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ABSTRACT 

6-Substituted fulvenes are interesting and easily accessible starting materials for the synthesis 

of novel substituted titanocenes via reductive dimerisation, carbolithiation or hydridolithiation reactions, 

which are followed by a transmetallation reaction with titanium tetrachloride in the latter two cases. 

Depending on the substitution pattern, these titanocenes prove to be bioorganometallic anticancer 

drugs, which have significant potential against advanced or metastatic renal-cell cancer.  

Patients bearing these stages of kidney cancer have a poor prognosis so far and therefore real 

progress in the area of metal-based anticancer drugs may come from this simple and effective 

synthetic approach.   

 

INTRODUCTION 

Beyond the field of platinum anticancer drugs there is significant unexplored space for 

further metal-based drugs targeting cancer. Titanium-based reagents have significant 

potential against solid tumors. Budotitane ([cis-diethoxybis(1-phenylbutane- 

1,3-dionato)titanium (IV)]) looked very promising during its preclinical evaluation, but did not 

go beyond Phase I clinical trials, although a Cremophor EL® based formulation was found for 

this rapidly hydrolysing molecule [1]. Much more robust in this aspect of hydrolysis is 

titanocene dichloride (Cp2TiCl2), which shows medium anti-proliferative activity in vitro but 

promising results in vivo [2]. Titanocene dichloride reached clinical trials, but the efficacy of 

Cp2TiCl2 in Phase II clinical trials in patients with metastatic renal-cell carcinoma [3] or 

metastatic breast cancer [4] was too low to be pursued. The structures of Budotitane and 

titanocene dichloride are shown in figure 1. 
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Figure 1: Structures of the two titanium-containing anticancer drug candidates Budotitane 

and titanocene dichloride. 

 

The field got renewed interest with P. McGowan’s elegant synthesis of ring-

substituted cationic titanocene dichloride derivatives, which are water-soluble and show 

significant activity against ovarian cancer [5]. This triggered the search for methods to 

synthesise substituted titanocenes, which were found in the organometallic transformation of 

fulvenes [6]. 

 

RESULTS AND DISCUSSION 

Fulvenes are easily accessible through the Knoevenagel condensation reaction of the 

accordingly substituted benzaldehyde and freshly cracked cyclopentadiene in methanol in 

the presence of catalytic amounts of pyrrolidine as seen in scheme 1. 6-Arylfulvenes can be 

obtained as orange solids, in rare cases as oils in yields up to 95% and their use is an 

elegant approach to introduce biologically active groups to the titanocene dichloride moiety. 
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Scheme 1: Synthesis of 6-aryl fulvenes. 

 

Fulvenes allow direct access to substituted titanocenes via reductive dimerisation with 

titanium dichloride, carbolithiation or hydridolithiation of the fulvene followed by 

transmetallation with titanium tetrachloride in the last two cases as shown in scheme 2.  
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This leads to four classes of substituted titanocenes, which can be synthesised using the 

above mentioned novel methods: Ansa-titanocenes, benzyl-substituted titanocenes, chiral  

6-N,N-dimethylamino-functionalised titanocenes and achiral 6-bis-N,N-dimethylamino-

functionalised titanocenes as seen in scheme 2. 
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Scheme 1: Synthesis of substituted titanocene dichloride derivatives from 6-aryl fulvenes. 

  

The cytotoxicity of substituted titanocene dichlorides is highly dependent on the 

substitution pattern and the structural elements. By synthesising bis (p-methoxybenzyl 

cyclopentadienyl) titanocene dichloride (1), which was named Titanocene Y, a reasonably 

cytotoxic derivative with an IC50 value of 21 μM against the renal cancer cell line LLC-PK 

became available [7]. Even more cytotoxic were two fluorinated Titanocene Y derivatives 

exhibiting IC50 values of 7.3 (2) and 6.0 μM (3) [8], while Oxali-Titanocene Y (4) was the 

overall most cytotoxic derivative with an IC50 value of 1.4 μM [9], but does not contain 

chloride anymore. Two of the most cytotoxic titanocene dichloride derivatives synthesised 

using the fulvene methodology, with IC50 values of 5.5 (5) [10] and 5.4 μM (6) [11], included 

a dimethylamino-functionality. The structures and IC50 values are presented in figure 2. 
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Figure 2: Highly cytotoxic titanocene derivatives synthesised from fulvenes; IC50 values 

against LLC-PK are given in μM. 

 

Titanocene Y was tested in vitro in a cellular proliferation assay on a panel of 36 

human tumor cell lines containing 14 different tumor types [12]. It showed significant 

cytotoxic activity against pleura mesothelioma, uterine, ovary and renal-cell cancer. In 

addition, it was shown that Titanocene Y induces apoptosis (programmed cell death, in 

contrast to necrosis) in a dose-dependent manner on prostate cancer cells [13].  

When tested ex vivo against a range of freshly explanted human tumors, using an  

in vitro soft agar cloning system [14], Titanocene Y showed a remarkable high sensitivity 

against renal-cell cancer, ovarian, non-small cell lung and colon cancer.  

Encouraged by these results Titanocene Y was tested in two in vivo and additional  

ex vivo and in vitro experiments. The first mouse model used was xenografted Caki-1 tumors 

in mice [15]. The Caki-1 mouse model represents human renal clear cell cancer, one of the 

prime targets identified for Titanocene Y, which was given in vivo in doses of 10, 20, 30, 40, 

50 mg/kg on 5 consecutive days to Caki-1-bearing mice. The results showed a significant 

dose-dependent tumor growth reduction leading to a T/C value of 0.41 on day 38 of the 

experiment. The maximum tolerable dose (MTD) was determined to be 40 mg/kg per day 

and at this concentration it showed a superior activity compared to cisplatin, given at 2 mg/kg 

per day. Additionally, the in vitro test showed an IC50 value of 36 μM for Titanocene Y, when 

tested against Caki-1 [15].  
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Recently, the caspase-dependent apoptosis triggered by Titanocene Y in epidermoid 

carcinoma cells A431 were shown in vitro. An in vivo study using the same cell line 

xenografted to mice revealed a tumor volume reduction by Titanocene Y identical to cisplatin 

leading to a T/C value of 0.40 on day 21 of the experiment [16]. This was followed by a 

xenograft experiment using the hormone-independent prostate cancer cell line PC3; this 

difficult to treat cancer showed a significant tumor volume reduction upon a five day 

treatment with 3 leading to an acceptable T/C value of 0.52 on day 21 of the experiment [17].  

Important progress was made with respect to understanding the selective uptake of 

Titanocene Y into cancer cells. In MCF-7 cell viability tests Titanocene Y was found to be 

estrogenic in the absence and cytotoxic in the presence of serum albumin. In addition it was 

shown that the cytotoxic effect was concentration dependent with respect to serum albumin 

[18]. Further evidence for the binding mode came from molecular docking experiments based 

on a crystal structure of an albumin-fatty acid complex; removal of an appropriately sized 

fatty acid molecule of palmitate allowed for the creation of a perfectly shaped binding site for 

Titanocene Y, which received additional stabilisation through a hydrogen bound involving the 

p-methoxy group of the anticancer drug molecule and a CH2OH residue of a serin group from 

the protein.  

Albumin binding is a particular advantage for an anticancer drug, because it is 

believed to exploit an inherent pathway for albumin receptor-mediated transport of drugs 

across the endothelial cell walls of blood vessels in tumors. This pathway is thought to be a 

means by which the malignant cell inherently supplies itself with nutrients and energy for 

rapid growth. And by doing so, the concentration of the transported anticancer drug is higher 

in cancer cells than in cells making up “normal” tissue, which finally can lead to the wanted 

selective apoptosis of cancer cells.   

DNA is believed to be the most important cellular target of titanocene dichloride 

anticancer drugs; recently, a molecular modeling study [19] was able to show, how 

Titanocene Y possibly interacts with its DNA target finally inducing apoptotic cell death. In a 

computational study using the force field method MM+ Titanocene Y is reacted with its 

biological target, which is believed to be double-stranded DNA. It was found that after loss of 

two chloride ligands the substituted titanocene dication is able to coordinate strongly to a 

phosphate group by replacing a counter ion. In addition, the two p-methoxybenzyl groups 

have exactly the right length and flexibility to coordinate to two sodium counter ions bonded 

to two neighbouring phosphate groups, which allows Titanocene Y to become a chelating 

ligand strongly bonded to the surface of double-stranded DNA as seen in scheme 3. 
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Scheme 3: The principal coordination mode of the dication of Titanocene Y towards three 

neighbouring phosphate groups in DNA. 

 

By doing so, the diameter and hydrophilicity of the coordinated DNA has changed 

significantly, which is believed to induce apoptosis of the treated cancer cell. And the mode 

of coordination is very different to platinum-based drugs, which are targeting the nitrogen 

bases adenine and preferably guanine in DNA. Therefore, it is hoped for that no cross-

resistance is found for platinum- and titanocene-based drugs.  

Furthermore, Titanocene Y has been studied in a very promising mouse model, using 

xenografted MCF-7 tumors in mice. In prior experiments Titanocene Y had been successfully 

tested ex vivo against freshly explanted human breast tumor cells [20]. The sensitivity of 

these breast tumor cells against this titanocene was highly remarkable over the full 

concentration range. Titanocene Y showed cell death induction at the lowest concentration of 

2.1 μM, well comparable to cisplatin. Therefore, for this in vivo experiment the human breast 

cancer MCF-7 cell line was xenografted into non-obese diabetic and severe combined 

immune-deficient (NOD/SCID) mice. Titanocene Y was given for 21 days at 30 mg/kg/d, 

which represents 75% of the MTD and therefore for a longer period, which resulted in the 

reduction of the tumor volume to around 1/3 and not only the reduction of the tumor growth. 

At the end of the experiment a very promising T/C value of 0.32 was reached and this was 

the first time that using a substituted titanocene dichloride a shrinking of a tumor was 

observed.  

Very recently, significant progress with respect to the mechanism of titanocene-based 

anticancer drugs was made. By employing human umbilical vein endothelial (HUVE) cells it 

was possible measure the anti-angiogenic activity of several titanocene dichloride derivatives 

in vitro. These HUVE cells are grown to form spheroids, which after matrix embedding and 

polymerisation are stimulated to develop into vascular sprouts through addition of the 

vascular endothelial growth factor (VEGF). By inhibiting this sprouting through incubation 
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with titanocene dichloride derivatives, it was possible to show, that titanocene dichloride itself 

is a medium and Titanocene Y is a strongly anti-angiogenic compound associated with IC50 

values of 19 and 4.9 μM, respectively [21], while another titanocene (5) was completely 

inactive. This experiment explains for the first time, why titanocene dichloride, which exhibits 

only medium to low cytotoxicity in vitro, is relatively efficient in xenograft mouse models in 

vivo; it is not the cytotoxicity of titanocene dichloride, but its effect on neo-vascularisation, 

which finally leads to reduced tumor volumes when compared to untreated controls. In 

addition, the success of Titanocene Y in the MCF-7 mouse model [20] is partly originating 

from the cytotoxic and partly from the anti-angiogenic effect; particularly, at long treatment 

times of 21 days the neo-vascularisation is expected to suffer, which leads to reduced tumor 

volumes. 

The evaluation of our most cytotoxic derivative Oxali-Titanocene Y (IC50 value of  

1.6 μM against LLC-PK) led to an unexpected outcome in vivo. Before the xenograft 

experiment was performed, the derivative was also tested against the proposed cell line 

CAKI-1 in an MTT-based cell test, which delivered an IC50 value greater than 100 μM, which 

means that the derivative had lost its anti-proliferative effect against these specific cells. On 

the other hand, titanocene 4 still showed a significant anti-angiogenic activity in the HUVEC 

test, where an IC50 value of 14 μM was measured. Therefore, Oxali-Titanocene Y was 

tested in the CAKI-1 xenograft mouse experiment [22] by giving it at 30 mg/kg/d on five 

consecutive days per week for three weeks and it induced a significant tumor volume growth 

reduction leading to a very good T/C value of 0.38 at the end of the experiment on day 40; 

this and all the other T/C values of the xenograft mouse experiments are shown in figure 3.  
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Figure 3: T/C (treated/control) values for in vivo xenograft mouse models using the human 

cell lines PC3, CAKI-1, A431 and MCF-7 in connection with titanocenes 1 and 4. 
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This is an experimental proof in vivo, that certain titanocene dichloride derivatives are 

cytotoxic, anti-angiogenic or both, which makes them Janus-headed bioorganometallic 

anticancer drug candidates for up-coming clinical testing most possibly against advanced 

renal-cell cancer for which no chemotherapy is available up to now. 

 

CONCLUSIONS AND OUTLOOK 

Reductive dimerisation of aryl fulvenes with titanium dichloride offers a general 

approach for the synthesis of ansa-titanocene dichloride derivatives, which unfortunately 

show just a limited cytotoxicity. Carbolithiation of aryl or dimethylamino fulvenes followed by 

transmetallation delivered very cytotoxic titanocenes by reaching IC50 values of around  

5 μM. Hydridolithiation of aryl fulvenes followed by transmetallation delivered titanocenes 

with IC50 values as low as 6 μM, but they do not contain stereo centres and are therefore 

appear to be the better candidates for further evaluation. Moreover, anion-exchange 

derivatives of the titanocenes provide access to the most cytotoxic titanocene so far, with an 

IC50 value of less than 2 μM. As expected, the water solubility and cytotoxicity of titanocenes 

highly depends on the substitution pattern introduced by the fulvene. The mechanism of DNA 

coordination seems different with respect to cisplatin and encourages treatment of cisplatin 

resistant cancer types. No myelosuppression, the activation of the immune system and anti-

angiogenesis are strongly encouraging factors for the further development of fulvene-derived 

titanocenes. The substituted titanocenes show medium-high to high cytotoxicities in cell tests 

and are very promising in ex vivo renal-cell and cervix cancer experiments. In vivo data from 

EAT-bearing mice look promising and there are convincing results from A431, CAKI 1 and 

MCF 7 xenografts. Experiments in the nearby future will take the most promising candidates 

from the carbolithiation and hydridolithiation groups and derivatise them through anion-

exchange in order to optimise their biological potential. It is believed, that the chloride 

derivatives hydrolyses too quickly and are therefore not the optimal candidates for more 

advanced biological studies. Then this new class of titanocenes is close to clinical studies 

aiming for advanced and metastatic renal-cell cancer. 
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