the more
effective the inhibitor (as can be observed among 7, 8/12, and
9). In addition, the presence of secondary alkylaryl-phos-
phine ligands (10) appears to reduce the inhibition properties
of the compound as well as the substitution of chlorides with
fluorides in the Ti-ligand set (11). The cationic derivatives
are less effective than their corresponding neutral precursors
(13 vs 8 and 14 vs 9).

Examination of the inhibition of cat B by 7 over time
revealed an exponential decay of enzyme activity (data not
shown), indicating that a certain period of time is required to
establish maximum inhibition, after which time no further
inhibition is obtained. In the case of 7, at least 9 h incubation
at 25 �C were necessary to achieve the maximum inhibition;
this effect might be due to the fact that initial hydrolysis of the
metal complex, followed by covalent binding to cat B, is
required for effective enzyme inhibition. These data are in
good accordance with previously reported ones on RAPTA
compounds.18a

Because the active site cysteine (Cys) of cat B was proposed
to be the anchoring site for the ruthenium(II) center upon
RAPTA complexes binding,18a we hypothesized a similar
mechanism of inhibition for the bimetallic compounds,
although the Ti ion could also compete for binding with
the Cys.

To assess the importance of eachmetal center (Ti orRu) for
cat B inhibition, the model compounds [(η6-p-cymene)RuCl2-
(κ1-(CH2dCH-C(dCH2)(CH2)3PPh2))] 15 and [(η5-C5H5)-
(η5-C5H4(CH2)2PPh2)TiCl2] 2 were also screened (Figure 5,
Scheme 1, Table 1). It was not possible to prepare the complex
[(η6-p-cymene)[(κ1-C5H5(CH2)4PPh2]RuCl2] because of olig-
omerization of the cyclopentadiene part through Diels-
Alder reaction, and therefore 15 is a good compromise as a
model of mononuclear precursor of 7. Interestingly, 15 is a
relatively good inhibitor (IC50∼ 8 μM), supporting the notion
that the Ru moiety is essential for the compound to interact

Table 1. IC50 Values of 7-15 against Human Ovarian Carcinoma Cell
Lines Sensitive (A2780) or Resistant (A2780cisR) and to Cisplatin and
Inhibition Activity against Bovine cat Ba

cytotoxicity IC50

(μM)b

compound A2780 A2780cisR

cat B inhibition

IC50 (μM)b

7 10.4( 1.1 5.9( 0.8 5( 1

8 6.8( 1.3 4.5( 1.1 15( 2

9 35.7( 2.9 28.7( 2.0 25( 3

10 28.3( 2.2 25.4( 1.7 >50

11 11.1( 1.1 15.8( 1.7 35( 5

12 5.2( 1.3 5.4( 1.1 18( 5

13 15.7( 2.1 13.4( 2.0 20( 2

14 13.8( 1.9 8.7( 2.4 >50

15 5.8( 1.6 7.1( 1.7 8 ( 2

2 80 ( 15 100( 18 25( 4

RAPTA-C >300 >300 2.5( 0.5c

Ti(η5-C5H5)2Cl2 570( 1.3d 17( 5

RAPTA-C þ
Ti(η5-C5H5)2Cl2

>200 >200

aRAPTA-C, Cp2TiCl2, titanocene-phosphine 2, and compound 15

are reported for comparison. bMean ( SE of at least three determina-
tions. cValue taken from ref 18. dValue taken from ref 29.

Figure 5. Structure of the model mononuclear Ru(II) compound 15.
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with the cat B active site, whereas 2 is less effective (IC50 about
25 μM). Because the cytotoxicity of 15 is equivalent to the
bimetallic derivatives, the role of the phosphine ligand on the
biological effects of the bimetallic compounds cannot be
excluded. Similarly, 2 (IC50 = 80-100 μM) resulted in being
more cytotoxic than titanocene dichloride.

The cat B structure is roughly disk-shaped and shows a
marked incision corresponding to the active site cleft.30 The
peptide chain is folded into two distinct domains, which inter-
act with one another through an extended polar interface
which opens to the V-shaped active site cleft. Near the active
site are twomain interaction site pockets, a large hydrophobic
one and a smaller one, which is more accessible to solvent. In
the case of the reported bimetallic compounds, the length of
the spacer between the titanocene group and the ruthenium-
arene moiety influences the reactivity of compound, the most
elongated chains favoring the penetration of the Ru(II) center
in the protein active site cavity until it reaches the catalytic
Cys. In addition, beyond the coordinative bond of Ru(II) to
the sulfur of the Cys residue, a number of contacts of the alkyl
chain and the phosphine group could be also established
within the protein active site cavity as it has been hypothesized
for the typical ligand set of RAPTA compounds.18a

To better characterize the interaction of the bimetallic
complexes with proteins, the reactivity of 7 with two model
proteins, ubiquitin (Ub) and human carbonic anhydrase II
(hCAII), was studied using electrospray ionizationmass spec-
trometry (ESI-MS). The use of a model system was necessary
since our attempts to obtain well resolved cat B mass spectra
were unsuccessful. It is worth noting that Ub was selected as
a model system because it is particularly amenable to MS
analysis:31 it has favorable properties such as moderate size
(Mw of ca. 8500 Da) and a high stability in solution under
physiological-like conditions. hCAII is a zinc metalloenzyme
(MW of ca. 29 KDa) and was selected because it contains a
surface exposed Cys residue that might have affinity for bind-
ing to the bimetallic Ti-Ru complexes as anticipated for the
Cys residue in the cat B active site. In a typical experiment,
3 molar equivalents of 7were added to an aqueous solution of
each protein buffered at pH 7.4 and the mixture was main-
tained at 37 �Cuntil analysis. Figure 6 shows thedeconvoluted

mass spectra obtained at two different time intervals for Ub.
Ub was identified as one of the main peaks at 8565 Da, and
after 3 h, adducts of 7 were identified at 8798 and at 9177 Da
corresponding to protein bound [Ru(η6-p-cymene)] and [(η6-
p-cymene)(C5H5(CH2)4PPh2)RuCl2] fragments, respectively.
After 24 h, only the adduct bearing the [Ru(η6-p-cymene)]
fragment is present; similar results were obtained with the
other complexes. It is worth noting that in all cases the tita-
nium moiety has been released from the original complex,
suggesting that cleavage of the titanium ion also takes place
on binding to cat B, although the influence of the ionization
process on fragmentation of the complex cannot be ruled out.

When the same experiment was repeated with hCAII,
similar reactivity profiles were observed. Representative spec-
tra recorded after incubation with 7 for 24 h are shown in
Figure 7. Notably, a hCAII-adduct is observed (Mw of ca.
29817 Da), most likely bearing a [(η6-p-cymene)[(μ-η5:κ1-
C5H4(CH2)4PPh2)Ti]RuCl2] fragment, supporting the hy-
pothesis that the Ti ion also plays a role in the biological
mechanism of the compounds.

Conclusions

Organometallic compounds are currently attracting con-
siderable attention as putative anticancer agents that offer
properties intermediate between those of classical inorganic
(coordination) complexes and organic drug molecules.5,32

Herein, a series of titanocene-ruthenium bimetallic com-
plexes have been synthesized and characterized. The X-ray
structure obtained for the unprecedented cationic bimetallic
complex revealed a chelate structure involving a bridging
chloride ligand between the two metal centers.

All the compounds were screened for their cytotoxicity
against selected cancer cell lines and were found to be con-
siderablymoreactive than theirparentmononuclear titanocene
dichloride and Ru-arene precursors. The compounds were
also more cytotoxic than cisplatin in the resistant cell line.
Moreover, some of them showed relevant cat B inhibition
properties in vitro that correlate to some extent with the
observed antiproliferative effects. Consequently, we can
hypothesize that inhibition of cysteine proteases such as
cat B could account to some extent for the biological effects of

Figure 6. Deconvoluted ESI-MS spectra of Ub incubated with 7 (metal complex:Ub ratio = 3:1) for (A) 3 and (B) 24 h at 37 �C.
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the reported compounds. However, it should be noted that
inhibitionof cysteine cathepsinsmightoccur either extracellularly
or intracellularly and that other studies are necessary to clarify all
the relevant targets of these compounds. Nevertheless, cysteine
proteasesarean important classof target formetal-baseddrugs.29

For the Ti-Ru complexes, cat B binding probably occurs
through the interaction of theRu center with the catalytic Cys
residue, which is facilitated in the case of complexes bearing
longer alkyl chains between the two metal ions. This mecha-
nistic hypothesis is supportedby the fact that theRuprecursor
(15) bearing a phosphine similar to the ones used as linkers is a
more active cat B inhibitor than the titanocene-phosphine
derivative (2). It is worth mentioning that both the mono-
nuclear derivatives 2 and 15 demonstrated an enhanced cyto-
toxic effect compared to titanocene dichloride andRAPTA-C,
respectively. This effectmight be related to improved stability,
solubility, or lipophilicity properties of the compounds induced
by the phosphine moiety.

Finally, complementary information obtained by ESI-MS
analysis of the complexes following incubation with Ub and
hCAII provided evidence of the binding of Ru-containing
species to the peptides, and in the case of hCAII, binding of a
bimetallic species is observed.

The reported results indicate that this family of hetero-
nuclear complexes possesses antiproliferative properties that
operates via a different pharmacological mechanism with
respect to titanocene dichloride and to RAPTA compounds,
exemplified by RAPTA-C, which displays good cat B inhibi-
tion yet limited cytotoxicity, although significant activity
against solid metastasis in vivo.10 A similar correlation
between cytotoxicity and cat B inhibition has been recently
described for dinuclear Pd complexes.33

Experimental Section

General Remarks. All reactions were carried out under an
atmosphere of purified argon using Schlenk techniques. Solvents

were dried and distilled under argon before use. The com-
plexes [(η5-C5H5)(η

5-C5H4(CH2)2PPh2)TiCl2] (2),
34 [(η5-C5H5)-

(η5-C5H4PPh2)TiCl2] (3),25a [(η5-C5H5)(η
5-C5H4(CH2)2PPh2)-

TiF2] (5),
25b and [(η5-C5H5)(η

5-C5H4(CH2)2PCy2)TiCl2] (6),
25c

and the corresponding ruthenium-complexes [(η6-p-cymene)-
[(η5-C5H5)(μ-η

5:κ1-C5H4(CH2)2PPh2)TiCl2]RuCl2] (8),
25a [(η6-

p-cymene)[(η5-C5H5)(μ-η
5:κ1-C5H4PPh2)TiCl2]RuCl2] (9),

25a

[(η6-p-cymene)[(η5-C5H5)(μ-η
5:κ1-C5H4(CH2)2PPh2)TiF2]RuCl2]

(11),25b and [(η6-p-cymene)[(η5-C5H5)(μ-η
5:κ1-C5H4(CH2)2PCy2)-

TiCl2]RuCl2] (12)
25c were synthesized according to literature

procedures. The detailed synthesis and characterization of the
model compound 15 will be reported elsewhere.35 The high
thermal instability of (4-bromobutyl)cylopenta-1,3-diene, even
at room temperature, and the moisture sensitivity of the lithium
cyclopentadienides Li[C5H4(CH2)4PPh2] and Li[C5H4C(CH3)2-
P(H)Ph] excluded their complete spectroscopic characteriza-
tion. Nevertheless, they were used for the synthesis of bimetallic
complexes 1 and 4. All other reagents were commercially avail-
able and used as received. All the analyses were performed at the
“Plateforme d0Analyses Chimiques et de Synth�ese Mol�eculaire
de l0Universit�e de Bourgogne”. The identity and purity (g95%)
of the complexes were unambiguously established using ele-
mental analysis, high-resolution mass spectrometry, and NMR.
Elemental analyses were obtained on an EA 1108 CHNS-O
FISONS Instrument. Exact mass of the synthesized bimetallic
complexes were obtained on a Bruker micrOTOF-Q ESI-MS.
1H (500.13 or 600.13MHz) and 31P (202.5 or 242.9MHz) NMR
spectra were recorded on a Bruker 500 Avance DRX spectrom-
eter or on a Bruker 600 Avance II spectrometer. Chemical shifts
are quoted in ppm (δ) relative to TMS (1H), using the residual
protonated solvent as internal standard, or external 85% H3PO4

(31P). Coupling constants are reported in Hertz.
Synthesis. (4-Bromobutyl)cylopenta-1,3-diene, [C5H5(CH2)4Br]

(Mixture of 1- and 2-Substituted Isomers). Sodium cylopentadie-
nide (33.2 g, 377 mmol) in THF (120 mL) were added dropwise to
a solution of 1,4-dibromobutane (45 mL, 376 mmol) in THF
(50 mL) at 0 �C. The mixture was then warmed to room tempera-
ture and stirred for 12 h. The resulting mixture was treated with
water (30 mL) and the product extracted with dichloromethane

Figure 7. ESI-MS spectra of hCAII (bottom) and hCAII incubated with 7 (top) (metal complex:hCAII ratio = 3:1) for 24 h at 37 �C. * =
[(η6-p-cymene)[(μ-η5:κ1-C5H4(CH2)4PPh2)Ti]RuCl2].
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(150 mL). The solution was concentrated under reduced pressure
and the pale-yellow residuewas distillated (bp=64 �C, 1mmHg).
The compound was obtained spectroscopically pure in 20% yield
(4.60 g) although it was found to be highly unstable due to
autocondensation through Diels-Alder reactions when stored
neat at room temperature. 1-(4-Bromobutyl)cylopenta-1,3-
diene (minor isomer, 45%): 1H NMR (CDCl3) δ 1.73 (m, 2H,
CH2), 1.92 (m, 2H, CH2), 2.43 (m, 2H, CH2), 2.91 (m, 2H, C5H5),
3.45 (t, 2H,CH2,

3JHH=6.7Hz), 6.21 (m, 1H,C5H5), 6.30 (m, 1H,
C5H5), 6.46 (m, 1H, C5H5);

13C{1H} NMR (CDCl3) δ 27.3, 28.1,
29.8, 32.5 (CH2), 43.2, 126.8, 130.7, 132.4, 148.9 (C5H5). 2-(4-
Bromobutyl)cylopenta-1,3-diene (major isomer, 55%): 1H NMR
(CDCl3) δ 1.73 (m, 2H, CH2), 1.92 (m, 2H, CH2), 2.50 (m, 2H,
CH2), 2.99 (m, 2H, C5H5), 3.45 (t, 2H, CH2,

3JHH= 6.7 Hz), 6.06
(m, 1H, C5H5), 6.46 (m, 2H, C5H5);

13C{1H} NMR (CDCl3) δ
27.3, 28.9, 32.4, 33.8 (CH2), 41.3, 126.3, 133.9, 134.5, 146.4 (C5H5).

Lithium (4-Diphenylphosphinobutyl)cyclopentadienide, Li[C5H4-
(CH2)4PPh2].A solution of LiPPh2 (2.58 g, 13.43mmol) in THF
(20 mL) was added dropwise to a solution of C5H5(CH2)4Br
(4.18 g, 20.78 mmol) in THF (40 mL) at -40 �C. The solution
was warmed to room temperature and stirred for 12 h. The
solvent was removed under reduced pressure, and the product
was extracted with n-pentane (50 mL). The solution was filtered
on a sintered funnel, and n-butyllithium was added (1.6 M in
hexanes, 8.4 mL, 13.43 mmol) at 0 �C. The precipitate was col-
lected on a sintered funnel and dried under reduced pressure to
afford awhite powder (2.82 g, 67%yield). 31P{1H}NMR(THF/
C6D6 capillary) δ -13.1 (s, PPh2).

Lithium (1-Methyl-1-phenylphosphino)ethylcyclopentadienide,
Li[C5H4C(CH3)2P(H)Ph].This compound was synthesized by a
modified literature procedure.26 To a solution of PhPH2 (0.91M
in hexanes, 6 mL, 5.46 mmol) in THF (20 mL) at -78 �C,
n-butyllithium (1.4M in hexanes, 3.9 mL, 5.5 mmol) was slowly
added. After 1 h stirring at this temperature, a solution of
dimethylfulvene (580 mg, 5.5 mmol) in THF (15 mL) was added
to the formed phenylphosphide yellow suspension at -78 �C.
The resulting orange clear solution was warmed to room tem-
perature and stirred for a further 48 h. After evaporation of the
solvent and precipitation with n-pentane, the solution was
filtered and the solid washed with n-pentane (2 � 15 mL). The
cyclopentadienide was dried under vacuum at room tempera-
ture to afford an off-white powder (855 mg, 70% yield). 31P
NMR (THF/C6D6 capillary) δ 0.1 (d, 1JPH = 206 Hz, PPhH).

[(η5-C5H5)(η
5-C5H4(CH2)4PPh2)TiCl2] (1). A solution of

[C5H4(CH2)4PPh2]Li (387 mg, 1.24 mmol) in THF (10 mL)
was added dropwise at 0 �C to a solution of [(η5-C5H5)TiCl3]
(272 mg, 1.24 mmol) in THF (15 mL). The red solution was
stirred for 4 h at room temperature. The solvent was removed
under reducedpressure, and dichloromethane (30mL)was added.
Themixturewas filtered, and n-hexane (40mL) was added to the
solution to form a biphasic solution that was stored at 4 �C.
Red crystals were obtained and collected (365 mg, 60%
yield). 31P{1H} NMR (CDCl3) δ -15.2 (s, PPh2).

1H NMR
(CDCl3) δ 1.48 (m, 2H, CH2), 1.71 (m, 2H, CH2), 2.06 (m,
2H, CH2), 2.71 (m, 2H, CH2), 6.28 (m, 2H, C5H4), 6.39 (m,
2H, C5H4), 6.53 (s, 5H, Cp), 7.31-7.34 (m, 6H, Ph),
7.37-7.40 (m, 4H, Ph).

[(η5-C5H5)(η
5-C5H4(CMe2)P(H)Ph)TiCl2] (4). To a solution

of [(η5-C5H5)TiCl3] (775mg, 3.53mmol) in THF (10mL) at 0 �C
a solution of lithium (1-methyl-1-phenylphosphino)ethylcyclopen-
tadienide (827 mg, 3.72 mmol) in THF (10 mL) was added
dropwise. The deep-red solution immediately obtained was
stirred for 4 h at room temperature. After evaporation of the
THF under reduced pressure, addition of toluene ensured the
precipitation of LiCl which was removed by filtration. Evapora-
tion of toluene under reduced pressure afforded a red powder
that was further purified by addition of CH2Cl2 (30 mL) and
precipitation following the addition of n-hexane (60 mL). After
filtration on a sintered funnel, the solid was dried under vacuum
to afford a red powder (764 mg, 54% yield). 31P NMR (C6D6)

δ 17.4 (d, 1JPH = 208 Hz, PPhH). 1H NMR (C6D6) δ 1.76 (d,
3H, C(CH3)2,

4JPH= 15.0 Hz), 1.82 (d, 3H, C(CH3)2,
3JPH= 14.4

Hz), 4.07 (d, 1H, P-H, 1JPH = 208 Hz), 5.71 (m, 1H, C5H4),
5.84 (m, 2H, C5H4), 6.07 (s, 5H, Cp), 6.15 (m, 1H, C5H4),
7.07-7.21 (m, 5H, Ph).

[(η6-p-Cymene)[(η5-C5H5)(μ-η5:K1-C5H4(CH2)4PPh2)TiCl2]-
RuCl2] (7).A solution of [(η5-C5H5)(η

5-C5H4(CH2)4PPh2)TiCl2]
(1) (93 mg, 0.19 mmol) and [(η6-p-cymene)RuCl2]2 (52 mg,
0.17 mmol) in degassed benzene (5 mL) was stirred at room
temperature for 4 h. An orange-red precipitate slowly appeared.
The solid was filtered on a sintered funnel and dried under
vacuum to afford an orange-red powder (128 mg, 95% yield).
Red crystals suitable for X-ray diffraction were grown from
CH2Cl2/n-hexane (1/3).

31P{1H}NMR (CDCl3) δ 23.6 (s,PPh2).
1H NMR (CDCl3) δ 0.82 (d, 6H, CH(CH3)2,

3JHH = 7.0 Hz),
1.10 (m, 2H, CH2), 1.42 (m, 2H, CH2), 1.91 (s, 3H, CH3

p-cymene), 2.48 (m, 2H, CH2), 2.54 (hept, 1H, CH(CH3)2,
3JHH = 7.0 Hz), 2.56 (m, 2H, CH2), 5.10 (d, 2H, dCH p-
cymene, 3JHH = 6.0 Hz), 5.28 (d, 2H, dCH p-cymene, 3JHH =
6.5 Hz), 6.23 (m, 2H, C5H4), 6.35 (m, 2H, C5H4), 6.54 (s, 5H,
Cp), 7.39-7.53 (m, 6H, Ph), 7.86-7.90 (m, 4H, Ph). Anal. Calcd
for C36H41Cl4PTiRu (795.43): C; 54.36, H; 5.20. Found: C;
54.55, H; 5.20.

[(η6-p-Cymene)[(η5-C5H5)(μ-η
5:K1-C5H4(CMe2)P(H)Ph)TiCl2]-

RuCl2] (10). A solution of [(η5-C5H5)(η
5-C5H4(CMe2)P(H)-

Ph)TiCl2] (4) (73 mg, 0.18 mmol) and [(η6-p-cymene)RuCl2]2
(51 mg, 0.16 mmol) in degassed benzene (5 mL) was stirred at
room temperature for 4 h, during which time a mauve precipi-
tate formed. The solid was removed by filtration and dried
under vacuum to afford a mauve powder (110 mg, 95% yield).
31P NMR (CDCl3) δ 59.8 (d, 1JPH = 380 Hz, PPhH). 1H NMR
(CDCl3) δ 1.04 (d, 3H, CH(CH3)2,

3JHH= 7.0 Hz), 1.19 (d, 3H,
CH(CH3)2,

3JHH = 7.0 Hz), 1.80 (d, 3H, C(CH3)2,
4JPH = 16.2

Hz), 1.94 (d, 3H, C(CH3)2,
3JPH= 16.8 Hz), 2.04 (s, 3H, CH3 p-

cymene), 2.81 (hept, 1H, CH(CH3)2,
3JHH = 7.0 Hz), 5.23 (d,

1H, dCH p-cymene, 3JHH = 5.7 Hz), 5.41 (d, 1H, dCH p-
cymene, 3JHH=5.7Hz), 5.48 (d, 1H, P-H, 1JPH=380Hz), 5.55
(m, 2H, dCH p-cymene), 6.25 (m, 1H, C5H4), 6.41 (m, 1H,
C5H4), 6.49 (m, 1H, C5H4), 6.56 (s, 5H, Cp), 6.58 (m, 1H, C5H4),
7.22-7.34 (m, 5H, Ph). ESI-MS (CH2Cl2/CH3CN, positive
mode) exact mass for C29H35Cl4PTiRu (703.97535): found m/z
669.00894 [M - Cl]þ (calcd m/z 669.00594).

[(η6-p-Cymene)[(η5-C5H5)(μ-η
5:K1-C5H4(CH2)2PPh2)TiCl2]-

RuCl](BF4). A suspension of (η6-p-cymene)[(η5-C5H5)(μ-η
5:κ1-

C5H4(CH2)2PPh2)TiCl2]RuCl2 (8) (278 mg, 0.36 mmol) and
AgBF4 (85 mg, 0.43 mmol) in dichloromethane (10 mL) was
stirred in the dark at room temperature for 4 h. The color of the
mixture turned violet. The silver chloride precipitate was re-
moved by filtration and the solvent was removed under vacuum.
The red-brown powder was washed with Et2O (2 � 5 mL) and
dried under vacuum (182 mg, 62% yield). ESI-MS (CH2Cl2/
MeOH, positive mode) exact mass for C34H37Cl3PRuTi
(731.02214): found m/z 769.05782 [M - H þ K]þ (calcd m/z
768.97802).

Major Isomer [(η6-p-Cymene)[(η5-C5H5)(μ-η
5:K1-C5H4(CH2)2-

PPh2)TiCl2]RuCl](BF4) (130 3BF4).
31P{1H} NMR (CD2Cl2)

δ 23.3 (s, PPh2).
1H NMR (CD2Cl2) δ 0.90 (d, 3H, CH(CH3)2,

3JHH=6.6Hz), 0.93 (d, 3H,CH(CH3)2,
3JHH=6.6Hz), 1.95 (s,

3H, CH3 p-cymene), 2.44-2.48 (m, 3H, CH(CH3)2 þ CH2),
2.74-2.79 (m, 2H, CH2), 5.25 (m, 2H,dCHp-cymene), 5.40 (m,
2H, dCH p-cymene), 6.26 (m, 2H, C5H4), 6.38 (m, 2H, C5H4),
6.49 (s, 5H, Cp), 7.58-7.60 (m, 6H, Ph), 7.84-7.89 (m, 4H, Ph).

Minor Isomer [(η6-p-Cymene)[(η5-C5H5)(μ-η
5
:K1-C5H4(CH2)2-

PPh2)TiCl(μ-Cl)]RuCl](BF4) (13 3BF4).
31P{1H} NMR (CD2Cl2)

δ 23.2 (s, PPh2).
1H NMR (CD2Cl2) δ 0.86 (d, 3H, CH(CH3)2,

3JHH= 7.2 Hz), 0.90 (d, 3H, CH(CH3)2,
3JHH= 7.2 Hz), 1.95 (s,

3H, CH3 p-cymene), 2.32 (m, 1H, CH(CH3)2), 2.54-2.57 (m, 2H,
CH2), 2.68-2.73 (m, 2H,CH2), 5.21 (m, 1H,dCHp-cymene), 5.28
(m, 1H, dCH p-cymene), 5.38 (m, 1H, dCH p-cymene), 5.43
(m, 1H,dCHp-cymene), 6.13 (m, 1H, C5H4), 6.19 (m, 1H, C5H4),
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6.28 (m, 1H, C5H4), 6.52 (s, 5H, Cp), 6.69 (m, 1H, C5H4), 7.58-
7.60 (m, 6H, Ph), 7.84-7.89 (m, 4H, Ph).

[(η6-p-Cymene)[(η5-C5H5)(μ-η
5:K1-C5H4PPh2)TiCl(μ-Cl)]RuCl]-

(BF4) (14 3BF4). The same procedure used for 13 3BF4 was applied
using [(η6-p-cymene)[(η5-C5H5)(μ-η

5:κ1-C5H4PPh2)TiCl2]RuCl2] (9)
(153mg, 0.208mmol) andAgBF4 (49mg, 0.249mmol) to afford the
product as a red-brown powder (123 mg, 75% yield). 31P{1H}
NMR (CD2Cl2) δ 33.3 (s,PPh2).

1HNMR (CD2Cl2) δ 1.34 (d, 3H,
CH(CH3)2,

3JHH = 7.0 Hz), 1.37 (d, 3H, CH(CH3)2,
3JHH = 7.0

Hz), 1.84 (s, 3H,CH3p-cymene), 2.83 (hept, 1H,CH(CH3)2,
3JHH=

7.0 Hz), 5.07 (d, 1H,dCH p-cymene, 3JHH = 7.0 Hz), 5.45 (d, 1H,
dCH p-cymene, 3JHH = 7.0 Hz), 5.51 (d, 1H, dCH p-cymene,
3JHH = 7.0 Hz), 5.52 (m, 1H, C5H4), 5.85 (d, 1H,dCH p-cymene,
3JHH = 7.0 Hz), 6.65-6.72 (m, 2H, C5H4), 6.83 (s, 5H, Cp), 7.27
(m, 1H, C5H4), 7.30-7.85 (m, 10H, Ph). Anal. Calcd for C32H33-
BCl3F4PTiRu (790.68): C; 48.61, H; 4.21. Found: C; 47.78, H; 4.28.

[(η6-p-Cymene)[(η5-C5H5)(μ-η
5:K1-C5H4PPh2)TiCl(μ-Cl)-

]RuCl](BPh4) (14 3BPh4). The same procedure used for 13.BPh4
was applied using [(η6-p-cymene)[(η5-C5H5)(μ-η

5:κ1-C5H4PPh2)-
TiCl2]RuCl2] (9) (153 mg, 0.208 mmol) and AgBPh4 (78.3 mg,
0.249 mmol) to afford the product as a red-brown powder
(138 mg, 65% yield). 31P{1H} NMR (CD2Cl2) δ 33.0 (s, PPh2).
1H NMR (CD2Cl2) δ 1.32 (d, 3H, CH(CH3)2,

3JHH = 7.0 Hz),
1.36 (d, 3H, CH(CH3)2,

3JHH = 7.0 Hz), 1.75 (s, 3H, CH3

p-cymene), 2.81 (hept, 1H, CH(CH3)2,
3JHH = 7.0 Hz), 4.92

(d, 1H, dCH p-cymene, 3JHH = 5.3 Hz), 5.32 (d, 1H, dCH
p-cymene, 3JHH=6.2Hz), 5.42 (d, 1H,dCHp-cymene, 3JHH=
6.2 Hz), 5.70 (m, 1H, C5H4), 5.80 (d, 1H, dCH p-cymene,
3JHH = 5.3 Hz), 6.65 (s, 5H, Cp), 6.70 (m, 1H, C5H4), 6.85-
7.15 (m, 12H, PhþC5H4), 7.25-7.85 (m, 20H, Ph). Anal. Calcd
for C56H53BCl3PTiRu (1023.1): C; 65.74, H; 5.22. Found: C;
65.36, H; 5.29.

X-ray Diffraction Analysis of 7 and 14 3BPh4. X-ray intensity
data were collected at 115 K on a Bruker Nonius ApexII CCD
system using graphite-monochromated Mo KR radiation. The
structures were solved by direct methods (SIR92)36 and refined
with full-matrix least-squares methods based on F2 (SHELXL-
97)37 with the aid of the WINGX program.38 Except for a dis-
ordered dichloromethanemolecule in 7, all non-hydrogen atoms
were refined with anisotropic thermal parameters. Hydrogen
atoms were included in their calculated positions and refined
with a riding model. For 7, dichloromethane solvate molecules
were located in a channel along the 1/2, 1/2, z direction, which
could explain why crystals are very unstable when isolated from
the mother solution; even protected in paratone oil they rapidly
loose solvent. Nevertheless, data could be recorded at low tem-
perature. Two dichloromethane molecules in the solvate chan-
nel were located with partial occupations. One was anisotropi-
cally refined with an occupation factor of 0.57, while the second,
located near an inversion center, was refined as a rigid group
with an overall isotropic temperature factor and an occupation
factor of 0.30. Furthermore, careful inspection of the anisotrop-
ic displacement parameters of the atoms belonging to 7 suggests
a possible disorder of the overall molecule, but attempts to
model this disorder did not lead to satisfactory results.

Cell Culture and Inhibition of Cell Growth.HumanA2780 and
A2780cisR ovarian carcinoma cell lines were obtained from the
European Centre of Cell Cultures (ECACC, Salisbury, U.K.)
andmaintained in culture as described by the provider. The cells
were routinely grown in RPMI 1640 medium containing 10%
fetal calf serum (FCS) and antibiotics at 37 �C and 6%CO2. For
evaluation of growth inhibition tests, the cells were seeded in 96-
well plates (Costar, Integra Biosciences, Cambridge, MA) and
grown for 24 h in completemedium.The stock solutions of 7-14

were prepared by dissolving the compounds in 1 mL of DMSO
to reach a concentration of 10-2 M. They were then diluted in
RPMImedium and added to the wells (100 μL) to obtain a final
concentration rangingbetween 0 and80μM.DMSOat compara-
ble concentrations did not show any effects on cell cytotoxicity.
Complexes 7-14 were diluted directly in culture medium to the

required concentration and added to the cell culture. After 72 h
incubation at 37 �C, 20 μL of a solution of MTT (3-(4,5-di-
methylthiazole-2-yl)-2,5-diphenyltetrazolium bromide) in PBS
(2 mg mL-1) was added to each well, and the plates were then
incubated for 2 h at 37 �C. The medium was then aspirated, and
DMSO (100 μL) was added to dissolve the precipitate. The
absorbance of each well was measured at 580 nm using a 96-well
multiwell-plate reader (iEMSReaderMF, Labsystems, Biocon-
cept, Switzerland) and compared to the values of control cells
incubated without complexes. The IC50 values for the inhibition
of cell growth were determined by fitting the plot of the per-
centage of surviving cells against the drug concentration using a
sigmoidal function (Origin v7.5).

Inhibition of Cathepsin B. Crude bovine spleen cat B was
purchased from Sigma (C6286) and used without further puri-
fication. The colorimetric cat B assay was performed in 100mM
sodium phosphate, 1 mM EDTA, 0.025% BRIJ, pH 6.0, using
Na-CBZ-L-lysine p-nitrophenyl ester (CBZ=N-carbobenzoxy)
as substrate. For the enzyme to be catalytically functional, the
active site cysteine needs to be in a reduced form. Therefore,
prior to use, cat B was prereduced with dithiothreitol (DTT) to
ensure that the majority of the enzyme is in a catalytically active
form. Cat B was activated, before dilution, in the presence of
excess DTT for 1 h at 30 �C. IC50 determinations were per-
formed in triplicate using a fixed enzyme concentration, of
1 μM, and a fixed substrate concentration of 200 μM. Com-
pound concentrations ranged from 0.3 to 300 μM. The enzyme
and compound were coincubated at 25 �C for 24 h prior to the
addition of substrate. Activity was measured over 2 min at
326 nm.

ESI-MS. Samples were prepared by mixing 100 μM Ub or
hCAII (Sigma,U6253 andC6165, respectively) with an excess of
metal complex (3:1, metal:protein ratio) in 20 mM (NH4)2CO3

buffer (pH7.4) and incubated for 24 h at 37 �C. Prior to analysis,
samples were extensively ultrafiltered using a Centricon YM-3
filter (Amicon Bioseparations, Millipore Corporation) in order
to remove the unbound complex. ESI-MSdatawere acquired on
a Q-Tof Ultima mass spectrometer (Waters) fitted with a stan-
dard Z-spray ion source and operated in the positive ionization
mode. Experimental parameters were set as follows: capillary
voltage 3.5 kV, source temperature 80 �C, desolvation tempera-
ture 120 �C, sample cone voltage 100 V, desolvation gas flow
400 L/h, acquisition window 300-2000 m/z in 1 s. The samples
were diluted 1:20 in water and 5 μLwas introduced into themass
spectrometer by infusion at a flow rate of 20 μL/min with a
solution of ACN/H2O/HCOOH 50:49.8:0.2 (v:v:v). External
calibration was carried out with a solution of phosphoric acid at
0.01%. Data were processed using the MassLynx 4.1 software.
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