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The alkenyl-substituted titanocene complex [Ti(g5-C5H5)(g5-C5H4{CMe2(CH2CH2CH@CH2)})Cl2] (1) has
been synthesized and characterized using traditional methods. The reaction of 1 with 9-BBN gave the
boryl substituted complex [Ti(g5-C5H5)(g5-C5H4{CMe2(CH2CH2CH2CH2BC8H14)})Cl2] (2). The cytotoxic
activity of 1 and 2 was tested against tumour cell lines human adenocarcinoma HeLa, human myeloge-
nous leukemia K562, human malignant melanoma Fem-x, human breast carcinoma MDA-MB-361 and
normal immunocompetent cells peripheral blood mononuclear cells PBMC and compared with those
of the reference complexes [Ti(g5-C5H5)2Cl2] (R1), [Ti(g5-C5H4Me)2Cl2] (R2) and [Ti(g5-C5H5)(g5-C5H4Si-
Me3)Cl2] (R3). Complex 1 showed higher cytotoxic activities on HeLa, Fem-x and K562 (IC50 values from
96.6 ± 3.4 to 149.2 ± 2.9 lM) than the reference complexes R1, R2 and R3 which presented IC50 values
from 173.3 ± 6.0 to >200 lM. On the other hand, boryl substituted complex 2, present slightly lower cyto-
toxic activities than 1 on HeLa, Fem-x and K562 (IC50 values from 155.6 ± 5.5 to 167.9 ± 4.2 lM). How-
ever, 2 was the most active of the studied complexes against MDA-MB-361 (IC50 value of
161.1 ± 0.1 lM). Structural studies based on DFT calculations of 1 and 2 have also been carried out in
order to gain a possible insight into the relationship between metal complex structure and cytotoxicity.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

The fight against cancer is the main and primary target concern-
ing medicinal chemistry. During the last years, investigations in
platinum-based anticancer drugs [1–3], have been shifted to non-
platinum metal-based agents [4–10]. Thus, an intensive study of
metal complexes of Ti, Ga, Ge, Pd, Au, Co, Ru and Sn is helping to
improve the problems and side effects associated with the use of
platinum compounds [4–10]. Since the discovery of the potential
anticancer properties of metallocene dihalides by Köpf-Maier and
Köpf [11–20] and the phase I clinical trials carried out for titano-
cene dichloride in 1993 [21–25] development of similar com-
pounds has been one of the main targets in this field [26,27] due
to the absence of any effect on proliferative activity on bone mar-
row, which is the most usual dose-limiting side-effect of organic
drugs. This was, therefore, a very promising result that enhanced
the potential of titanocene dichlorides as additives in combination
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therapy, unfortunately, clinical trials in patients did not have a suc-
cessful outcome [28,29].

Many biological experiments have demonstrated that titanium,
derived from administered titanocene dichloride, accumulates in
the nucleic acid rich regions of tumour cells [30–32] and exhibits
pronounced inhibition of nucleic acid synthesis [14]. These studies
suggested that DNA is the biological target of titanocene com-
pounds. Further work carried out by Sadler and coworkers [33–
36], indicated that titanium may reach the cells assisted by the
major iron transport protein, ‘‘transferrin”.

In this context, the current efforts in the titanocene medicinal
chemistry are focused on the design of new compounds with dif-
ferent substituents which may increase their cytotoxicity in com-
parison with that of titanocene dichloride [37–41]. Different
research groups have developed alternative synthetic routes start-
ing from fulvenes [42–45] to obtain ansa-titanocene complexes
with a carbon–carbon bridge [46–49] as well as a variety of other
substituted complexes [50–64], all of which were tested as anti-
cancer agents.

Most of the analyzed titanocene complexes present polar sub-
stituents or electron withdrawing groups in their structure, which
seemed to be the main reason for their high activity in antitumoral
tests. In spite of the observations of Köpf and coworkers, which dis-
carded alkyl, alkenyl or aryl substituted ansa-titanocene complexes
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due to their lack of cytotoxicity [65], we have recently reported an
increase of the cytotoxicity for titanocene and ansa-titanocene
complexes that have pendant alkenyl substituents on the cyclo-
pentadienyl rings [66,67]. Following our research on the synthesis,
characterization and cytotoxic properties of metal-based antican-
cer drugs [68–73], we present the synthesis, characterization and
the study of the cytotoxicity of different alkenyl and boryl substi-
tuted titanocene complexes (Fig. 1) in order to evaluate the influ-
ence of these groups on the cytotoxicity of the corresponding
complexes. While the cytotoxicity of related alkenyl-substituted
complexes has been already determined by us, this work reports
the first in vitro anticancer tests of boryl substituted titanocene
complexes.

2. Experimental

2.1. General manipulations

All reactions were performed using standard Schlenk tube tech-
niques in an atmosphere of dry nitrogen. Solvents were distilled
from the appropriate drying agents and degassed before use.
[TiCl4(THF)2], LiMe (1.6 M in Et2O) and CH3COCH2CH2CH@CH2

were purchased from Aldrich. All the commercial reagents were
used directly. Na(C5H5) and Na(C5H4Me) were prepared according
to literature procedures [74]. [Ti(g5-C5H5)2Cl2] (R1) and [Ti(g5-
C5H4Me)2Cl2] (R2) were synthesized by the reaction of two equiv-
alents of Na(C5H5) or Na(C5H4Me) with [TiCl4(THF)2], respectively.
[Ti(g5-C5H5)(g5-C5H4SiMe3)Cl2] (R3) was prepared by the reaction
of [Ti(g5-C5H5)Cl3] and Li(C5H4SiMe3). 6-(Methyl)-6-(3-bute-
nyl)fulvene was prepared using the methodology described by Lit-
tle and coworkers [75] and Li(C5H4SiMe3) was prepared as
previously reported [76]. Li{C5H4(CMe2(CH2CH2CH@CH2))} was
synthesised by the reaction of one equivalent of 6-(methyl),6-(4-
buten-1-yl)fulvene and one equivalent of LiMe [77]. [Ti(g5-
C5H5)Cl3] was prepared according to literature procedures [78].
IR spectra were recorded on a Thermo Nicolet Avatar 330 FT-IR
spectrophotometer. 1H, 13C{1H} and 11B{1H} NMR spectra were re-
corded on a Varian Mercury FT-400 spectrometer or on a Bruker
AVANCE-400 and referenced to the residual deuterated solvent.
Microanalyses were carried out with a Perkin–Elmer 2400 or LECO
CHNS-932 microanalyzer. Mass spectroscopic analyses were
preformed on a Hewlett–Packard 5988A (m/z 50–1000)
instrument.
Fig. 1. Titanocene complexes used in the cytotoxicity analysis.
2.2. Preparation of [Ti(g5-C5H5)(g5-C5H4{CMe2(CH2CH2CH@CH2)})Cl2]
(1)

Li{C5H4(CMe2(CH2CH2CH@CH2))} [77] (1.00 g, 5.94 mmol) in
THF (50 mL) was added dropwise during 15 min to a solution of
[Ti(g5-C5H5)Cl3] (1.30 g, 5.94 mmol) in THF (150 mL) at 0 �C. The
reaction mixture was allowed to warm to room temperature and
stirred for 2 h. Solvent was removed in vacuo and hexane
(400 mL) added to the resulting solid. The mixture was filtered
and the filtrate concentrated (30 mL) and cooled to �30 �C to yield
crystals of the title complex. Yield 1.70 g, 81%. IR (ZnSe): m 3100
(mCH), 1640 (mCH@CH2) cm�1. 1H NMR (400 MHz, CDCl3, 25 �C): d
1.36 (s, 6 H, CMe2), 1.54, 1.75 (m, CH2CH2), 4.90 (cis), 4.94 (trans)
(dd, 3Jcis 10.8 Hz, 3Jtrans 17.0 Hz, 1 H, CH2ACH@CH2), 5.70 (m, 1 H,
CH2ACH@CH2), 6.50, 6.61 (m, 2 H, C5H4), 6.57 (s, 5 H, C5H5) ppm.
13C{1H} NMR (100 MHz, CDCl3, 25 �C): d 26.7, 28.8 (CH2CH2), 37.2
(CMe2), 46.0 (CpC), 114.4 (CH2ACH@CH2), 118.4, 119.2, 148.4
(C5H4), 119.5 (C5H5), 138.6 (CH2ACH@CH2) ppm. EI MS: m/z (%)
345 (2) [M+], 309 (52) [M+�Cl], 279.0 (39) [M+�C5H5], 258 (48)
[M+�CH2CH2CH@CH2�2 �Me], 218 (100) [M+�2 � Cl–
CH2CH2CH@CH2))]. Anal. Calc. for C17H22Cl2Ti: C, 59.16; H, 6.43.
Found C, 58.97; H, 6.29%.

2.3. Preparation of [Ti(g5-C5H5)(g5-
C5H4{CMe2(CH2CH2CH2CH2BC8H14)})Cl2] (2)

1 (0.13 g, 0.39 mmol) was dissolved in THF (50 mL), and 9-bora-
bicyclo[3.3.1]nonane (0.5 M in THF) (0.78 mL, 0.39 mmol) was
added at room temperature dropwise during 5 min. The solution
was then stirred for 15 h. Solvent was removed under reduced
pressure to give the title compound as a crystalline solid (0.15 g,
88%). 1H NMR (400 MHz, CDCl3, 25 �C): d 0.96, 1.02, 1.19, 1.44
(m, 2H, CH2CH2CH2CH2-B), 1.35, 1.83 (2 m, 2 H, c-H of 9-BBN),
1.63, 1.85 (4H) (2 m, 4 H, b and d-H of 9-BBN), 1.80 (m, 2 H, a-H
of 9-BBN), 1.25 (s, 6 H, CMe2), 6.42, 6.55 (2 m, each 2 H, C5H4),
6.49 (s, 5 H, C5H5) ppm. 13C{1H} NMR (100 MHz, CDCl3, 25 �C): d
24.7, 25.5, 27.6, 28.9 (CH2CH2CH2CH2-B), 23.2, 27.0, 27.1, 33.0 (9-
BBN), 36.8 (CMe2), 47.4 (CpC), 118.5, 119.4, 148.3 (C5H4), 119.8
(C5H5) ppm. 11B{1H} NMR (85.6 MHz, CDCl3, 25 �C): d 86 ppm. EI
MS: m/z (%) 439 (20) [M+�2 �Me], 309 (50) [M+�Cl–BC8H14],
274 (90) [M+�2 �Me�BC8H14]. Anal. Calc. for C25H37BCl2Ti: C,
64.28; H, 7.98. Found: C, 63.97; H 7.91%.

2.4. Computational details

All DFT calculations were performed by employing the GAUSSIAN

03 program package [79] using the B3LYP functional [80–83].
The 6-31G** basis set was used for all atoms [84–87]. The appropri-
ateness of the chosen functional and basis set for titanium com-
plexes has been stated elsewhere [57,59,88]. All systems have
been optimized without symmetry restrictions. The resulting
geometries were characterized as equilibrium structures by the
analysis of the force constants of normal vibrations (see Supple-
mentary material).

2.5. In vitro studies

2.5.1. Preparation of drug solutions
Stock solutions of the studied titanium complexes were made in

dimethyl sulfoxide (DMSO) at a concentration of 20 mM, filtered
through Millipore filter, 0.22 lm, before use, and diluted by nutri-
ent medium to various working concentrations. DMSO was used
due to solubility problems. Nutrient medium was RPMI 1640 med-
ium, without phenol red, supplemented with L-glutamine (3 mM),
streptomycin (100 lg/mL), and penicillin (100 IU/mL), 10% fetal
bovine serum (FBS) and 25 mM Hepes, and was adjusted to pH
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7.2 by bicarbonate solution. MTT (3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyl tetrazolium bromide) was dissolved (5 mg/mL) in
phosphate buffer saline pH 7.2, and filtered through Millipore fil-
ter, 0.22 lm, before use. All reagents were purchased from Sigma
Chemicals.

2.5.2. Cell culture
Human cervix adenocarcinoma HeLa, malignant melanoma

Fem-x and human breast carcinoma MDA-MB-361 cells were cul-
tured as monolayers in the nutrient medium, while human mye-
logenous leukemia K562 cells were maintained as suspension
culture. The cells were grown at 37 �C in 5% CO2 and humidified
air atmosphere. For the growth of MDA-MB-361 cells and all sub-
sequent experiments, the complete medium was enriched with
1.11 g/L glucose. Peripheral blood mononuclear cells (PBMC) were
separated from whole heparinized blood from healthy volunteers
by Lymphoprep (Nycomed, Oslo, Norway) gradient centrifugation.
Interface cells, washed three times with Haemaccel (aqueous solu-
tion supplemented with 145 mM Na+, 5.1 mM K+, 6.2 mM Ca2+,
145 mM Cl� and 35 g/L gelatine polymers, pH 7.4) were counted
and resuspended in nutrient medium.

2.5.3. Cell sensitivity analysis
HeLa, Fem-x (2000 cells per well) and MDA-MB-361 cells

(10000 cells per well), were seeded into 96-well microtitre plates
and 20 h later, after the cell adherence, five different concentra-
tions of the studied compounds were added to the wells. Final con-
centrations were in the range from 12.5 to 200 lM. The studied
compounds were added to a suspension of leukemia K562 cells
(3000 cells per well) 2 h after cell seeding, in the same final con-
centrations applied to HeLa and Fem-x cells. All experiments were
carried out in triplicate. PBMC were seeded (150000 cells per well)
in nutrient medium enriched with (5 lg/mL) phytohaemaglutinin
(PHA – Welcome Diagnostics, England) in 96-well microtitre plates
and 2 h later, the studied compounds were added to the wells, in
triplicate, to five final concentrations. Only nutrient medium was
added to the cells in the control wells. Nutrient medium with cor-
responding concentrations of compounds, but void of cells was
used as blank.

2.5.4. Determination of target cell survival
Cell survival was determined by MTT test according to the

method of Mosmann [89] and modified by Ohno and Abe [90],
72 h after drug addition. Immediately afterwards, 20 lL of MTT
solution (5 mg/mL in phosphate buffered saline) was added to each
well. Samples were incubated for a further 4 h at 37 �C in a humid-
ified atmosphere with 5% CO2. Then, 100 lL of 10% SDS was added
to the wells. Absorbance was measured at 570 nm the next day. To
achieve cell survival percentages, absorbance at 570 nm of a sam-
ple with cells grown in the presence of various concentrations of
agent was divided with absorbance of control sample (the absor-
bance of cells grown only in nutrient medium), having subtracted
from absorbance of a corresponding sample with target cells the
absorbance of the blank.
3. Results and discussion

3.1. Synthesis and characterization of the titanocene complexes 1 and
2

[Ti(g5-C5H5)(g5-C5H4{CMe2(CH2CH2CH@CH2)})Cl2] (1) was
synthesized via the reaction of Li(C5H4{CMe2CH2CH2CH@CH2})
[77] and [Ti(g5-C5H5)Cl3] in THF (Scheme 1). 1 was isolated as a
crystalline solid of high purity. In the 1H NMR spectrum of 1, one
singlet for the unsubstituted cyclopentadienyl ring protons at
6.57 ppm, two multiplets at 6.50 and 6.61 ppm for the substituted
cyclopentadienyl ring protons, and a singlet at 1.36 ppm corre-
sponding to the two methyl groups of the substituent were ob-
served. The alkenyl fragment exhibited four sets of signals, two
corresponding to the CH2 alkylic protons (two multiplets at 1.54
and 1.75 ppm), one for the proton of the C-c (a multiplet at
5.70 ppm) and two corresponding to the terminal olefinic protons
(multiplets at 4.90 and 4.94 ppm). The 13C{1H} NMR spectrum of 1
showed one signal at 119.5 ppm assigned to the unsubstituted C5

ring and three signals at 118.4, 119.2 and 148.4 for the substituted
C5 ring. The carbon atom bonded to the cyclopentadienyl ring, was
observed in the spectrum as one signal at 46.0 ppm, and the carbon
atoms of the two methyl groups were observed as one signal at
37.2 ppm. In addition, four signals, at 26.7, 28.8, 114.4 and
138.6 ppm, were assigned to the alkenyl moiety. The alkenyl sub-
stituent of the cyclopentadienyl ligand of the titanocene dichloride
complex 1, was suitable for hydroboration reactions with the
highly selective 9-borabicyclo[3.3.1]nonane (9-BBN). Thus, the
reaction of 1 with 9-BBN gave the resulting product from the
anti-Markonikoff addition [Ti(g5-C5H5)(g5-C5H4{CMe2(CH2CH2

CH2CH2BC8H14)})Cl2] (2) (Scheme 1). Complex 2 was isolated as a
deep red crystalline solid. Completion of the hydroboration reac-
tion was demonstrated by 1H NMR spectroscopy. The recorded
spectra showed the absence of the olefinic proton signals of the
alkenyl moiety and the appearance of four multiplets correspond-
ing to the –CH2CH2CH2CH2B– fragment in the region between 0.7
and 1.6 ppm. The 1H NMR spectrum of 2 showed, for the boryl
moiety, four multiplets, between ca. 1.2 and 1.9 ppm, correspond-
ing to the four different proton environments. For the protons of
the cyclopentadienyl rings, signals with similar patterns than those
described for 1 were observed. 1 and 2 were also characterized by
mass spectrometry and elemental analysis (see Sections 2.2 and
2.3). In addition, deuterated DMSO solutions of complexes 1 and
2 were prepared under an air atmosphere, in order to observe
the stability in solution of these complexes. NMR spectrum of
complex 2 showed signals of decomposition after several hours,
while spectrum of complex 1 presented total stability in these
conditions.

3.2. Structural studies

It is well known that the knowledge of the geometry and struc-
tural parameters determined by single crystal X-ray diffraction



Fig. 2. DFT-calculated structure of 1 (hydrogen atoms are omitted for clarity).
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studies of the complexes, is a tool that may help in the interpreta-
tion of the structure–cytotoxicity relationship. However, our ef-
forts to crystallize the titanocene complexes were unsuccessful.
In order to circumvent this problem, density functional theory
(DFT) calculations were carried out for 1 and 2 at the B3LYP level
[80–83] using the 6-31G** basis set [84–87]. Selected bond lengths
and angles of the optimized structure of the titanocene compounds
are listed in Table 1. The calculated structures of 1 and 2 are pre-
sented in Figs. 2 and 3, respectively, and show the distorted tetra-
hedral geometry of titanium, with the coordination of the
cyclopentadienyl rings in an g5-manner.

The bond lengths between titanium and the cyclopentadienyl
carbons of the titanocene complexes 1 and 2 vary from 233.6 to
258.2 pm, observing the longest Ti–C lengths for the substituted
carbon atom of the cyclopentadienyl ring (C(1)). The calculated
distances Ti–Cent in 1 and 2 are between 210 and 214 pm. The
Cent–Ti–Cent angles of about 130� and the Cl(1)–Ti(1)–Cl(2) angles
of ca. 97� are similar, and comparable with those recorded for the
X-ray crystal structures of related titanocene complexes [91–98].

The C(17)–C(18) distance for the double bonds of the alkenyl
chain of 1 shows a similar value (133.4 pm) and is in very good
agreement with others reported in X-ray crystal structures of
metallocene complexes with alkenyl groups [77,98] and with those
of other calculated structures of titanocene derivatives with alke-
nyl substituents [67]. The bond length C(17)–C(18) is, however,
about 22 pm longer in 2 than in 1, as it corresponds to a C–C single
bond (155.4 pm). In addition, the bond length B(1)–C(17) in 2 is
close to 158 pm.

Both molecules present similar structural parameters, however,
complex 2 is bulkier than 1. The distance between the titanium
centre and the most remote carbon atom in the molecule in 1 is
Table 1
Selected bond lengths (pm) and angles (�) for 1 and 2.

1 2

Ti(1)–Cent(1) 212.7 212.7
Ti(1)–Cent(2) 210.0 210.0
av Ti(1)–C(C(1)–C(5))a 244.4 244.4
av Ti(1)–C(C(6)–C(10)))a 242.1 242.1
Ti(1)–C(1) 258.2 258.2
Ti(1)–C(2) 247.2 247.3
Ti(1)–C(3) 235.8 235.9
Ti(1)–C(4) 233.7 233.6
Ti(1)–C(5) 247.2 247.0
Ti(1)–C(6) 243.2 243.3
Ti(1)–C(7) 241.7 241.6
Ti(1)–C(8) 241.0 241.0
Ti(1)–C(9) 239.8 239.7
Ti(1)–C(10) 244.9 244.8
Ti(1)–Cl(1) 234.9 234.8
Ti(1)–Cl(2) 235.0 235.2
C(11)–C(14) 156.4 156.5
C(14)–C(15) 153.2 153.4
C(15)–C(16) 150.9 154.1
C(16)–C(17) 133.4 155.4
C(17)–B(1) 157.7

Cent(1)–Ti–Cent(2) 129.8 132.0
Cl(1)–Ti(1)–Cent(1) 105.3 105.4
Cl(1)–Ti(1)–Cent(2) 106.0 106.1
Cl(2)–Ti(1)–Cent(1) 106.2 106.1
Cl(2)–Ti(1)–Cent(2) 105.0 104.9
Cl(1)–Ti(1)–Cl(2) 97.2 97.2
C(1)–C(11)–C(14) 107.7 107.7
C(11)–C(14)–C(15) 116.6 117.0
C(14)–C(15)–C(16) 115.4 114.0
C(15)–C(16)–C(17) 127.8 114.7
C(16)–C(17)–B(1) 109.7

Cent(1) and Cent(2) are the centroids of C(1)–C(5) and C(6)–C(10), respectively.
a Refers to the average bond distance between Ti(1) and the carbon atoms of the

C5 ring of the corresponding cyclopentadienyl moiety. Fig. 3. DFT-calculated structure of 2 (hydrogen atoms are omitted for clarity).



Table 2
IC50 (lM) for the 72 h of action of the studied compounds and cisplatin [71] on HeLa, K562, Fem-x, MDA-MB-361, PBMC and PBMC stimulated with PHA determined by MTT test.

Compound IC50 ± SD (lM)

HeLa K562 Fem-x MDA-MB-361 PBMC�PHA PBMC+PHA

1 149.2 ± 2.9 96.6 ± 3.4 133.6 ± 9.4 >200 149.8 ± 3.1 142.5 ± 0.9
2 166.3 ± 7.4 155.6 ± 5.5 167.9 ± 4.2 161.1 ± 0.1 >200 >200
R1 >200 >200 177.7 ± 4.9 >200 >200 199.8 ± 9.9
R2 >200 173.3 ± 6.0 198.6 ± 4.3 >200 >200 180.9 ± 4.3
R3 >200 >200 >200 >200 >200 >200
Cisplatin 4.4 ± 0.3 5.7 ± 0.3 4.7 ± 0.3 13.0 ± 1.7 33.6 26 ± 6
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ca. 763 pm, while in 2 this distance is much longer, about 1159 pm.
It has been previously observed that titanocene complexes that
cross the cellular membrane may remain with the cyclopentadi-
enyl ligands intact [35,36]. Therefore, the size and bulkiness of
the boryl group may affect the permeation process and the
cytotoxicity of the substituted complexes.

3.3. Cytotoxic studies

Titanocene complexes from this study [Ti(g5-C5H5)(g5-
C5H4{CMe2(CH2CH2CH@CH2)})Cl2] (1) and [Ti(g5-C5H5)(g5-C5H4

{CMe2(CH2CH2CH2CH2BC8H14)})Cl2] (2) and the reference com-
plexes [Ti(g5-C5H5)2Cl2] (R1), [Ti(g5-C5H4Me)2Cl2] (R2) and
[Ti(g5-C5H5)(g5-C5H4SiMe3)Cl2] (R3) have been used in order to
understand the possible relationship between the different substit-
uents on the cyclopentadienyl ring and the cytotoxic activity. In
particular, this study was designed to observe the possible influ-
ence of a boryl group on the final antiproliferative activity of the
synthesized compounds, due to the lack of anticancer studies of
metal complexes containing boryl groups. In previous studies, we
have observed that the inclusion of an alkenyl group resulted in
an increase of the cytotoxic activity of the titanocene complex
[66,67]. However, boryl groups, as Lewis acids, should interact
with greater ease than titanium(IV) units with the Lewis base-sites
of DNA, and this may increase the cytotoxicity of the complexes
due to the cooperative effect of titanium and boron. Nevertheless,
Fig. 4. Representative graphs showing survival of HeLa, K562, Fem-x, MDA-MB-361, PBM
of increasing concentrations of the studied titanium complexes 1, 2, R1, R2 and R3.
according to the results, the effect of the alkenyl group in the anti-
proliferative activity is higher. This can probably be attributed to
the facility of the alkenyl-substituted complexes to cross the mem-
brane and reach the cell nucleus. The alkenyl-substituted complex
1, presents good activity against K562 (IC50 96.6 ± 3.4 lM) and
moderate activity on HeLa (IC50 149.2 ± 2.9 lM) and Fem-x (IC50

133.6 ± 9.4 lM), while complex 2 presents only moderate activity
on K562, HeLa and Fem-x (Table 2). On the other hand, 2 is the only
titanocene complex active against MDA-MB-361 (IC50

161.1 ± 0.1 lM) and this may be due to the possible formation of
a B. . .N adduct of the complex with the DNA base-sites, favouring
the further interaction of the titanium unit with the double-helix.
Interestingly, 2 is not active against normal inmunocompetent
cells, showing an unexpected selectivity on cancer cells (Table 2).

Titanocene complexes 1 and 2 are in all cases more active than
the reference complexes R1, R2 and R3 (Fig. 4). The presence of al-
kyl groups on the cyclopentadienyl rings (R2) leads to a slight in-
crease in the cytotoxicity in some studied cells compared to R1,
however, the SiMe3 group decreases the cytotoxicity (Table 2). This
detriment of the cytotoxicity of the complex with the SiMe3 group
(R3), contrasts with the enhancement of the antiproliferative activ-
ity reported by McGowan and coworkers using trimethylsilyl
substituted titanocene complexes [58].

As in anticancer chemotherapy based on titanocene complexes,
the search of the increase of the antiproliferative activity compared
with [Ti(g5-C5H5)2Cl2] (R1) is very important, titanocene
C and PBMC + PHA (PBMC stimulated with PHA) cells grown for 72 h in the presence
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complexes bearing boryl and alkenyl groups are good candidates
for further investigations.

4. Conclusions

We have synthesized a new titanocene complex, [Ti(g5-
C5H5)(g5-C5H4{CMe2(CH2CH2CH@CH2)})Cl2] (1), bearing a long
chain alkenyl group, which on reaction with 9-BBN gives the boryl
substituted complex [Ti(g5-C5H5)(g5-C5H4(CMe2{CH2CH2CH2-
CH2BC8H14)})Cl2] (2). 1 and 2, as well as the reference complexes
[Ti(g5-C5H5)2Cl2] (R1), [Ti(g5-C5H4Me)2Cl2] (R2) and [Ti(g5-
C5H5)(g5-C5H4SiMe3)Cl2] (R3), were tested as antitumoral agents
in different tumour cell lines, in order to understand the possible
relationship between the different groups attached to the cyclo-
pentadienyl ring and the cytotoxic activity. The studied titanocene
anti-tumour agents showed a dose-dependent antiproliferative ef-
fect towards all cell lines and on human PBMC and stimulated
PBMC. The presence of alkyl groups on the cyclopentadienyl rings
slightly increases the cytotoxicity of the complexes in some stud-
ied cells with respect to R1, while the SiMe3 group decreases the
cytotoxicity. A more pronounced increase is observed when an
alkenyl fragment is included as a substituent of the cyclopentadi-
enyl moiety. The boryl group on the cyclopentadienyl ring exam-
ined in this study had a negative influence on the activity on
HeLa, Fem-x and K562 and a positive effect on MDA-MB-361. 1
and 2 present comparable if not somewhat lower activities than
those described for some previously analyzed titanocene com-
plexes which have polar substituents such as alkoxo-, or amino-
groups on the cyclopentadienyl ring and higher activities than all
the reference complexes (R1, R2 and R3).

Future work, already in progress, will now focus on the
improvement of the cytotoxic nature of 1 by the manipulation of
the alkenyl groups and introduction of other different functional
groups to improve the water solubility and cytotoxic activity of
the complexes. In addition, further studies on hydroboration reac-
tions starting from similar alkenyl-substituted complexes and dif-
ferent boryl groups will be carried out, in order to observe the
influence of the different groups on the cytotoxicity of the final
complex.
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