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Résumé

Puisque le cancer du sein reste 1’'une des premiéres causes de mortalité chez la femme, le
diagnostic et le traitement de cette maladie ont plus que jamais besoin d’étre améliorés. L’intérét
des composés organométalliques robustes, ciblant le récepteur des oestrogénes, est qu’on peut
moduler leurs applications en fonction du métal introduit.

Pour la premiére fois, une entité organométallique stable et lipophilique, le groupement
ferrocénique, a été substituée a la chaine-clé aminée du squelette triphényléthylénique de
Ianticestrogéne hydroxytamoxiféne, tenue pour étre responsable de 'activité du médicament.
La chaine amine des ferrocifénes a également été remplacée par une fonction acide carboxylique.
Différentes variations structurelles ont été explorées, afin d’optimiser les propriétés biologiques
de ces composés ferrocéniques, qui peuvent étre cytotoxiques.

Cependant certains de ces composés ont non seulement une activité antiproliférative, mais
peuvent aussi servir de précurseurs stables pour la synthése de radiopharmaceutiques. Il est
en effet possible de remplacer le Fer par le Rhénium ou le Technétium suivant une réaction
d’échange de ligands, qui est chimiosélective. Les composés organométalliques résultants peu-
vent étre de bons agents ciblés pour la radiothérapie (1%Re) ou pour l'imagerie médicale
(%9mTe).

Finalement, afin d’améliorer leur biodisponibilité, deux composés ferrocéniques ont été in-
corporés dans deux types de nanovecteurs: les nanosphéres et les nanocapsules. Leur petite
taille et la libération tardive des principes actifs, associés a une activité apoptotique exacer-
bée sont en accord avec une persistance accrue dans la circulation sanguine, et une activité

anticancéreuse prometteuse.

Mots-clés : ferrocéne, SERM, tamoxiféne, cancer du sein, chimie bioorganométallique,

radiopharmaceutiques, technétium, rhénium, nanoparticules, encapsulation
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Abstract

Since breast cancer is still a leading cause of cancer death among women, improvements
in diagnosis and therapy for this disease have to be explored more than ever. Using robust
organometallic compounds and targeting them to the estrogen receptor, enables us to broaden
their applications by choosing the appropriate metal.

For the first time were described compounds where the key amino side-chain of hydroxyta-
moxifen has been replaced by a lipophilic and stable organometallic entity, a ferrocenyl moiety.
This amino side-chain was deemed essential for the anti-estrogenic activity. Additionally, the
amino side-chain of the ferrocifens was also substituted by a carboxylate group. Various para-
meters were tested to optimise the biological activity of the ferrocenyl compounds.

The versatility of some of the ferrocenyl derivatives synthetized lies in their ability to be
both a potential drug and a stable precursor for the synthesis of radiopharmaceuticals. The
compounds were successfully labeled by a double ligand exchange reaction with Re and Tec,
which proved to be chemioselective. These high affinity organometallic compounds could be
potential site-specific radiotherapeutic (18Re derivatives) or radioimaging (*™Tc derivatives)
agents.

Finally, in order to improve their bioavailability, the two most interesting organometallic
tamoxifen-like compounds were incorporated in two types of stealth nanoparticles: nanospheres
and nanocapsules. An efficient anticancer organometallic triphenylethylene-loaded nanosystem
has been developed for the first time. Their small size and delayed drug release, combined with
their enhanced apoptotic potential, are compatible with an increased persistence in the blood

and a promising antitumour activity.

Keywords: ferrocene, SERM, tamoxifen, breast cancer, bioorganometallic chemistry, ra-

diopharmaceuticals, technetium, rhenium, nanoparticles, encapsulation
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Chapter 1

Overview of diagnosis techniques

and treatments of breast cancer

Breast cancer is a malignant growth that begins in the tissue of the breast, usually the ducts
and lobules. It occurs in both men and women although male breast cancer is rare (<1% all
breast cancer cases) [1]. Dated from the XVII* century BC, an Egyptian papyrus (the Edwin
Smith Papyrus) contains the first accounts of tumours in the breast [2]. Its dooming verdict
was: "There is no treatment". Later surgeons recommended excising the tumour, or even the
entire breast. The VI** century Byzantine empress Theodora chose to die in pain rather than
lose her breast.

Despite progress made in preventing, detecting, diagnosing and treating this disease beyond
surgical disfiguration, it still elicits many fears, including those relating to surgery, death, loss
of body image and loss of sexuality. This chapter provides some information about diagnosis
methods and available treatments for breast cancer, and on how they could be improved by the

use of organometallic compounds.



Chapter 1. Introduction to breast cancer

1.1 What is breast cancer?

1.1.1 Facts and figures

Breast cancer is the leading cause of cancer death among women in France (Fig. 1-1) [3], while
in the US it has been only surpassed by lung cancer since the 1980s (Fig. 1-2) [4]. Breast
cancer accounts for 23% of all female cancer cases worldwide [3]. Nearly one in three cancers
diagnosed in US women is for breast cancer, according to the American Cancer Society [1].
Each year, about 42 000 new cases are expected to occur in France, 270 000 cases in the US,
and more than 1 million in the world. Approximately 11 000 women are expected to die from
breast cancer in France annually, 40 000 in the US, and ten times more in the world. In terms

of incidence rate, breast cancer touches one woman in eight in the Western World.

deaths estimated for 2002, females (all ages), France

@ breast

@ colon and rectum
Olung

O pancreas

Wmovary

@ leukaemia

W stomac

O non-hodgkin lymphoma
m liver

@ other

Figure 1-1: Cancer death rates among females in France, estimated for 2002, from GLOBOCAN
2002

1.1.2 Diagnosis

If a physical examination by a medical doctor suggests the presence of a breast tumour, addi-

tional tests may be made to confirm and describe more accurately the diagnosis: [1,5, 6]
e X-ray mammography to identify the breast mass
e Sonogram (ultrasound) to determine whether the lump is solid or fluid-filled

Needle aspiration or needle biopsy of breast lumps for confirmation of malignancy and a

better analysis in case of a fluid-filled tumour

Surgical biopsy for laboratory study
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Chapter 1. Introduction to breast cancer

On the average, mammography helps to detect about 80-90% of breast cancers in women
without symptoms. This low dose X-ray procedure allows accurate visualization of the internal
structure of the breast. But it is neither sensitive nor specific enough to be free of false-positive
(suggests disease when there is none) and false-negative (fails to detect a malignant lesion)
results. According to a study led by Smith-Bindman et al., the mean sensitivity is 77% and the
mean false-positive rate is 10% [7]. In the best scenario, about 30% of cancers will be missed.
These limitations, mainly because of high breast density and fast tumour growth rate [8], have
led to a highly litigious climate of malpractice lawsuits [9, 10].

Since mammography relies on anatomical differences between normal and cancerous tissues,
it does not provide specific information about the molecular changes at the cellular level. De-
tection using probes that differentiate normal from cancerous cells at the molecular level could
provide more specific and accurate information. Methods such as PET (Positron Emission
Tomogaphy), SPECT (Single Photon Emission Computed Tomogaphy), and MRI (Magnetic
Resonance Imaging) offer functional imaging, and therefore have gained increased importance

in breast cancer detection [11-15].

1.1.3 Types of breast cancer

Although most breast abnormalities are benign, two main types of breast cancers are distin-

guished.

e In situ breast cancers are still confined within the ducts (ductal carcinoma) or lobules
(lobular carcinoma) of the breast, and have not yet spread beyond the area where they

originated. Nearly all cancers at this stage can be cured.

e Other breast tumours are called invasive or infiltrating. Starting in the ducts or the
lobules of the breast, they have invaded the surrounding fatty tissue of the breast. When

they have spread to other organs, they are called distant metastases.

In the late 1890s, evidence was found that the ovaries were involved in breast carcinoma and
that their removal was beneficial to the patient [16]. Oophorectomy caused tumour regression
in approximately one-third of premenopausal women with metastatic breast cancer. It was
only then that the role of hormones in stimulating the growth of certain malignancies in breast
cancer began to be recognized. However, their mechanism of action on the target cells was not

understood until Jensen et al. characterized the estrogen receptor in the early sixties [17,18].

4
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It has been found that the female hormone estradiol plays a critical role in controlling the
female reproductive system. One of its many functions is to regulate the proliferation and
differentiation of the healthy breast epithelium. Thus it is not surprising that this molecule
is involved in two-thirds of breast tumours. These hormone-dependent cancer cells exhibit
a higher accumulation of specific intracellular receptor proteins, the « isoform of the estrogen
receptor (ER) [19,20], and are traditionally classified as ER+. The hormone-independent breast
tumours, which lack ERa, are called ER negative (ER-).

ER can also be found in another isoform: ERS [21-23], discovered later. Both ER« and
ERp are transcription factors of the thyroid/steroid superfamily, which include receptors for
androgens, progestins, glucocorticoids, and Vitamin D. [24]. ER« is predominantly found in
breast, uterus and vagina, while ER/ is expressed in the central nervous system, cardiovascular
system, immune system, gastrointestinal system, kidneys, lungs, bones and in limited amount in
the breast. In addition to their expression pattern differences, they also differ slightly in their
amino acid sequence. ERa and ERfS are highly homologous in their DNA-binding sequence
(~97%), but they have only a moderate similarity in the ligand binding domain, or LBD,
(~56%) [25-27].

1.1.4 Treatments: surgery, radiotherapy and chemotherapy

As stated above, most women with breast cancer will undergo some type of surgical excision,
often combined with other treatments such as radiation therapy, chemotherapy, hormone ther-
apy, and very recently biology therapy [1]. Surgery is meant to remove the tumour from the
breast and lymph nodes. It is almost always followed by radiotherapy. In this procedure, high
powered X-rays or gamma-rays should destroy remaining breast cancer cells. Radiotherapy
helps to reduce the chance of cancer recurrence, but is less effective in prolonging patient sur-
vival. Since the radiation destroys normal cells as well as cancer cells within the treated area,
the patient may experience red and itchy skin and sore throat. However, the normal healthy
cells should be able to repair themselves afterwards, unlike the cancer cells and the side-effects

®

should be temporary. Biology therapy refers to the treatment with Herceptin ~, a monoclonal
antibody, for patients overexpressing a specific "protein" (HER2) [28,29].

In the case of ER- breast tumours, chemotherapy is then often prescribed to kill cancer
cells that could not be removed by other means, or that may have already invaded other parts

of the body. It has been established that a combination of drugs is more effective than just
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Figure 1-3: Molecules used in chemotherapy (ER~ breast cancer cases)

one drug alone for breast cancer treatment. The first-line therapies are usually a combina-
tion of 5-fluorouracil, doxorubicin (adriarnycin@), cyclophosphamide, methotrexate, paclitaxel
(taxol®), and epirubicin (Fig. 1-3) [30].

The molecules used in chemotherapy are highly cytotoxic, and can reduce mortality by up
to 20% [31]. They affect cell division, and hence are very effective on fast-dividing cells such as
tumour cells. But, this also means that fast-dividing cells such as those involved in hair growth,
in the replacement of the intestinal epithelium, or in the production of white blood cells are
also affected. The physical drawbacks include nausea, fatigue, nerve damage, anemia, hair loss,
and a weaker resistance to infections.

The finding of the hormone responsiveness of ER+ breast cancer cases triggered devel-
opment of antiestrogens, molecules which could compete with estradiol at its receptor and
counterbalance its proliferative action. Thus, for the patients with ER+ tumours, an adjuvant

treatment with antiestrogens [27,32-35], or more recently with aromatase inhibitors, are cur-

rently available for their treatment [36,37]. This hormone therapy appears as a simple and safer
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alternative to ablative surgery and to undiscriminating radio- and chemotherapy for patients

having hormone-dependent breast cancer [27,32,38,39].

1.2 Ligand-receptor relationship and hormone therapy

In the hormone induced pathway, when the natural ligand estradiol (Eg) binds to its intranu-
clear receptor, it induces a typical conformational change in the protein structure, involving
Helix 12 [27,40]. This enables the recruitment of co-activators and the dimerization of ER«
and/or ERS [24]. The homo/hetero-dimer can then bind to small palindromic ERE (Estradiol
Response Element) sequences of DNA. The interaction allows the recruitment of transcriptional
factors from the general transcription machinery around Polymerase 11, and thus initiates gene
transcription and specific protein synthesis leading finally to cell proliferation (Fig. 1-4) [41].
Therefore, in ER+ tumours, the increased concentration of estrogen receptors is associated with
cell multiplication.

Transcription can also be regulated by estrogens through another pathway, the indirect
AP-1 pathway. In this mechanism, the activated estrogen receptor associates with co-activator
proteins (in particular the dimer jun/fos), and not directly with DNA. These co-activators then

bind to another region of DNA (the AP-1 site), and enhance transcription activity [42,43].

Nuclear membrane

DNA

Hormonal
effect

— Cellular membrane

Figure 1-4: A proposed scheme for estradiol action on ER+ cells [41]

Since the binding of estradiol to its receptor promotes breast cancer cell proliferation (in
the ER+ tumours), many molecules targeting this protein have been synthesized to counteract
the estradiol action. Having no uterotrophic activity, the first non-steroidal antiestrogen was
etamoxytriphetol MER 25 (Fig. 1-5), discovered in 1958 by Lerner et al. [44]. Unfortunately,

its very low affinity for ER, low potency and severe central nervous system (CNS) side-effects
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hindered further development [27,32,39,45]. It was quickly discovered that to be able to compete
with the natural hormone, the key feature lies in the presence of a phenol group analogous to
phenol A of estradiol [46,47], which is lacking in MER 25. Consequently, the structures of
the synthetic anti-estrogens are mainly derived from known ligands, such as steroids or from

diphenyl ethylene estrogens (like diethylstilbestrol, in Fig. 1-5).

- ""H OOH
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O Q HO O

17b-estradiol

N(CH,CHa), (Eo) HO
diethylstilbestrol
(DES)

PO MER 25 O\

Figure 1-5: MER 25 and the natural (Eg) and synthetic (DES) ligands of the estrogen receptor

1.2.1 Pure antiestrogens

To be a pure antiestrogen, the molecule must have an unique mechanism of action, independent
of the cellular context. It should prevent the formation of a transcription complex at target
genes, and/or enhance the ability of the ER complex to be destroyed, once the ligand is bound
to the receptor. The steroidal pure antiestrogen ICI 182 780 (fulvestrant, Fig. 1-6) was one
of the most effective in this series [32]. Prepared in the 1990s, it was approved by the FDA
(Food and Drug Administration) in 2000 as a second-line drug (Faslodex®) for the treatment
of advanced breast cancer [48,49]. Its success stimulated the search for other potential agents,
such as RU 58 668 (Fig. 1-6) [50]. This pure antiestrogen blocks ER nuclear localization,
since it induces a protein synthesis-dependent clustering of ER in the cytoplasm. It has been
proposed that the long hydrophobic side-chain of these antiestrogens significantly disrupts the
ER protein structure. This results in cytoplasmic paralysis and rapid destruction of the ER.
Apart from the increased risks of osteoporosis and coronary heart disease, the other main
problem associated with the pure antiestrogens described so far is bioavailibility and the route
of administration. The steroidal molecules are highly hydrophobic, thus excluding oral admin-
istration. Patients have to pay monthly visits to the hospital, in order to receive a fulvestrant

slow-release depot injection. This mode of administration may be considered highly inconve-

nient and could be improved.
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Figure 1-6: Some pure antiestrogens

In order to ameliorate the bioavailibility of RU 58 668, Renoir et al. have proposed an
efficient drug delivery nanosystem for the antiestrogen. The long circulating, stealth drug
carriers are polymeric nanoparticules, which are loaded with the bioactive compound. The
ability of the molecule to arrest tumour growth has been strongly enhanced in vitro and in

vivo, thanks to this encapsulation [51,52].

1.2.2 SERMs

In the search for better estradiol antagonists, researchers noticed that some antiestrogens showed
partial estrogen agonist activity, depending on the target tissue. These selective estrogen recep-
tor modulators (SERMs) display an unusual tissue-selective pharmacology: agonists in some
tissues (bone, liver, cardiovascular system), antagonists in others (brain, breast), and mixed
agonists/antagonists in the uterus. The hope is that they would act as antiestrogens in the
breast and uterus where they could limit estrogenic proliferative effects, but that they would
retain estrogenic benefits for bones and the heart. The huge libraries of hormonal SERMs

include families of triphenylethylenes (TPE), benzothiophenes, and indenes [27,32,38,39].

Triphenylethylenes

Most SERMs share the stilbene-type common structural pattern of two aryl groups separated by
two atoms (Fig. 1-5). The most popular and widely prescribed SERM for hormone-dependent
breast cancer is tamoxifen (Novaldex®). The molecule possesses an additional phenyl group,
and thus belongs to the triphenylethylene family. Its active metabolite, hydroxytamoxifen
(OH-Tam), acts as an antagonist to estradiol in breast tumours (Fig. 1-7) [33].

The dimethylaminoethoxy side chain interaction with Asp351 of the binding site of the ER is
held responsible for the observed antiestrogenic effect of hydroxytamoxifen [45,53,54]. This side-

chain induces Helix 12 to undergo a conformational change different from that observed with
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Figure 1-7: Tamoxifen and its active metabolite

estradiol (Fig. 1-8). This prevents the recruitment of co-activators, and favours the binding
of co-repressors instead. However, depending on the nature of the gene promoter to which
hydroxytamoxifen binds and the cellular context (e.g. the major type of ER (« or ) present
in the tissue and the co-activator/co-repressor ratio in the cell) this SERM can also act as an
agonist. Thus, just like estradiol, OH-Tam can induce beneficial effects such as maintaining

bone density, but unfortunately it also slightly enhances endometrial tumour growth.

ERa liganded with 173-estradiol ERa liganded with OH-Tam

Figure 1-8: E5 and OH-Tam docked in dimerized ER«

External surface of the ER« ligand binding domain complex liganded with 173-estradiol (A)
and with 4-hydroxytamoxifen (B). Helix 12 (shown in yellow) seals the ligand into hydrophobic
binding pocket to activate the coactivator binding site. Aspartate 351 (Asp 351 or D351)
interacts with the underside of Helix 12. Its carbon and oxygen atoms are in green and red,

respectively; the remaining ER residues are in gray. OH-Tam side-chain atoms are shown in
blue. [55]

The tamoxifen analogue GW5638 (Fig. 1-9), discovered by Willson et al. at Glaxo Well-

come in 1994, presents the interesting feature of changing the usual tertiary amino antiestrogenic
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Figure 1-9: Chemical structures of some SERMs

side-chain of tamoxifen to an allylcarboxylic group [56,57]. Ligand-receptor structure studies
disclosed that the carboxylate side-chain has an unusual interaction with Asp351 of ER LBD,
and therefore produces a subtle, but significant change in protein folding [58,59]. The change
in coregulator binding classifies this molecule as a new SERM, which could even reduce ER

levels and has no uterotropic activity.

Other SERMs

Raloxifene is a benzothiophene SERM (Fig. 1-9). Like tamoxifen, it acts as an estrogen
antagonist in breast tissue through competitive binding to ER. Formally known as LY 156,758
or keoxifene, it was first developed in the early 1980s as a breast cancer drug [60], along with
tamoxifen. However, it performed poorly compared to tamoxifen in laboratory models and
in tamoxifen-resistant patients. No further development followed, until its ability to maintain
bone density in postmenopausal women was recognized, resulting in the approval of raloxifene
for the treatment and prevention of osteoporosis (drug Evista®) [45].

Early studies of 2-hydroxyphenylindoles by von Angerer [61,62] demonstrated their antitu-
mour activity. Although zindoxifene (Fig. 1-9) looked promising, it proved to be an inactive an-

titumour agent in phase II clinical trials. However, deacetylation and substitution of the indole

11
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nitrogen with long aminoalkyl side-chains gave birth to potent antiestrogens (e.g. ERA-923 in
Fig. 1-9), which are currently in phase II clinical trials for the treatment of hormone-dependent

breast cancer [63].

Problems of resistance

Unfortunately, the successful treatment of breast cancer by hydroxytamoxifen is also overshad-
owed by the fact that a third of hormone-dependent breast tumours do not respond to endocrine
therapy, and some of those that initially respond to antihormonal treatment acquire resistance
in the long term [35,64,65]. To those cases of intrinsic and acquired resistance, the class of
insensitive ER- tumour cells have to be added to point out the limitation of hydroxytamoxifen.

These cases highlight the dire need for new active molecules with broader therapeutic scope.

1.3 Development of metal-based bioactive molecules

Metals are often considered as toxic for living systems. However, any toxicity of metal ions
depends on their actual concentration present in the organism, because "allein die Dosis macht
das ein Ding kein Gift ist",* as already stated by Paracelsus in the Renaissance. In fact, many
metal-based proteins, such as nitrogenase and the class of cytochrome oxidase enzymes, are
required in important biological processes. Furthermore, some metal containing molecules are
necessary for life, such as cobalt-containing Vitamin Bis, where early signs of its deficiency
include anemia and macrocytosis. Vitamin Bjs, its coenzyme B2, and methylcobalamin were
the first natural compounds with a carbon-metal bond to be described. Thanks to their role in
biology, the use of metals in medicine could hold great promise [66].

The first successful bioactive organometallic compound was the famous anti-syphilis drug
Salvarsan, discovered by Paul Ehrlich, who introduced at the same time the notion of receptors
and chemotherapy ("magic bullets"). By the end of the twentieth century, another major
breakthrough renewed interest in biomedical metal-based chemistry. It was the discovery of
the coordination metal complex cis-platin by Rosenberg [67-69]. This inorganic complex (Pt-
1) showed highly toxic effects, especially on some cancer cells. This therapeutic advance came
together with a better theoretical understanding and control of new types of metal bonds, which

enabled the discovery of a broad range of new complexes [70]. This is particularly important as

*only the dose determines a thing not to be a poison, in “Sieben Defensiones, Verantwortung iiber etliche
Verunglimpfungen seiner Milgénner” or “Seven defenses, the reply to certain calumniations of his enemies”

12
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Figure 1-10: Platinum complexes used for cancer treatment

cis-platin possesses serious limitations such as a narrow therapeutic window and drug resistance
problems [71]. It is worthwhile to note that cis-platin is not used for treatment of breast cancer,
whereas it is widely prescribed for other types of cancer such as testes carcinoma.

Currently, two most widely used cis-platin analogues are carboplatin (Paraplatin®) and
oxaliplatin (Eloxatin®), Pt-2 and Pt-3 (Fig. 1-10) [72]. The first drug is similar to cis-platin,
in terms of activity, but has a lower systemic toxicity. The second one is a third generation drug.
When associated with 5-fluorouracil, it is effective against some cis-platin-resistant cancers, such
as metastatic colorectal cancer [73].

Many researchers consequently proposed a variety of complexes in which steroidal or non-
steroidal ligands were attached to platinum, in order to add selectivity to the transport of Pt,
to overcome the problem of resistance, and to smoothen undesirable side-effects observed in
cis-platin therapy. Moreover, if the bioligand is an antiestrogen, this single drug could combine

antiestrogenic and cytotoxic properties, and thus brings forth a new therapeutic spectrum.

1.3.1 Platinum complex SERMs

Due to their historical primacy, platinum complexes have been the first metal moieties to be
coupled to estradiol [74-80], or later, to hydroxytamoxifen (Fig. 1-11) [81,82]. Although Pt-4
showed antiproliferative effects on breast cancer cells at high concentrations (around 5 pM),
the effects are similar to those observed for the corresponding platinum complex alone, without
the bioligand vector [74]. On the other hand, Pt-5 did recognize the estrogen receptor (RBA
= 6.4%), but its antiproliferative effects on MCF-7 breast cancer cells seemed to be mostly
anti-hormonal, the Pt fragment showing only slight cytotoxicity on these cells [81]. Surprising
biological behaviour was observed for cationic platinum estradiol complexes Pt-6 and Pt-7.
Compound Pt-6 did show a cytostatic effect on MCF-7 breast cancer cell line at 5 uM, but
direct hormonal activity of this complex seems unlikely [78]. An unprecedented higher binding

affinity for the ER was noticed for the cationic complex Pt-7 than for its metal-free ligand [79].
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But more importantly, despite its cationic character, the compound was able to cross the cellular
membrane. It seems that the hydrophobicity and size of the complex is more important than

the charge.
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Figure 1-11: Platinum complexes for breast cancer

It should be mentioned that Pt-4 to Pt-7 are coordination compounds. The coordinating
character of the metal-ligand bonds make these compounds susceptible to solvolysis. While
the hydrolysis of the chloride ligands is necessary for the activity of cis-platin, in the case of
biovector-platinum combinations, loss of the biovector may explain their lower (or even lost)

biological potency in physiological media. Thus, other metal systems are sought.

1.3.2 Organometallic bioactive compounds

Organometallic chemistry refers to the chemistry of metal complexes bearing at least one metal-
carbon bond. Organometallic compounds, having metal-ligand bonds with a strong covalent
character, are often more stable than inorganic metal coordination complexes [83]. For in-
stance, ferrocene has been thoroughly studied thanks to its robustness [84]. More generally,
metallocenes are small, rigid, and lipophilic molecules which can easily cross cellular mem-
branes. Therefore, the idea to use targeted organometallic bioligands for medical purposes
naturally sprang to the mind of some researchers about 30 years ago. The sandwich structure

formed by two cyclopentadienyl ligands in metallocenes resembles that of an aromatic nucleus,
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Figure 1-12: Some ferrocenyl derivatives with therapeutic applications

both in terms of geometry and aromatic properties. The relative stability of metallocenes in
biological media is another argument to encourage their applications as tracers or vectorised
bioactive compounds.

This approach was used by Edwards et al. in the 1970s to produce ferrocenyl antibiotics
against penicillin resistant bacteria (Fe-1 and Fe-2 in Fig. 1-12) [85,86]. In vivo toxicology
studies on ferrocene derivatives disclosed low levels of toxicity, despite liver-related problems.
Developed in the former USSR for the treatment of iron-deficiency anemia, a sodium salt
of o-carboxybenzoyl ferrocene (Fe-3) is well tolerated for oral administration, and can also
be prescribed for gum diseases [87]. The idea to modify the structure of organic bioactive
compounds was taken up by Brocard et al. to produce ferroquine in 1997 (Fe-4) [88,89]. This
compound is a ferrocenyl analogue of chloroquine, a well-known antimalarial drug (Fig. 1-
12). Thanks to the additional ferrocenyl moiety (Fc or -C, HyFe), ferroquine is not only active
against chloroquine-sensitive bacteria, but also against chloroquine-resistant strains. The active

molecule is now in phase II clinical development by Sanofi-Aventis.
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1.3.3 Hydroxyferrocifens

In 1996, a little earlier than the advent of ferroquine, Jaouen et al. published a paper on the
coupling of the ferrocene functionality to an antiestrogenic vector [90,91]. The resulting “hy-
droxyferrocifens” (differentiated by the length of the dimethyl amino chain, n = 2-5, 8) were
designed to combine the antiestrogenic properties of tamoxifen with the potentially cytotoxic
effect of ferrocene to possibly reach new therapeutic advantages [92-94]. To create the hydrox-
yferrocifens, a phenyl group of 4-hydroxytamoxifen is replaced by ferrocene. Since ferrocene is
intrinsically aromatic, its presence in lieu of the phenyl group should not cause serious deterio-
ration of recognition by the estrogen receptor. The most efficient synthetic path to substituted
butenes relies on the key step of a McMurry cross-coupling reaction between a ferrocenyl ketone

and the 4,4’-dihydroxybenzophenone (Fig. 1-13).

OH
0 +0 TiCls/Zn
< THF reflux
e O
<
OH Fe-dioH O
1) NaOH, acetone
2) CI(CHj),NMe,, HCI
. OH
Hydroxyferrocifens

FC-TAM-2;n=2
Fc-TAM-3;n=3
FC-TAM-4;,n=4
Fc-TAM-5;n=5
Fc-TAM-8,n=8

Figure 1-13: Synthetic pathway to hydroxytamoxifens

Although displaying less affinity for the estrogen receptor than hydroxytamoxifen, the hy-
droxyferrocifens were nonetheless satisfactorily recognised by the ER (n = 2 - 5). The values
were lower probably because of the steric effect of the ferrocenyl group which is slightly bigger
than the phenyl moiety. Also, the longer the amino side-chain, the lower the receptor affinity,
because of steric reasons.

Antiproliferative activity of these ferrocenyl derivatives was evaluated on MCF-7 cells, which
are hormone-dependent breast cancer cells having an important concentration of ER«, and on

MDA-MB-231 cells, which are classified as hormone-independent breast cancer cells because
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Figure 1-14: Antiproliferative effects of ferrocifens on MCF-7 and MDA-MB231 cells

The effects on breast cancer cells of 1uM hydroxyferrocifens (Fc-TAM-2 for n=2, Fc-TAM-3
for n=3, Fc-TAM-5 for n=5, Fc-TAM-8 for n=8), were compared to OH-Tam and ferrocene,
after 6 days of culture.

devoid of ERa. It was found that on MCF-7 cells, the effects of hydroxyferrocifens are quite
similar to that of hydroxytamoxifen, slightly more potent at a concentration of 0.1 uM, and
definitely superior at 1 uM (Fig. 1-14).

Molecular modeling of Fc-TAM-3, the most potent compound of this series with an ICsg
value of 0.5 uM [95], has confirmed that the molecule can be accommodated by the binding
site of ER« in its antagonist configuration. The interaction between Asp 351 of ER« and the
nitrogen of the amino side-chain, important for the antiproliferative activity of hydroxytamox-
ifen, provided the correct positioning of the organometallic molecule. This interaction supports
the observation that the antiestrogenic effect is comparable to that of hydroxytamoxifen.

But the remarkable behavior of these compounds is with the MDA-MB-231 cells. While
hydroxytamoxifen was completely inactive on the hormone-independent cells, the hydroxyfer-
rocifens displayed a strong antiproliferative effect on the cells (Fig. 1-14). To understand this
antiproliferative activity, two kinds of behavior could be put forward: one which is similar to
the antiestrogenic role of hydroxytamoxifen on the estrogen receptor, and one which involves in
situ activation of the ferrocenyl function. It is interesting to note that the organic compound
hydroxytamoxifen is not effective on the hormone-independent MDA-MB-231 breast cancer

cells, and that ferrocene alone has no cytotoxic effect [93]. However, by combining these two
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entities, the hydroxytamoxifen and ferrocene, Jaouen et al. have created a new molecule which

is strongly cytotoxic.

1.3.4 Target-specific Re and Tc radiopharmaceuticals

As pointed out earlier in this chapter, diagnosis and radiotherapy of breast cancer still need
further improvements. The use of metallic radionuclides for medical imaging and radiotherapy
is of particular interest because of their wide range of nuclear properties: type of radiation, ~y
ray or o/ particle energy, and half-life. Diagnostic radiopharmaceuticals provide simultaneous
and non-invasive information on all tumour sites. They are molecules labeled with ~ emitting
isotopes such as " Tc for SPECT or PET. On the contrary, therapeutic radiopharmaceuticals
are molecules designed to deliver small doses of ionizing radiation (such as (§ particles with
186Re and '88Re) to specific diseased sites. Systemic administration of site-targeted therapeutic
radiopharmaceuticals provides the opportunity to treat widely disseminated diseases, even when
the location of the cancerous foci is unknown. This treatment comes as a complementary
procedure to conventional or external beam radiotherapy, which is not effective on secondary
or metastatic cancer sites outside of the treatment area [96].

Both metals (Tc and Re) are interesting because they are inexpensively and readily available
from Mo /%™ Tc and 188W /186Re generators. Ever since the milestone created by the invention
of the %Mo/ Tc generator by Brookhaven National Laboratory in 1959, potential ™ Tc
radiopharmaceuticals have been closely scrutinized [96-100]. One of the successful results is
the robust organometallic cation 9™Tc-Sestamibi [?9"Tc(MIBI)g]™ (Fig. 1-15), which has
been routinely used as a myocardial perfusion imaging agent (Cardiolite®, DuPont) since
1990 [101]. However, it has been recently discovered to also be a good imaging agent for breast
cancer, and thus has been (re-)branded as Miraluma [14,102,103]. 8F-FDG (2-['8F] fluoro-
2-deoxy glucose) with PET imaging for breast cancer is also available, and other *F PET
imaging agents still attract investigation [104,105]. However, in comparison to SPECT, the
PET method gives similar accuracy, but is expensive, and its usefulness is limited by the longer
operation time necessary to acquire images [106].

In search of radiopharmaceuticals with specific ER binding properties, Katzenellenbogen
and co-workers have proposed many rhenium and technetium derivatives. However, those com-
pounds failed to show a good enough affinity with the estrogen receptor and exhibited high

level of non-specific binding, and/or low stability [99,107,108]. In contrast, Jaouen et al. have
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9MTc_Sestamibi

Figure 1-15: 99" Tc-Sestamibi used as diagnostic radiopharmaceutical

found rhenium estradiol derivatives with high affinity with the receptor [109]. However, the
synthetic route is not appropriate for routine clinical use in nuclear medecine. Indeed, the
incorporation of the radionuclide must be introduced in the clinic, immediately prior to its
use. Moreover, since the radiopharmaceuticals should not be active for too long in the patient’s
body, the half-life of the chosen radionuclide must be short, hence reducing the timeframe avail-
able for its manipulation. Therefore, its synthesis, ideally from a stable highly pure precursor,
should be easy and rapid ("kit form"). Alberto et al. have proposed a water-stable and solu-
ble %" Tc reagent [*"Tc(H,0)5(CO)5]", which can be prepared quantitatively (yield >98%)
from a kit (Isolink®7 Mallinckrodt Med B.V.). Since all three water molecules are very labile
ligands, this technetium complex can be a convenient *™Tc source for the radiolabeling of

biomolecules [110,111].

1.4 Aim of the thesis

I have shown earlier that robust and lipophilic ferrocenyl moieties could bring forth inter-
esting therapeutic applications. The aim of this thesis work is to develop new non-steroidal
organometallic compounds for the diagnosis and treatment of breast cancer. With the same
scaffold, according to the metal introduced, the organometallic compound could be used as a
cytotoxic agent (Fe), a site-specific radiotherapeutic agent (*Re and ®¥Re), or an imaging
agent (P2 Tc).

Always in the search of broader therapeutic scope, Chapter 2 addresses the synthesis, char-

acterization and biological assessment of new ferrocenyl derivatives of hydroxytamoxifen [112].
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Figure 1-16: Ferrocenyl derivatives proposed for study

Since modification of substituents on the alkyl amine of the key side-chain -O(CH,),N(CH,),
has demonstrated the importance of the nitrogen atom for the antiestrogenic potency, only a
few researchers have attempted to replace this functional group. The substitution of the key
amino side-chain by a carboxylic acid moiety on the hydroxytamoxifen scaffold by both Will-
son’s and Ruenitz’s research groups has been the only important efficacious estrogen antagonist
examples found so far [56,113,114]. In addition to the chemical alteration from a basic amino
side-chain to a carboxylic acid side-chain, elongation of the chain length is also a crucial factor
to observe a potent antiproliferative effect on hormone-dependent MCF-7 breast cancer cells.
Bearing all these elements in mind, we have proposed to replace the amino side-chain of tamox-
ifen by a chain bearing the ferrocenyl group. Variations of the chemical structure such as the
length of the new ferrocenyl side-chain and chemical function modifications were explored in
order to test for their importance (DF and DFO in Fig. 1-16). Then, we extended the study
by combining both the characteristics of the hydroxyferrocifens with those of the carboxylic
acid antiestrogens. This resulted in a carboxylic ferrocenyl series, again, with a variable chain
length (AC in Fig. 1-16). Finally, we evaluated their binding affinity with ERa and ERS,
and their ability to inhibit the proliferation of hormone-dependent breast cancer cells (MCF-
7), hormone-independent breast cancer cells (MDA-MB-231), and prostate cancer cells (PC-3,
devoid of ERa but with ERS3). In order to gain better insights on their biological behaviour,
some electrochemical tests and molecular modelling studies were performed.

Chapter 3 tackles the issue of radiopharmaceuticals, for SPECT imaging (%*™Tc) or tar-
geted radiotherapy (1¥Re and '®8Re). Since the radioactive nuclide has to be incorporated
easily and rapidly, this should be done at the very last step of the synthesis to produce the final
radiopharmaceutical. Therefore, the appropriate ferrocenyl derivatives from those presented in

Chapter 2 could be used as stable precursors for rhenium and technetium analogues. The
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non-radioactive rhenium derivatives were directly synthesized first, to evaluate their biological
characteristics. Then the conversion of the ferrocenyl derivative into the non-radioactive rhe-
nium counter-part was attempted, to test the success of the "double ligand transfer" reaction.
Finally, since rhenium derivatives often serve as models for their technetium analogues, the
transmetallation reaction was performed with technetium.

For the most promising antiproliferative agents, the problem of their bioavailibily is inves-
tigated in Chapter 4. Bioactive compounds, once introduced in the body, are often degraded
and cleared from the bloodstream by macrophages of the reticulo-endothelial system. To pre-
vent that, organometallic triphenylethylene compounds, with strong antiproliferative activity
in breast cancer cells, but insoluble in biological fluids, were incorporated for the first time in
two types of stealth nanoparticles: PEG/PLA nanospheres (NS) and nanocapsules (NC) (Fig.
1-17). Their physico-chemical parameters were measured (size, zeta potential, encapsulation

and loading efficiency), and their biological activity assessed [115].

Polymer (PLA)
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Figure 1-17: Structures of nanoparticles

The final part of this thesis summarizes the research described in this work. A general
conclusion is given and future prospects of development in bioorganometallic chemistry applied

to breast cancer are discussed.
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Effect of the amino side-chain
replacement by a ferrocenyl unit in

hydroxytamoxifen

The sandwich structure of orange crystalline ferrocene, CpaFe, was uncovered simultaneously
by Wilkinson and Woodward et al. and by Fischer et al. in 1952. In a metallocene, all the
carbon atoms of the cyclopentadienyl ligands (Cp) are firmly bound to the metal, and the
Cp ring is described as n5—C5Hg. Since all its bonding and non-bonding orbitals are exactly
filled, ferrocene is the most stable compound in the metallocene series, particularly in various

non-oxidizing media.
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Figure 2-1: 3D representation of ferrocene, from the Crystallography Centre, NIU at Galway.
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2.1 Molecule design

2.1.1 Tamoxifen analogues with modified amino side-chains

Widely prescribed for ER+ breast cancer cases [33], the SERM tamoxifen can behave as an
estradiol antagonist or agonist depending on the cellular context. Thus, it appears that the
tamoxifen-ER complex is not recognised similarly in all cells, suggesting that tamoxifen re-
sistance and estrogen-like activity in some tissues are closely related to the ligand-ER struc-
ture [27, 32, 33,45,65]. The different conformational states of this complex are believed to
modulate the cellular response, by regulating the interaction of ER with co-activators and co-
repressors. Therefore, modifying the tamoxifen-ER structure may also lead to novel antiestro-
genic properties, especially on tamoxifen-resistant cancer cells. Manipulation of the tamoxifen
scaffold has been explored [27,32,38,39,116], but very few researchers have attempted to change
the key side-chain -O(CH,),N(CH;),. Modification of substituents on the alkyl amine has al-
ways led to a decrease of antiestrogenicity, hence demonstrating the importance of the nitrogen
atom [38,39,117-120]. Substitutions to diminish the basicity of the amine have been attempted,
by replacing the alkylamino side-chain with N-oxides, quaternary salts, or by adding fluorinated
tethers (Fig. 2-2) [118-120]. They always resulted in a weakened antiproliferative potency, be-
cause the ability of the nitrogen atom to form hydrogen bonds is reduced. In particular, when
the interaction of the alkylamino chain of tamoxifen with Asp 351 of the ER« is diminished,
the negative charge of the aspartate residue of the LBD is more exposed. Leclercq et al. pos-
tulated that the selective binding of co-activators may increase consequently, enhancing gene
transcription, and thereby cell proliferation [55,120].

The substitution of the amino side-chain by a carboxylic acid entity by Willson et al. and
Ruenitz et al. has been the only important functional modification on the side-chain yielding
strong antiestrogenic activity to date (Fig. 2-3) [56,57,59,121,122]. In particular, Ruenitz
et al. noted that the elongation of the chain (to n=3) in BA3 is crucial to observe a potent
antiproliferative effect on hormone-dependent MCF-7 breast cancer cells [121]. Indeed the
carboxylic acid may also interact with Asp 351 of ERa LBD as demonstrated with GW 7604,
and influence the antiproliferative activity of the carboxylic analogues of tamoxifen [58,59]. A
further reduced form, with an alcohol functionality, yielded molecule BOH1, which is in fact a

minor metabolite of tamoxifen. However, it has a poor affinity with ER and weak antiestrogenic
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Figure 2-2: Tamoxifen analogues with various substituents on the amine
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Figure 2-3: Carboxylic acid and alcohol analogues of tamoxifen
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properties [123]. Only BOH2, a toremifene derivative, has additional benefits for the bones,
and lowers cholesterol levels [124,125].

2.1.2 Cytotoxicity of ferrocenyl derivatives

Although the anticancer potential of ferrocene derivatives had first been detected in the late
1970s, this field of investigation truly started after 1984, when Kopf-Meyer and Neuse disclosed
the anti-tumour activity of ferrocenium salts (Fc™) [126]. It has been proposed that ferrocenyl
derivatives could be metabolically oxidized in the cell to ferrocenium salts, and that medicines
bearing either Fc or Fct could be responsible for anti-proliferative effects [127]. The Fenton
pathway and DNA involvement have been suggested for their mechanism of action [128-130].
After the facile oxidation of ferrocene by the metabolism or ROS to the ferrocenium radical
cation (Fenton reaction), the iron compound can catalyze the formation of HO® (Haber-Weiss
reaction). It has been shown that these radicals influence the apoptosis of cells and can damage
the DNA [131].

Fe?T + H,0, — Fe?* + HO" + HO™

Fe*t + 0, — Fe™ + 0,

Fenton reaction:

Haber-Weiss reaction: H,O, + O,~ — Oy + HO" + HO™

O OH
N Fc-diOH
N—
Ve

hydroxyferrocifens
withn=2-5,8

Figure 2-4: Series of hydroxyferrocifen

The series of hydroxyferrocifens (Fig. 2-4) have been designed to combine two properties:
antiestogenic properties of the tamoxifen scaffold, and cytotoxic properties from the addition
of the ferrocenyl group, thus resulting in compounds with a broad therapeutic spectra [93,132].
However, one of the most promising compounds is Fc-diOH, which lacks the alkylamino side-

chain (Fig. 2-4). It has a remarkable IC5g of 0.44 uM on MDA-MB-231 cells [133,134]. Its
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mechanism of action may involve the in situ generation of a quinone methide species, assisted
by the ferrocenyl group via the "ferrocene-conjugated spacer-(p-phenol)" motif [133,135].
Electrochemical experiments have suggested that the compounds possessing this structural
motif can undergo two one-electron oxidations to yield a quinone methide-type structure [135].
Although it is well known that a variety of phenolic compounds, including hydroxytamoxifen
[136], can be oxidized to the corresponding quinonoid, the presence of a ferrocene group seems
to act as an oxidation catalyst, as shown in Figure 2-5. Fe(Il) is oxidized, acidifying the
proton, which could be easily abstracted by a base (e.g. pyridine). The abstraction appears
to be coupled with electron transfer from the organic skeleton to the ferrocenium moiety. The
resulting phenoxy radical species is stabilized by electron delocalization. This species is oxidized
again, and after another proton abstraction from the ethyl group, a reactive quinone methide is
produced. The reactive, electrophilic quinone methide species can then form adducts with DNA,
GSH, or proteins [136-138]. The structure "ferrocene-conjugated spacer-phenol" is absolutely

required for this mechanism, the 7w-system being necessary for electron delocalisation.

Oo
Fe Fe Q
@ OH @ OH
Fc-diOH
O O
i -/
) < -e/-H <
Fe Q Fe Q
< oH N == OH

Figure 2-5: A proposed mechanism for the transformation of Fe-diOH into a quinone methide
species

2.1.3 Amino side-chain replacement by a ferrocenyl moiety

In order to elucidate the mechanism of activity of ferrocenyl derivatives and to find new

compounds with different activity, we have studied the DF series, which is characterized by
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Figure 2-6: Tamoxifen analogues with ferrocenyl side-chains

27




Chapter 2. Ferrocenyl derivatives

the replacement of the -O(CH,),N(CHj;), side-chain by a ferrocenyl group —O(CHz),-[(n°-
CsH4)FeCp] (Fig. 2-6). Its activity may be interesting because, in contrast to the hydroxyfer-
rocifens and tamoxifen, DFs do not have the antiestrogenic amino side-chain, and the ferrocenyl
group cannot assist in the production of the quinone methide. In addition, this ferrocenyl chain
is a "neutral" group, in contrast to the basic nature of the amino chain in tamoxifen and to
the acidic nature of carboxylate chain of BA3 or GW7604. We hoped that the replacement
of the antiestrogenic side-chain by a potentially cytotoxic moiety (which still fits in the LBD
pocket) may give rise to new therapeutic properties.

Additionally, a ketone group has been placed next to the ferrocenyl entity to produce the
FO series (Fig. 2-6), so that the influence of this electron-withdrawing moiety on the activity
of Fc is probed. Indeed, as it has been shown previously for GW5638 (Fig. 2-3), the presence
of the acyl group on the side-chain enables the interaction of the chain with ERa Asp351, and
thus probably is responsible for the antiproliferative activity of the compound. Therefore, by
adding the ketone functionality, we wanted to favor this interaction of our ferrocenyl derivatives
with ERa LBD, but it was also done with the perspective of exchanging the iron atom with
rhenium or technetium (cf. Chapter 3). Lastly, to evaluate the influence of hydroxyl groups

on the biological activity, mono and di-phenols of DF and DFO were synthesized (Fig. 2-6).

2.2 Synthesis

The synthesis of the DFs and FOs can be broken down into 4 main steps (Fig. 2-7):

Figure 2-7: Retro-synthesis outline

e Synthesis of the triphenylbut-1-ene moiety

e Coupling of the ferrocenyl side-chain to the triphenylbut-1-ene scaffold
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e Protection of the o and  phenol groups, because of the previous ferrocenyl chain

coupling step

e Deprotection of the phenol groups, as the last step

From previous work both in the literature and by experience in the research group, the
synthetic route based on McMurry coupling (Zn, TiCly) was deemed the most suitable to
obtain tetra-substituted butene molecules. This strategy has been adopted for the synthesis of
hydroxytamoxifen [139]. Starting from the appropriate ketones, it is short, easy to perform, and
gives good yields of mixtures of Z and F isomers. Particularly, the McMurry coupling reaction
has been found to be very effective for the synthesis of alkene organometallic derivatives [93].

Regarding the appropriate protecting group for the phenols, there are three main possibili-

ties:

1. formation of an ether-oxide function
2. formation of a silyl ether function

3. formation of an ester function

The first solution does not seem suitable, because our compounds already bear an ether-
oxide function, which is liable to be broken during the deprotection step. The advantage of
using the silyl groups is that the deprotection step is rather mild, simple and quick. Thus, we
first attempted to use the protecting group tert-butyldimethylsilane. The synthesis of the FO

series is described first, being more straightforward.

2.2.1 FO series

An outline of the synthetic pathway of DFO is shown in Figure 2-8. The reaction starts from the
McMurry cross-coupling between protected 4-hydroxypropiophenone 1 and 4,4’-dihydroxybenzo-
phenone 2, and is followed by a Williamson-type alkylation reaction. In this latter step, the
proton of the o/ phenol is abstracted by a base. The resulting phenolate then reacts with

a-chloroacetylferrocene. Different bases have been tried for this reaction.

e The reaction with potassium carbonate used in the classical synthesis of hydroxytamoxifen

[139] did not proceed at all, even after heating.
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Figure 2-8: Synthesis outline of DFO

e When cesium carbonate was used, only a poor yield (14%) was obtained.

Then stronger bases were tried:
e Sodium hydride was more successful, because the yield doubled (~30%).

e With potassium hydride, the yield of 41% was the best obtained. Adding KI, to exchange

the chloride with a better leaving group like iodide, did not increase the yield.

e Microwave techniques were attempted. However, the yield did not improve, although the

time of reaction shrinked from 12h to 20 min.

Therefore, we chose to use KH as the base for the Williamson-type reaction. Since this
strong base indiscriminately abstracts protons from all the three phenols, the o and 8 phenols,
not involved in the alkylation reaction, must be protected as mentioned above. However, we
found that the tert-butyldimethylsilane protecting group was not stable enough during the
alkylation reaction, and that the silyl group was displaced to random sites of the molecule.
Consequently, we used the pivaloate group instead (Fig. 2-9).

Gauthier et al. have shown that the protection of the phenol functionalities in the synthesis

of hydroxytamoxifen can be achieved by using a pivaloate group [139]. Thus, 4-hydroxypropiophenone
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Figure 2-9: Synthesis of DFO, MFOa, and MFOb
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and 4,4’-dihydroxybenzophenone were first transformed into their protected forms, 1 and 2 re-
spectively (Fig. 2-9). McMurry coupling of 1 with 2, using TiCly/Zn in dry THF, gave alkene
3 as a mixture of Z and F isomers in 67% yield. a-Chloroacetylferrocene 5 was prepared by the
alkylation of ferrocene with chloroacetyl chloride using a Friedel-Crafts reaction [140]. Addition
of 5 to the monopotassium salt of 3, obtained from the reaction with KH, produced 4 in 41%
yield. Finally, refluxing of 4 with NaOH in HoO/THF for 6h gave DFO as a mixture of Z and
E isomers in 72% yield [112].

The synthesis of MFQOa and MFOD followed the same procedure starting with propiophe-
none and 4,4’-dihydroxybenzophenone, or 4-hydroxypropiophenone and 4-hydroxybenzophenone,
respectively.

The separation of the Z isomer from the E isomer was achieved with preparative HPLC for
DFO and MFODb. However, it was not possible to separate the signals of the Z and E isomers
of MFOa by analytical HPLC.

Figure 2-10: ORTEP diagram of (E£)-DFO.
Thermal ellipsoids shown at 50% probability. Minor part of the disordered (unsubstituted) Cp ring, the
diethyl ether solvent molecule, and hydrogen atoms omitted for clarity.

Only the (F)-DFO isomer gave crystals of sufficient quality to perform an X-ray crystal
structure analysis. The crystals were grown from hexane/ether solution. Fig. 2-10 shows the
molecular structure of (E)-DFO, and the crystal data and structure refinement are summarized
in Table 2.1. The crystallographic characteristics found are similar to those of the classical
hydroxytamoxifen-like structures [141,142]. As in the case of the ferrocifens [93], the rate of
isomerization of DFO depends on the nature of solvent. The molecules isomerize quickly in

protic solvents, but neither isomer showed isomerization after a week in DMSO.
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Table 2.1: Crystal data and structure refinement for compound (E)-DFO-0.5(C4H;¢0).

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
space group

a [A]
b [A]
¢ [4]
a [°]
B[]
v [°]
Z
p [mg/m
Absorption coefficient [mm~!]
F(000)
Volume [A?]
Crystal size [mm)]

6 range for data collection [°]
Limiting indices
Reflections collected / unique
Completeness to 6§ = 22.50°
Absorption correction

’]

Max. and min. transmission
Refinement method
Data/restraints/parameters
Goodness-of-fit on F?
Final R indices [I >2 o(I)]
R indices (all data)

Largest diff. peak and hole

C36 H3s Fe Oy
595.49
206(2) K
0.71073 A
Triclinic
P-1
10.69110(10)
13.5700(3)
13.71290(10)
68.6640(10)
84.4400(10)
68.5200(10)
2
1.148
0.473
626
1722.87(4)
0.40 x 0.28 x 0.14
1.60 - 22.50
11<h<11,-13<k<14,-14<1< 14
57442 / 4482 [R(int) = 0.0279]
99.2 %
Semi-empirical from equivalents
0.9359 and 0.8276
Full-matrix least-squares on F2
4482/30/396
0.980
R1 = 0.0615, wR2 = 0.1614
R1 = 0.0800, wR2 = 0.1737
0.733 and -0.300 e-A~3
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2.2.2 DF series

The same strategy of synthesis as described above was adopted for the DF series. The ferrocenyl
alcohols were produced by reduction of the corresponding ferrocenyl carboxylic acids [143]. The

alkylation step was achieved via the Mitsunobu reaction (Fig. 2-11).

DEAD = diethyl-
azodicarboxylate

NaOH

H,O[FAF, r ux Q
HO

Figure 2-11: Synthesis of DF2-4

Similarly to DFO, the protected 4-hydroxypropiophenone and 4,4’-dihydroxybenzo-phenone
cross-coupled to give 3. This substituted butene 3 reacts with the ferrocenyl alcohols 6-9,

via the Mitsunobu reaction. The reactants were stirred with triphenylphosphine and DEAD
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Figure 2-12: Synthesis of MF2a and MF2b

(diethyl azodicarboxylate) in THF for 2 days. The yield for 10-13 ranged from 70 to 80%. De-
protection was then performed by saponification of the pivaloate groups with sodium hydroxide
in a THF /H50 solution. DF2-4 were obtained with 70-92% yield.

However, we failed to retrieve DF1 (n = 1) after saponification. The action of sodium
hydroxide on 10 immediately produced a deep purple color, and the work-up yielded a com-
plex mixture of compounds, among which 1,1,2-tris-(4-hydroxyphenyl)but-1-ene was identified.
This probably indicated a disruption of the ether function. Therefore we decided to use an-
other protecting group for the phenols that allows milder conditions for deprotection: the
tert-butyldimethylsilyl group.

Attempts to recrystallize the products at room temperature resulted in decomposition of
DF1, whereas for all the compounds DF2-4, attempts to recrystallize at low temperature only
gave oily mixtures. Compound DF1 seems to be quite unstable in both acidic and basic media.

The monophenol MF2b was prepared in the same way as DF2, but the synthesis started
with 1 and 4-hydroxybenzophenone to give 3b. After alkylation with 7, saponification of the
protected ferrocenyl intermediate 14 finally gave M F2b. In contrast, we tried to obtain MF2a

more rapidly, by skipping the protection/deprotection steps. The unprotected analogue of 3a,
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1,1-bis-(4-hydroxyphenyl)-2-phenylbut-1-ene or 3c, reacted directly with ferrocenyl ethanol 7
to give a mixture of monoalkylated MF2a (31%) and dialkylated (32%) product.

All the compounds of the DF series were found to isomerize quite rapidly, roughly within
one hour. Hence, Z and F isomers were not separated, and the biological tests were performed

on a mixture of both isomers.

2.3 Biological studies

2.3.1 Relative Binding Affinity (RBA)

The ability of the ferrocenyl compounds to bind to the estrogen receptor is expressed by the
relative binding affinity (RBA). This value was determined by competitive binding with radio-
labeled [*H]-estradiol on both isoforms of the estrogen receptor (ERa and ERJ3), as previously
described [93]. The RBA values for both ERa and ERS were determined at 4°C, starting
from solutions prepared in DMSO. Estradiol, the female hormone, is used as the reference, and
therefore has a RBA value of 100%. The results are summarized in Table 2.2.

Following a general trend observed for previous ferrocenyl derivatives [93, 133, 144], the
DFs and FOs have a better affinity with ERS than ERa, except for (Z)-DFO and (Z)-
MFODb, whose affinities for ERS are slightly lower than for ERa. The affinity of the ferrocenyl
derivatives with the ERs was not as good as that of hydroxytamoxifen, probably because of the
greater steric hindrance of the ferrocenyl group as compared to a dimethylamine moiety.

The RBA tests were performed on mixtures of Z and E isomers of the ferrocenyl derivatives
DF1-4, whose side-chain length varies (n=1, 2, 3, 4). With the shortest side-chain, compound
DF1 had the highest RBA values. With RBA values superior to 10%, DF1 can be considered
as being well recognized by the ERs. Nevertheless, when the chain length was increased by
one carbon, the RBA value dropped by ten-fold for ER«, and six-fold for ERS. Overall, as the
side-chain lengthens, RBA values for both ERa and ERS decrease.

The change in configuration of DFO from Z to E results in a dramatic drop in the affinity
with both receptor isoforms (from 13.86% to 1.19% for ER«). In other words, the Z-isomer,
which in this case is also the trans-isomer*, binds better to ER. This observation is in agreement

with previous results on tamoxifen, hydroxyferrocifens and other triphenylethylenes: the estro-

*The terminology of cis/trans is used to designate the relative position of the ethyl group to the phenyl bearing
the side-chain. It is noteworthy to bear in mind that the trans orientation is not always a Z configuration.
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Table 2.2: Relative binding affinity (RBA) values for ERa and ERf of the ferrocenyl com-
pounds, in DMSO at 4°C. Mean of 2-3 experiments + S.D.

RBA (%)
Compound
17b-estradiol 100 100
(Z +E)-hydroxytamoxifen 38.5 24
(Z+E)-DF1 11.90 + 0.25 16.4 + 0.80
(Z+E)-DF2 0.93+0.35 2.8+0.96
(Z+E)-DF3 0.45 +0.05 1.84 +0.17
(Z+E)-DF4 0.24 +0.02 1.26
(Z)-DFO 13.86 £ 1.42 11.53 +£1.27
(E)-DFO 1.19 £ 0.05 1.59 + 0.02
(Z +E)-MFOa 4.06 +0.71 6.24 + 1.65
(Z)-MFOb 2.30+041 1.63+0.74
(E)-MFOb 4.62 + 0.44 6.49 + 1.35
(Z+E)-MF2a 0.16 + 0.02 0.83+0.3
(Z+E)-MF2b 0.13 05+0.2
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gen receptor has a preference for the trans-isomer over the cis-isomer [39,93,121]. However, for
these last compounds [93,121], there is always a hydroxyl group on the « phenyl. In the case of
MFODb, the hydroxyl group has been transposed to the 8 phenyl. Surprisingly, the (F)-isomer
of MFOD has a better affinity with ER than its Z analogue.

In addition, when a hydroxyl group is removed from the chemical structure of DF2, whether
it was from the § phenyl (MF2a) or from the o phenyl (MF2b), it resulted in a reduced affinity
with the receptor (from 0.93% to 0.16% and 0.13% respectively). The same trend is observed
for (Z)-DFO and (Z)-MFOb. Drawing any conclusion with MFOa is more difficult, because
the tests were performed on a mixture of Z and FE isomers, and not on pure isomers as with
DFO and MFOb.

As for the influence of a ketone group on the side-chain, MFQOa binds with better affinity
to the receptor than its counter-part without the ketone function MF2a (4.06% as compared
to 0.16%). Again, it is difficult to compare DFO or MFOb to DF2 and MF2b respectively,
because the experiments were not performed under the same conditions (mixture vs. pure

isomer).

2.3.2 Lipophilicity

Table 2.3: Lipophilicity of the FO series. Measured by log(P,/.,)

Compound log(Po/w)

estradiol 3.5
(Z)-hydroxytamoxifen 3.2
(E )-hydroxytamoxifen 3.4

(2)-DFO 4.6

(E)-DFO 5.1

(Z +E)-MFOa 5.8
(Z)-MFOb 3.6
(E)-MFOb 5.9

The degree of lipophilicity of the organometallic compounds is expressed as the octanol-
water partitioning coefficient, logP,, /,,, determined by HPLC, according to a method described
by Pomper et al. [104,145]. LogP,,, of (Z)-DFO is 4.6, and is lower than that of (£)-DFO
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(5.1). Analogously, for MFODb, the Z isomer also has a lower logP, /w value than the E isomer.
Table 2.3 shows that the organometallic compounds have higher logP,/,, values than estradiol
and hydroxytamoxifen. This means that the ferrocenyl compounds are more lipophilic, and
thus may more easily cross the cell membrane than hydroxytamoxifen. However, the amount
of bioactive compound that can actually reach the target depends on other factors, and this

problem will be addressed in Chapter 4.

2.3.3 Cell proliferation

The influence of the organometallic compounds on the proliferation of cancer cells have been

tested on:

e hormone-dependent MCF-7 breast cancer cells which present a high accumulation of

ERa, qualified as ER+ cells.

e hormone-independent MDA-MB-231 breast cancer cells which do not have ERa,qualified
as ER- cells.

e hormone-independent PC-3 prostate cancer cells which possess ERS but no ER«, that

we consider as ER- cells.

The results were obtained after 6 days of culture, and were expressed as percentages of cell
proteins vs. control. Control experiments were conducted in the same conditions, but without
any additional chemical compound. Reference proliferation experiments were conducted with
estradiol (Eg), hydroxytamoxifen (OH-Tam) and Fc-diOH. The addition of estradiol caused as
expected the hormone-dependent MCF-7 cells to proliferate faster than the control (Fig. 2-13),
but did not influence the proliferation of the PC-3 prostate cancer cells, lacking ERa. If the
antiestrogen hydroxytamoxifen was added instead, the MCF-7 cell proliferation was inhibited
(Fig. 2-14). Furthermore, for the hormone-independent MDA-MB-231 cells, the previously
studied ferrocene derivative Fc-diOH (Fig. 2-4) showed a potent cytotoxic effect (Fig. 2-
14) [133].

Unexpectedly, the ferrocenyl derivatives of the DF series have a proliferative effect on the
hormone-dependent MCF-7 breast cancer cells. However, they slightly inhibited the growth
of the hormone-independent MDA-MB-231 breast cancer cells at 10 uM. The antiproliferative

activity is more marked on the PC-3 prostate cancer cells. The experiments of MF2a and
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Figure 2-13: Effect of DF1-4 on the growth of MCF-7, MDA-MB-231 and PC-3 cells.

1 uM of DF1-4 and 1 nM of estradiol (Eg), respectively, were incubated with MCF-7 cells
(medium with phenol red), and 10 pM of DF2-4 incubated with MDA-MB-231 and PC-3 cells.
After 6 days of culture. Mean of 2 experiments + S.D.

MF2b, and those of DF1 on ER- cells are underway. Anyhow, it can already be stated that
the longer the ferrocenyl side-chain, the less biologically active the compounds, as it has been

observed for the RBA experiments.

Unlike its analogues DF1-4, the ferrocenyl compound DFO inhibits the proliferation of the
three cancer cell lines at 10 uM. However, like the DF series, the activity is less pronounced
on the MDA-MB-231 cells as compared to PC-3 cells. Nevertheless, its activity on the ER-
cancer cells (MDA-MB-231 and PC-3) is similar to its analogue DF2. However, the removal of
one hydroxyl group completely changes the biological behaviour of the molecule on ER- cells.
Indeed, MFQOa and MFODb have nearly no effect on the proliferation of ER- cells. While MFOa
still slightly inhibits the proliferation of MCF-7 cells; MFOD has clearly a proliferative effect.
The configuration of the molecule does not seem to have any effect on the biological activity,
because for DFO and MFODb, both Z and F isomers have similar effects on the proliferation
of cancer cells. This, however, could be attributed to the isomerization of the compounds in

protic solvents.
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Figure 2-14: Effect of FOs on the growth of MCF-7, MDA-MB-231 and PC-3 cells.

1 uM, 5 uM, 10 uM of FOs, 1 nM of estradiol, 1 uM of hydroxytamoxifen (OH-Tam), and 1 uM
of Fc-diOH were respectively incubated with MCF-7 (medium with phenol red), MDA-MB-231
and PC-3 cells. After 6 days of culture. Mean of 2 experiments £+ S.D.
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Figure 2-15: Effect of DFO on the growth of MCF-7 cells, in presence of estradiol.
10 uM of DFO and 10 nM of estradiol were incubated with MCF-7. After 5 days of culture.
Mean of 2 experiments + S.D.

In order to better understand the antiproliferative character of DFO, which seems to be the
most active biomolecule in the series, another experiment was performed. The molecule was
incubated with MCF-7 cancer cells, in the presence of estradiol (in 10 nM). If the antiprolifer-
ative effect of DFO is antiestrogenic (acting through ER«), then addition of estradiol should
reverse to some extent the antiproliferative effect [93]. The results presented in Fig. 2-15 show
that the inhibitory activity of DFQO has very slightly decreased, in presence of estradiol. There-
fore, the results are not conclusive enough to confer mainly an antiestrogenic character to the
antiproliferative property of DFO. The cytotoxic character of the organometallic compound
is very likely dominant over the antiestrogenic property in the antiproliferative activity of the

molecule.
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2.4 Electrochemical study

Since it has been suggested that the cytotoxic activity of the ferrocenyl derivatives may originate
from its oxidized form [126-130], the ferrocenium ion, the electrochemical behaviour of our
compounds was examined. Variable scan rate cyclic voltammograms (CVs) were obtained using
a three electrode cell with a 0.5 mm platinum working electrode, gold-plated nickel mesh counter
electrode, and saturated calomel reference electrode in DMF solutions. The compounds studied
can be separated into two groups based on their electrochemical behaviour. The compounds
possessing a ferrocenyl chain without the acyl group, DF1, DF2, MF2a, MF2b, DF3 and
DF4 of the DF series belong to the first category, while the second category consists of those
compounds carrying the ketone function, MFQOa, MFOb and DFO from the FO series. The
standard oxidation potentials of compounds belonging to the series of DF are given in Table

2.4.

Table 2.4: Oxidation potentials of DFs vs. SCE. In DMF. Scan rates = 0.5 and 20 V/s, 0.5
mm Pt electrode

Compound E% (V) Eg(;zfr)wl(v) Compound E% (V) E;Z’fgwl (V)
DF1 0.506 0.867 DF2 2 phenols 0.447 0.880
DF2 0.447 0.880 MF2a 1 phenol 0.451 1.136
DF3 0.432 0.867 MF2b 1 phenol  0.442 1.050
DF4 0.454 0.867

At all scan rates, DF compounds gave rise to a reversible ferrocene/ferrocenium (Fc/Fct)
couple and a higher potential, irreversible phenol oxidation wave. The redox potentials (E 1 )
for the Fc/Fct couple ranged from 0.432 (DF3) to 0.506 V (DF1) vs. SCE in DMF. There
was no correlation between E 1 and the number of carbon atoms in the ferrocenyl chain.

Irreversible phenol oxidation potentials E;‘;L’Z)l ; Tanged between 0.867 and 1.136 V, and were
bimodal in distribution. The compounds with the lowest phenol oxidation potentials, DF1,
DF2, DF3 and DF4 (from 0.867 to 0.880 V) posess two phenol groups, while those with
higher oxidation potentials, MF2a and MF2b (1.136 and 1.050 V respectively), have only

one. The lowering of the phenol oxidation potential in the former case was probably due to

the additional resonance stabilization that the second phenol imparts to the electrochemically
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generated phenoxy radical. It is also noteworthy that the oxidation of the a phenol in MF2a
occurred almost 100 mV higher in potential (1.136 V) than that of the 5 phenol in MF2b
(1.050 V).

FO compounds exhibited a more complex behaviour. In DMF, at low scan rates the Fc/Fc™
couple was irreversible, although a reduction wave begins to appear at higher scan rates, sug-

gesting an EC* mechanism:
(1) A == A+
+e~

(2) At — B

When scan rates are low enough for reaction 2 to proceed, the electrochemically generated
cation AT engages in irreversible follow-up chemistry. At higher scan rates, reaction 1 becomes
reversible, as enough time does not elapse for reaction 2 to occur to a large extent. It is
interesting to compare the ferrocene oxidation wave of the acyl-carrying compounds to that
of their alkyloxy analogues (MFOa/MF2a; MFOb/MF2b; DFO/DF2, Fig. 2-16). We see
that the Fc oxidation wave of the “acyls” is higher in intensity than that of the “alkyloxys” at
low scan rates, but that the two waves are similar in intensity at high scan rates. We interpret
this behaviour in the following way. The chemical reaction following the electrooxidation of
ferrocene could regenerate Fc(II), thus enhancing the oxidation wave, as the Fc cycles from (II)
to (III) back to (II) within the time scale of the experiment at low scan rates. As the scan rate
increases, the chemical reaction hasn’t time to proceed, Fc(II) is not generated, and the peak
intensity approaches that of one electron. Thus we see that the chemical transformation occurs
with rates DFO>MFOb>MFOa, and seems to be related to the number and position of the
phenol substituents.

However, it should be pointed out that no phenol oxidation wave was observed for DFO at
low scan rates. Therefore, the exceptionally large enhancement of the Fc oxidation wave may
also be due to a phenol oxidation occurring at a similar potential. In the DF series, we saw
that the phenol oxidation wave for a compound carrying two phenol groups occurs around 0.87
V, while the ferrocene oxidation wave for DFO occurs at 0.77 V. Thus it is possible to imagine
that the ferrocene and phenol oxidation waves overlap, accounting for the high intensity of the
DFO wave.

In order to gain more insight about the follow-up chemistry, we obtained cyclic voltam-

mograms for the fragment FRAG pictured below (Fig. 2-17). The compound gave rise to an

*electrochemical-chemical
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Figure 2-16: Cyclic voltammograms for the couple (a) MFOa/MF2a, (b) MFOb/MF2b, and

(c) DFO/DF2.

Scan rates = 0.5 V/s and 20 V/s, 0.5 mm Pt electrode. Intensities have been normalized for

concentration.

Table 2.5: Fc oxidation potential of FOs vs. SCE. In DMF. Scan rates = 0.5 and 20 V/s, 0.5

mm Pt electrode

Compound

DFO MFOa MFOb

E1 (V)

0.767  0.783 0.811
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irreversible Fc oxidation wave at all scan rates (up to 2 V/s), suggesting that the decomposition
after electrooxidation of compounds MFOa, MFODb, and DFO probably involves their ketone

function.

(e}

U
Fe
OMe
FRAG

Figure 2-17: Structure of the fragment FRAG studied in electrochemistry

The influence of the electron-withdrawing acyl group can be seen in the relatively high
halfwave potentials (E%) of the ferrocene group: 0.783, 0.811, and 0.767 V for MFQOa, MFODb,
and DFO, respectively (Table 2.5). When one compares the FO-compounds with their DF
analogues, one finds that although the ferrocene oxidation potentials are uniformly shifted to
higher energy, the phenol oxidation waves do not display uniform behaviour. For MFQa, the
phenol oxidation wave occurs at approximately the same potential as for MF2a, Fig 2-16(a).
On the other hand, the phenol oxidation wave is higher in energy for MFOb than for MF2b,
Fig. 2-16(b). For DFO, only one wave is seen at low scan rates, and is associated with a
multi-electron process. At higher scan rates, the ferrocene oxidation wave is similar in intensity

to that of DF2, and a phenol oxidation wave is observed at a similar potential, Fig. 2-16(c).

2.5 Discussion

Three parameters of the organometallic compounds were studied: the ferrocenyl side-chain
length (DF1-4), the presence of an acyl group (DF2 vs. DFO), and the importance of the
hydroxyl group and its position (DFO, MFOa, MFOb; DF2, MF2a, MF2b).

2.5.1 Ligand-receptor relationship

For the DF series, the longer the ferrocenyl side-chain, the bulkier is this hydrophobic group.
Consequently, the more difficult the molecules are to fit in the LBD of ER«, the weaker their
affinity with ER. This is consistent with the decrease of the RBA values, as we go from DF1
(n=1) to DF4 (n=4).
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In order to better understand the relative binding affinity results, it may be helpful to have
some theoretical docking insights of DFO. This molecule seems to have the most interesting
biological behaviour, in terms of affinity as well as antiproliferative effect. That is why molecular
modeling on (F)-DFO and (Z)-DFO in the anti-estrogenic form of the estrogen receptor was
investigated. We used the LBD structure of ERa (Protein Data Bank (PDB) code: 3ERT),
published by Shiau [53], and MacSpartan Pro Software [146]. 4-Hydroxytamoxifen (OH-Tam)
was removed and replaced successively by the two isomers (E) and (Z)-DFO (Table 2-18). An
energy minimization routine was carried out with all the heavy atoms immobilized, except for

those of the ligand and the His 524 side chain, using the Merck Molecular Force Field (MMFF).

CLU 353 i

‘-“\\ d! 1_, 1/

&y
i

PHE 404

Figure 2-18: Representation of (left) E-DFO and (right) Z-DFO docked in ERq,
assuming a direct interaction between the ketone group of DFO and Asp 351. The keto-
ferrocenyl side-chain is circled in blue.

A conformational study in the cavity was also carried out to determine the best position
for the organometallic moiety in relation to the rest of the molecule and by taking into account

that there is possibly a hydrogen bonding interaction either between:

e Asp 351 and the iron atom, as Fe of the ferrocenyl side-chain bears a slight negative

charge (Mulliken charge ~ -0.2)

e or between Asp 351 and the ketone group adjacent to the ferrocenyl moiety.
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The affinity of the bioligand for the cavity was also determined using MMFF molecular
mechanics, with calculations for the bioligand-ER« cavity combination, and for the ER«a cavity
and the bioligand done separately, each retaining the conformation previously determined for
the molecular complex. This gives a value of the energy variation AE of the reaction: ligand
+ cavity — ligand-cavity complex. The cavity containing the amino side-chain is large enough
to host the bulky keto-ferrocenyl group. The energy variation AE found for (Z)-DFO is -89
kcal-mol~! with a direct interaction between Asp 351 and Fe, but -106 kcal-mol~! if we consider
a direct interaction between Asp 351 and C=0 (Table 2.6). Either way, these exothermic values
favor association. The [(Z)-DFO]-cavity complex is twice as stable as that of the [(F)-DFO]-
cavity according to molecular modeling study, which yielded a value for [(£)-DFO]-cavity of
-45 keal-mol ! (in case Asp 351 interacts with Fe) and -58 kcal-mol~! (in case Asp 351 interacts
with CO). Indeed, as shown in Fig. 2-18, because of its conformation, (F)-DFO has lost the
interaction with His 524, unlike (Z)-DFO. This is consistent with the observed loss of affinity

with the estrogen receptor of the (E)-isomer as compared to its (Z) counterpart.

Table 2.6: Energy variation AE values for the binding of the ferrocenyl ligands to ER«

Compound AE (kcal-mol™1) AE (kcal-mol™1)

Asp 351 - Fc interaction Asp 351 - C=O0 interaction

(Z)-DFO -89 -106
(E)-DFO -45 -58
(Z)-MFOa -79.2 n.a.
(Z)-MFOb -68.2 n.a.
(Z)-DF2 117

We now turn our attention towards the importance of the C=0 group and the ligand-
receptor relationship. Although the RBA experiments of DFQ were performed on separate
isomers, and that of DF2 were done on the mixture of Z and F, the lowest RBA of DFO is
still higher than that of DF2. Thus we may infer that DF2 should have a weaker affinity with
the receptor than DFO. This is consistent with the theoretical predictions. Since the docking
experiments suggest that DFO can have two possible stabilizing interactions with Asp 351, the
loss of one interaction by removing the ketone functionality should result in a weaker binding
affinity with the receptor. And indeed, AE for (Z)-DF2 is found to be -11.7 kcal-mol !, nearly
ten-fold lower than the AE value for (Z)-DFO.
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Then the importance of the phenol groups was probed. For that purpose, they were proposed
for the chemical structure design of DFO, in the hope that they could both have interactions
with the amino acids Glu 353 and His 524 of the LBD. When one of the hydroxyl groups is
removed, only one stabilizing interaction remains, and consequently we expect a weaker binding
affinity. AE for [(Z)-MFOa]-cavity and [(Z)-MFODb]-cavity are -79.2 and -68.2 kcal-mol 1, re-
spectively. They are indeed less exothermic than -89 kcal-mol~! found for the [(Z)-DFO]-cavity
complex (Table 2.6). The experimental results are consistent with this theoretical prediction,

because (Z)-MFOD has a lower RBA value than (Z)-DFO.

2.5.2 Antiproliferative activity

We are going to examine how the three structural parameters mentioned above influence the
biological activity of the ferrocenyl derivatives on cell proliferation, which is summarized in

Table 2.7.

Table 2.7: Summary of the biological activity of the ferrocenyl derivatives.

proliferative effect

Compound (ER+ cells) cytotoxic (ER- cells)
DF1 ++ n.ax
DF2 ++ ++
DF3 + ++
DF4 (%} +
DFO -** ++
MFOa %] 7]
MFOb ++ %)

"+" stands for the mentioned effect (++ is stronger)

"-" for the reverse effect

"@" for no significant effect

*experiments in progress,

**addition of E; to MCF-7 cells incubated with DFO

**did not significantly reverse the antiproliferative effect (cf. discussion below)

Antiestrogenic/cytotoxic effect?

As mentioned earlier, the antiproliferative activity of the ferrocenyl derivatives could originate
either from an antiestrogenic character and/or from a cytotoxic property.

The antiestrogenic or ER-mediated pathway involves the binding to the receptor ER and
a disruption of the transcription process. This could lead to a stabilisation of the receptor
and a blockade of the transcription machinery, as observed with hydroxytamoxifen, or to the

recruitment of ubiquitines, and the proteasomal degradation of ER, as for ICI 182 780 [147].
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On the other hand, ferrocenyl derivatives have been shown to generate an antiproliferative
effect on cancer cells which has been attributed to a "cytotoxic effect". Upon oxidation of
iron(II) to iron(III), the ferrocenium ion(III) is very reactive and is likely to react with the
chemicals in the biological environment, and maybe generate radicals. This kind of behaviour
could be examplied by the Fenton reaction with requires the oxidation of iron(II) by hydrogen
peroxide, and produces radicals. But the cytotoxic activity of ferrocenyl derivatives could also
follow another pathway which involves the creation of a quinone methide species, as proposed
for the ferrocifenol Fc-diOH.

All the described organometallic compounds have an antiproliferative activity on ER- cells.
For each compound, the trends in their behaviour on PC-3 prostate cancer cells and MDA-MB-
231 breast cancer cells are quite similar, although the effects were stronger with the PC-3 cells.
Since ER- cells lack ERa, the ferrocenyl compounds could not inhibit cell proliferation by the
ER-mediated pathway. These results suggest that their inhibition activity on ER- cells must
follow the cytotoxic pathway.

As for DFO, this molecule inhibits the proliferation of both ER+ and ER- cells. Its antipro-
liferative effect on MCF-7 cells could be due to the binding of the ligand to ER, triggering the
ER-mediated inhibition pathway. Indeed, it showed a good affinity with the estrogen receptor,
which theoretically displays a stabilized antiestrogenic conformation when DFO binds to it.
However, the favored antagonist conformation could not fully explain all the antiproliferative
activities. In other words, if the ER-mediated pathway was the only one activated by the
molecule, then when estradiol is added to the cell culture in the antiproliferation experiment,
the natural ligand should be able compete easily with DFO, and reverse the inhibition effect.
However the addition of estradiol did not reverse the effect notably in our experiments. There-
fore, the antiproliferative activity of DFO is not mediated solely by ER, but might be due in

good part to a cytotoxic pathway.

Influence of the ketone functionality

The cell proliferation experiments indicate that the loss of the ketone functionality changes
completely the biological behaviour of the organometallic compound. By comparing the an-
tiproliferative activity of DFO and DF2, we can see that they are both cytotoxic on ER-
cells, and that they have similar activity on these cells. However, only DFO inhibited the
proliferation of the ER+ MCF-7 cells, whereas DF2 had a proliferative effect on those cells.
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It has been shown that DFO has a good affinity with the receptor, unlike DF2. Moreover,
molecular modeling experiments suggest that the estrogen receptor has a much more favorable
antagonist conformation when the ligand is DFO instead of DF2, specifically thanks to the
acyl group which interacts with Asp351. However, the different behaviours of both molecules on
cell proliferation could not be explained satisfactorily by their difference in the binding affinities
with ER, because their antiproliferative activities were not dominantly due to the ER-mediated
inhibition pathway, as noted above.

The electrochemistry of DFO shows that the ferrocene oxidation wave is irreversible at low
scan rates. Once incubated in the cancer cells, DFO probably does not interact with ER, but
decomposes rapidly and produces reactive products, which destroy the cells. On the contrary,
the cyclic voltammogram of DF2 exhibited a reversible Fc/Fc™ couple. Therefore, we might
infer that the Fc cycles from (II) to (IIT) back to (II) without decomposition. Consequently,
DF2 could interact with the receptor, as an estrogenic diphenol compound [148], without being
degraded. This proliferative effect arises from conformational activation of ERa.

It is worthy to note that the intensity of the estrogenic effect is not necessarily correlated
to the RBA value [144]. A very small RBA is sometimes enough to trigger an estrogenic effect.
For this reason, the fact that all the other compounds from the DF series have an estrogenic
activity on ER+ cells was not unusual. In these latter cases, the organometallic moiety seems

to behave simply as a spectator.

Mono/di-phenol

However, the presence of an acyl group next to the ferrocenyl entity is not enough to convey an
efficacious cytotoxic effect. If the ketone function seems to be responsible for an irreversible Fc
oxidation, suggesting a chemical reaction after the oxidation, the decomposition reaction does
not occur in the same manner whether there is one or two phenols. At slow scan rates, DFO
entirely decomposes, and no phenol oxidation is observed.

For MFOa and MFODb, at slow scan rates, the Fc oxidation is also irreversible, but re-
versibility was recovered rather quickly with higher scan rates. Thus, the decompostion is
slower. And since the phenol oxidation signal is still present for MFQOa and MFOb, but not
for DFO, the decomposition must obviously occur in a different manner. This difference in
stability and behaviour could be related to the weaker or even non-existant biological effects of

MFOa and MFOD on the proliferation of cancer cells, as compared to DFO.
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2.6 The prototype of an efficient biomolecule

In summary, we have described the first series of compounds where the amino side-chain of
hydroxytamoxifen has been replaced by an organometallic moiety. Our molecular modeling
studies predicted that the ferrocenyl side-chain would fit in the hydrophobic pocket in the LBD
of the estrogen receptor «, despite its bulkiness. Overall, the ferrocenyl derivatives retained
antiproliferative activity on ER- cancer cells: the MDA-MB-231 breast cancer line and PC-3
prostate cancer line. The intensity of the cytotoxic effect depended on the molecular structure.

The influence of the side-chain length, of the phenol groups (number and position), and of the
electron withdrawing acyl group next to the ferrocenyl moiety was probed. It has been shown in
the DF series that the longer the ferrocenyl side-chain, the less biologically active the molecules.
This was verified for their binding affinities as well as for their activity on the proliferation of
cancer cells. The tethering of a ketone function adjacent to the ferrocenyl entity conveyed
an additional stabilizing interaction with Asp 351 of ERe. This could account for the good
affinity of DFO with ERa and ERS found experimentally. The acyl group is also responsible
for unique irreversible Fc oxidation behaviour, which may explain the antiproliferative activity
of DFO on the hormone-dependent MCF-7 breast cancer cells, unlike its other analogues.
Indeed, this antiproliferative effect probably stems from a more dominant cytotoxic property
of the compound, reflecting the primacy of this mechanism over the ER-mediated pathway.
Although this ketone group contributed to the stronger cytotoxic activity of DFO as compared
to its analogues, its mere presence is not sufficient. The loss of one hydroxyl group weakens
this activity or even reverses it.

Therefore, it requires the presence of both the ketone function adjacent to the ferrocene
group and the presence of two phenols to yield a bioactive molecule, with good binding affinity,
and a noteworthy antiproliferative activity. This molecule DFO, presenting desirable cytotoxic
properties, is an excellent prototype for further exploitation. Its particular chemical structure
broadens the application scope of the compound to radioimaging and radiotherapy. Indeed, it
has been shown that keto-ferrocenyl derivatives can be used as stable precursors of rhenium
and technetium derivatives in the double ligand-transfer reaction. This will be further explored

in the following chapter.
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2.7 Sequel: the carboxylic acids

The previous study has demonstrated the importance of the ketone function in the triph-
enylethylene scaffold, and its role in the binding of the organometallic ligand to ER«, thanks
to its interaction with Asp 351. Ruenitz et al., and more particularly Willson et al. have
also pointed out the dominant role of the carboxylate side-chain in the biological properties
of their compounds [56,121,122]. Therefore, we wanted to further investigate this chemical

functionality, and ultimately combine it with the ferrocenyl moiety.

2.7.1 Design

Of all the structural variations attempted by both research groups, compounds BA1l, BA3,
GW5638, and GWT7604 were found to be the most interesting (Fig. 2-19). Ruenitz et al.
discovered that although BA1 has an estrogenic activity, BA3 with a longer side-chain has
a better affinity with the receptor and a potent antiproliferative effect (ICsp ~ 20 nM) [121].
More interestingly, they both exhibited beneficial effects as bone selective estrogen mimetics.
Unfortunately, Ruenitz et al. have not yet proposed a molecular mechanism of action of their
compounds.

In contrast, Willson et al. have done a thorough study to explain the behaviour of their
compounds GW5638 and GW7604, the active metabolite of GW5638. They have demon-
strated that GW5638/7604 is able to block the growth of breast cancer cells better than
tamoxifen, and is efficacious even on tamoxifen-resistant breast cancer cells. Moreover, it has
no uterotrophic nor endometrial behaviour. It functions as a full ER agonist in bone and the
cardiovascular system [57]. A theoretical molecular modeling experiment has been performed
to understand these features [58]. Jordan et al. proposed that the carboxylic acid side-chain
repelled Asp 351, and therefore disrupted the surface charge. GW5638/7604 loosely inter-
acted with the aspartate [40]. The authors supposed that the resulting inappropriate surface
charge should prevent the assembly of a transcription complex at the TGFa (transforming
growth factor a)) gene. Thus, the TGFa gene was not activated, and this could account for
the observation that GW5638/7604 silences the ER complex. In the case of OH-Tam, the
amino side-chain interaction with Asp 351 probably enhanced TGFa gene activation instead,
and could be responsible for some unwanted estrogenic properties of the (OH-Tam)-ER, com-

plex [149,150].
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Figure 2-19: Carboxylic acid analogues of tamoxifen
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Figure 2-20: Molecular modeling of (left) OH-Tam and (right) GW7604 in the LBD of ER«
dimer.
Helix 12 is shown in blue. D351 stands for Aspartate 351.
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However, the X-ray crystallographic structure of ERa LBD-GW5638 indicated on the
contrary a hydrogen bond between the acyl group and Asp 351, at crystallization pH of 5.6 [59].
The weakly acidic amino acid must have been protonated in the hydrophobic LBD pocket,
allowing this hydrogen bonding. In fact, the acrylate carboxyl group also interacts with Leu
536 and Tyr 537 of ERc. This brings the N-terminal of Helix 12 closer to the ligand. The
relocation of Helix 12 disrupts its exposed hydrophobic surface, which increases by 27%, as
compared to the (OH-Tam)-ERa complex. This increase in hydrophobic surface could be
correlated to a significant destabilization of ER« in MCF-7 cells. Thus GW5638-ER may be
the target of proteins involved in ubiquitination. The new conformation of ER« might also
facilitate the recruitment of co-repressors. This particular mechanism of action, different from

tamoxifen, might explain the ability of GW5638 to inhibit tamoxifen-resistant breast tumours.

OHT-ERc. LBD

Figure 2-21: Structures of (left) (OH-Tam)-ERa LBD and (right) GW5638-ERa LBD ob-
tained by crystallization. Helix 12 in the two structures is colored in magenta.

vl
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AC o ~OH
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Figure 2-22: AC series

As a consequence, a combination of the ferrocifen structure and the carboxylic acid side-

chain could produce molecules with interesting antiproliferative effects on tamoxifen-resistant
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breast cancer cells (Fig. 2-22). The "ferrocene-conjugated spacer-phenol" scaffold necessary for
the cytotoxicity of the ferrocifens and ferrocifenols (Fc-diOH) [132] is kept, and we also vary

the length of the carboxylate side-chain, to produce the AC series.

2.7.2 Synthesis

The synthesis was similar to the DF and FO series. For AC1 (n=1), Fc-diOH was directly
reacted with ethyl bromoacetate, to avoid the protection/deprotection steps. It gave the mono
(15) and di-alkylated (16) esters (Fig. 2-23). However, for AC3 (n=3), the dialkylated com-
pound was obtained directly, without allowing for the isolation of the mono-alkylated product.
Hence, it was necessary to protect the phenol by a pivaloate group (yielding 17) prior to reac-
tion with ethyl 4-bromobutyrate (Fig. 2-24). The final carboxylic acids (AC1 and AC3) were
then obtained by saponification of their corresponding esters 15 and 18. It was not possible to

separate the Z and F isomers of either product, even by analytical HPLC.

OH OH
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Figure 2-23: Synthetic pathway to AC1

The synthesis of AC2 (n=2) was more difficult. For instance, Ruenitz et al. did not
manage to obtain the carboxylic acid with a side-chain of 2 carbons between the phenoxy and

the carboxylate functionalities [121]. The procedure used for AC1 and AC3 did not work at
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Figure 2-24: Synthetic pathway to AC3

Fc-diOH

Figure 2-25: Synthetic pathway to AC2
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all, as expected. Instead, we did succeed by another synthetic method, using an 1,4-addition
on ethyl acrylate (Fig. 2-25) [151]. After stirring for two days Fc-diOH and ethyl acrylate
together in an EtONa/EtOH solution, 19 was obtained in low yield (16%). AC2 was then

produced after saponification.

2.7.3 Biological experiments

Biological tests were performed in the same conditions as for the DF and FO series, in order
to evaluate the biological interest of these new ferrocenyl carboxylic acids (Table 2.8 and Fig.
2-27). Because of the synthetic difficulties, tests on AC2 could not be performed at the same
time as those on AC1 and AC3, but are underway. Preliminary results suggest that AC1 and
AC3 have similar behaviour compared to the BA compounds proposed by Ruenitz et al. AC1
has a lower affinity with ERa than AC3 (0.33 and 1.2, respectively, in Table 2.8), in the same
way that the BA1 affinity value is about half that of BA3 (1.2 and 2.5, respectively) [121].
Although BA1 has a clear proliferative effect on MCF-7 cells (Fig. 2-27), AC1 does not seem
to influence the proliferation of the ER+ breast cancer cells. The very low affinity of AC1 with

ERa might be a reason for this lack of effect.

OH OH

g g

o
i"': — 7";
Fc-TAM-3 }N\ AC3 \B\OH BA3 W}\OH

HO HO

Figure 2-26: AC3 and its analogues Fc-TAM-3 and BA3

It could be interesting to compare AC3 to two analogues: Fc-TAM-3 and BA3 (Fig.
2-26). The first one has the same chemical structure, but bears the classical amino side-chain
instead of the carboxylate side-chain as in AC3. For the second one, we evaluate the effects
of the substitution of its § phenyl group by a ferrocenyl unit in AC3 (Fig. 2-26). Like BA3,
AC3 had also an antiproliferative effect on MCF-7 cells, though the activity was less strong.
Indeed, the IC59 of BAS3 is approximated at 20 nM, while at 1 uM AC3 only inhibited the
growth of the MCF-7 cells by 30%. The ferrocenyl moiety did not seem to bring any additional

cytotoxicity to the molecule. When compared to its other analogue Fc-TAM-3, its inhibition
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Table 2.8: Relative binding affinity (RBA) values for ER« of the ferrocenyl compounds AC1
and AC3, in DMSO at 4°C. Mean of 2 experiments + range

Compound ‘ RBA with ER«

AC1 0.33 £ 0.02
AC3 1.2 £ 0.1

activity is also weaker. At 1 uM, Fc-TAM-3 inhibited the proliferation of MCF-7 cells by 86%.
Therefore, the carboxylate side-chain seemed to induce a weaker antiproliferative effect than
the amino side-chain. This is in contrast with the results obtained for Fe-TAM-2 (n=2, in Fig
2-4). Indeed, for this ferrocenyl derivative, the substitution of the 5 phenyl group in OH-Tam
by Fc resulted in an improved antiproliferative activity [93,132]. In particular, Fc-TAM-2
showed a potent cytotoxic activity on the ER- MDA-MB-231 cells, on which OH-Tam was not
active.

However, like the BAs, the elongation of the side-chain of the ACs was crucial to observe an
antiproliferative activity. This could look contradictory to the results found for the DF series.
Precisely, we have found previously that the longer the side-chain of DF, the less biologically
active is the compound, regarding the affinity as well as the influence on cancer cell growth.
However, the ferrocenyl side-chain of DF is definitely much bulkier than the carboxylate side-
chain of AC. Therefore, the sterical hindrance brought by the elongation of the side-chain
should be more important for DF than AC. Besides, the acyl functionality on the side-chain
of AC is very likely to interact with the Asp 351 of ERa, as it has been seen for GW7604
and DFO. This stabilizing interaction is not possible for the DF's, since the compounds do not
have the acyl function. Hence, we may infer that the side-chain of AC1 is not long enough for
the acyl group to interact with Asp 351, and this could explain its poor affinity and the lack
of activity on the proliferation of the ER+ cancer cells. On the other hand, the acyl group of
A C3 might be brought close enough to Asp 351 to engage in hydrogen bonding. Consequently,
this could account for the better affinity of AC3 and its antiproliferative effect.
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Figure 2-27: Effect of ACs on the growth of MCF-7 cells.
1 uM of ACs and 1 nM of estradiol (Ez) were incubated with MCF-7 cells (medium with phenol
red). After 6 days of culture. Mean of 2 experiments + S.D.
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2.7.4 Conclusion

While further exploring the influence of the acyl functionality on the side-chain of tamoxifen-
like molecules, we have found that again it may play a role in the biological behaviour of the
AC molecules. The side-chain of AC1 (n=1) may not be long enough for the acyl to interact
with Asp 351 of ER, unlike AC3 (n=3). Thus, its affinity is lower than for AC3, and AC1
did not show an influence on the proliferation of MCF-7 breast cancer cells. Though weaker
than BA3, the ferrocenyl carboxylic acid AC3 did have an antiproliferative effect on these
cancer cells at 1 pM. Curiously, BA1 and BA3 have opposite biological behaviours, though
chemically similar. This needs further investigation, and maybe re-checking of the published
results. Given the available information to date, the combination of two moieties known to
induce an antiproliferative activity (the "ferrocene-conjugated spacer-phenol" motif and the
carboxylate side-chain) did not seem to contribute any additional inhibition potency to the
compounds, and the effect was even weaker. Some biological experiments are still underway to
determine more precisely the phenomenon, but this unexpected behaviour needs further studies,

both in molecular modeling studies and in electrochemistry.
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2.8 Experimental section

2.8.1 Synthesis

General remarks:

All air-sensitive reactions were carried out under argon atmosphere, using standard Schlenk
and vacuum-line techniques. “Standard work-up” refers to extraction of the reaction mix-
ture with dichloromethane, washing of the organic phase with water, drying over Mg(SOy),
filtering, and removal of the solvent under reduced pressure. The product was then purified
by flash chromatography. Anhydrous THF and diethyl-ether were obtained by distillation
from sodium/benzophenone. Preparative TLC chromatography was performed on silica gel
60 GF254. Flash chromatography was performed on silica gel Merck 60 (0.040-0.060 mm),
or when necessary on aluminium oxide. HPLC were measured by a Shimadzu instrument.
HPLC system: Kromasil C18 columns (analytical: 4.6x250, preparative: 20x250), eluent: wa-
ter /acetonitrile mixture. Infrared spectra were obtained on a IR-FT BOMEM Michelson-100
spectrometer equipped with a DTGS detector. 'H and '3C NMR spectra were recorded on 300
MHz Bruker spectrometer and the results § given in ppm. Mass spectrometry was performed
with a Nermag R 10-10C spectrometer. High Resolution Mass Spectrometry was done with a
MStation 700 (JEOL) spectrometer. Melting points were measured with a Kofler device. Ele-
mental analyses were performed by the Microanalysis Service of ICSN (Institut de Chimie des
Substances Naturelles), Gif-sur-Yvette. Pivaloate ketones 1, 2 were prepared by the procedure
described in the literature. [139] The synthesis of compounds Fe-diOH [93], 3a [139], 5, 6,
7, 8, 9 [143] and ferrocenyl-p-methoxybenzylketone (FRAG) [152] were already described in
literature. Compounds DF1 and MF2a were prepared according to a procedure proposed by
Dr. Clara Rigamonti, University of Milan. Compound DF2 has also been attempted by her,

but by a different route.

1-(4-hydroxyphenyl)-1,2-bis-(4-trimethyacetoxyphenyl)but-1-ene (3)

To a suspension of Zn (5.36 g, 82 mmol) in 100 mL of anhydrous THF, TiCly (5.3 mL, 48
mmol) was added drop-wise under inert atmosphere. After being under reflux for 2h, (p-
trimethylacetoxy )propiophenone (1) (2.3 g, 10 mmol) and 4,4’-hydroxy(trimethylacetoxy)
benzophenone (2) (3.58 g, 12 mmol) dissolved in 50 mL of anhydrous THF were added.
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The mixture was left under reflux for another 2h. After cooling, the mixture was hydrol-
ysed by 200 mL of acidified water, and went under standard work-up. The crude product
was recrystallised in ethanol, yielding a white powder (3.36 g, 67% yield) of a (Z+E)-3

mixture.

'H NMR (300 MHz, CDCl3): 6 0.91 (t, J = 7.3 Hz, 3H, CHs of Et); 1.34 and 1.37
(s, 18H, CH3 of C(CH3)3); 2.45 (q, J = 7.3 Hz, 2H, CHy); 6.47, 6.71, 6.87, 7.05, 7.09,
7.22 (6 d, J = 8.6 Hz, 6x2H, CHypom). *C NMR (75 MHz, CDCl3): § 13.5 (CH3 of
Et); 27.1 (CHs of C(CHs)3); 28.9 (CH3 of Et); 39.0 (C(Me)s); 114.5, 120.9, 121.1, 130.4,
130.5, 132.1 (CHgrom); 135.1, 137.8, 139.7 (Cdarom); 140.8 and 141.0 (C=C); 149.2, 149.7,
153.8 (Carom); 177.3 (C=0). IR (KBr, cm™!): 3407 v(O-H), 2977 v(C-Hyrom ), 1749 and
1726 v(C=0), 1610 v(C=C), 1504 v(C=C arom). MS (EI): m/z = 500 [M] T, 57 ['Bu]™.
HRMS (EI, 70 eV, C3oH405: [M]F) caled: 500.2563, found: 500.2574.

1-(4-hydroxyphenyl)-1-(4-trimethylacetoxyphenyl)-2-phenylbut-1-ene (3b)

The same procedure as for 3 was used, with 4-hydroxybenzophenone (4 g, 20 mmol)
and (4-trimethyl-acetoxy)propiophenone (4.69 g, 20 mmol) to give 1-(4-hydroxyphenyl)-
1-(4-trimethylacetoxyphenyl)-2-phenyl but-1-ene (3b) in 70% yield, as a mixture of both
isomers (ratio = 1/1):

IH NMR (300 MHz, CDCls): § 0.90 (m, 3H, CH; of Et), 1.33 and 1.34 (s, 9H, CHj of
C(CHjz)3), 2.41 (m, 2H, CHy), 4.74 and 4.99 (s, 1H, OH), 6.46 - 7.30 (m, 13H, CHarom).
13C NMR (75 MHz, CDCl3): § 13.6 (CHs of Et); 27.1 (CHsz of C(CHs)3); 28.9 (CHy);
39.1 (Cq of ‘Bu); 114.4, 115.0, 120.8, 120.9, 125.8, 125.6, 126.6, 127.4, 128.1, 129.4, 130.6,
130.7, 130.8, 132.1 (CHarom); 135.4, 136.0, 138.6, 138.7, 139.7, 139.8 (Cqarom); 140.5,
141.0, 143.1, 143.6 (C=C); 149.2, 153.6, 154.4 (Cdayom); 177.2 (C=0). MS (EI): m/z =
400 [M]*, 57 ['Bu]*. Anal. Caled for Cy,HygO4: C, 80.90; H, 6.99. Found: C, 80.77; H,
6.96

General procedure for the preparation of 4, 4a, and 4b

In a Schlenk tube, under inert atmosphere, KH at 25-35% in oil (0.03 mL, 1.2 mmol; 1.2
eq) was dispersed in 10 mL of anhydrous THF. After stirring for 10 min, a red solution of
3, 3a, 3b (1 mmol) respectively, in 10 mL of anhydrous THF, was added. The mixture

was stirred under reflux for 15 min. a-chloroacetylferrocene (5) (443 mg, 1.5 mmol) in 10

63



Chapter 2. Ferrocenyl derivatives

mL of anhydrous THF was finally added. The solution was heated under reflux overnight.

After hydrolysis and standard work-up, orange solids of 4, 4a, 4b were obtained.

1-[4-(2-ferrocenyl-2-oxoethoxy)phenyl]-1,2-bis-(4-trimethylacetoxyphenyl)but-1-ene
(4)
300 mg of 4 were isolated as a mixture of both isomers (ratio = 1/1) in 41% yield.

'H NMR (300 MHz, CDCl3): 6 0.89 (t, J = 7.3 Hz, 3H, CH; of Et), 1.33 and 1.36 (s,
18H, CH3 of C(CHz3)3), 2.42 (q, J = 7.2 Hz, 2H, CHy), 4.16 (s, 5H, Cp), 4.54 (t, J = 1.9
Hz, 2H, C5Hy), 4.82 (s, 2H, O-CH,-CO), 4.87 (t, J = 7.2 Hz, 2H, C5Hy), 6.65-7.23 (m,
12H, CHypom)- 1% C NMR (75 MHz, CDCl3): § 13.6 (CHj3 of Et); 27.1 (CH3 of C(CHs)s3);
29.0 (CHy); 39.0 and 39.1 (Cq of *Bu); 69.3, 72.3, 72.5, 72.6 (C5Hy); 70.0 (Cp); 71.4 (
0-CH,-CO), 77.2 (Cip of C5Hy); 113.9, 121.0, 121.1, 130.4, 130.5, 132.1 (CHgpom); 136.0,
137.6, 139.5 (Cdarom); 140.9 and 141.1 (C=C); 149.3, 149.8, 156.4 (Cqurom); 177.0 (O-
C=0); 199.3 (-(C=0)-(n*-CsHy)). IR (KBr, ecm~1') : 2972 v(C-H Ph), 1751 v(C=0),
1685 v(FcC=0), 1507 v(C=C arom). MS (EI): m/z = 726 [M]*, 121 [CpFe]*, 57 ['Bu]™.
MS (CI, NH3): m/z = 744 [M+NH4]", 727 [M+H]". Anal. Caled for C, H,;O4Fe: C,
72.66; H, 6.33. Found: C, 72.38; H, 6.36.

1-[4-(2-ferrocenyl-2-oxoethoxy)phenyl]-1- (4-trimethylacetoxyphenyl)-2-phenylbut-
l-ene (4a)

4a was obtained as a mixture of both isomers (ratio = 1/1) in 50% yield.

TH NMR (300 MHz, CDCIl3): § 0.88 (m, 3H, CH3 of Et), 1.36 (s, 9H, CH3 of C(CHz3)3)
2.42 (m, 2H, CHy), 4.16 (s, 5H, Cp), 4.54 (t, 2H, C5Hy), 4.86 (t, 2H, C5Hy), 4.80 (s, 2H,
0-CH2-CO), 6.61-7.25 (m, 13H, CHypom). 1°C NMR (75 MHz, CDCl3): § 13.5 (CH3 of
Et); 27.1 (CHs of C(CHs)s); 29.1 (CHy); 39.1 (Cq of 'Bu); 69.4 and 72.5 (C5Hy); 70.0
(Cp); 71.5 ( O-CH2-CO); 77.2 (Cip of C5Hy); 113.7, 121.1, 126.1, 127.9, 129.6, 130.4 and
132.0 (CHgpom); 136.1, 136.2, 137.2, 140.8, 141.0, 142.0, 142.2, 149.7 and 156.3 (C=C and
Cdarom); 177.1 (0-C=0); 199.3 (-(C=0)-(n>-CsHy)). MS (EI): m/z = 626 [M]'T, 121
[FeCp| ™, 57 ['Bu|t. HRMS (EI, C3qHz50,Fe: [M]'+) caled: 626.2120, found: 626.2117.

1-[4-(2-ferrocenyl-2-oxoethoxy)phenyl]-2- (4-trimethylacetoxyphenyl)-1-phenylbut-
1-ene (4b)

4b was obtained as a mixture of both isomers (ratio = 2/3) in 45% yield.
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TH NMR (300 MHz, CDCl3): 6 0.90 (m, 3H, CH3 of Et), 1.32 and 1.34 (s, 9H, CHj3 of
C(CHs)s), 2.41 (m, 4H, CHz), 4.16 and 4.23 (s, 5H, Cp), 4.54 and 4.55 (t, J = 1.9 Hz,
9H, CsHy), 4.82 and 4.97 (s, 2H, O-CH,-CO), 4.88 and 4.94 (t, J = 1.9 Hz, 2H, Cs5Hy),
6.66-7.36 (m, 13H, CHgrom). C NMR (75 MHz, CDCl3) : ¢ 13.6 (CH3 of Et); 27.1
(CH; of C(CHs)s); 29.0 (CHa); 39.0 (Cq of Bu); 69.4, 72.5, 72.6 (C5Ha); 70.0 (Cp); 71.5
( O-CH,-CO); 77.2 (Cip of CsHy); 113.9, 114.5, 120.8, 121.0, 126.6, 127.4, 128.1, 129.4,
130.5, 130.7, 130.8, 132.0 (CHgrom); 138.5, 138.6, 139.6 (Cdarom); 140.8 and 141.2 (C=C);
149.3, 156.3, 157.1 (Cdarom); 177.0 (0-C=0); 199.4 (-CO-(n>-CsHy)). MS (EI): m/z =
626 [M]*, 121 [FeCp]*, 57 ['Bu]t. HRMS (EI, C39H;O Fe: [M]1) caled: 626.2120,
found: 626.2120.

General procedure for the preparation of DFO, MFOa, and MFOb

4, 4a, and 4b (0.3 mmol) were respectively dissolved in 5 mL of THF. NaOH (220 mg,
excess) in 5 mL of water was added. The mixture was allowed to stir under reflux for 6h.
The reaction mixture was extracted with dichloromethane, the organic phase was washed
with water, dried over MgSQy, filtered, and the solvent removed under reduced pressure.
By flash chromatography, orange-red solids of DFO, MFQOa, and MFODb were isolated

as a mixture of Z and F isomers.

1-(2-ferrocenyl-2-oxoethoxyphenyl)-1,2-bis-(4-hydroxyphenyl)but-1-ene (DFO)
83% yield.
MS (EI): m/z = 558 [M]*, 121 [CpFe|*.

The two isomers were separated by preparative HPLC (Kromasil C18, MeCN:H,0 70:30).

(Z)-isomer: 1H NMR (400 MHz, DMSO-dg): § 0.83 (t, J = 7.2 Hz, 3H, CHs), 2.34 (q, J =
7.2 Hz, 2H, CH,), 4.23 (s, 5H, Cp), 4.62 (t, 2H, Hz of C5Hy), 4.88 (t, H, of C5Hy), 5.04
(s, 2H, O-CH,-CO), 6.55 (d, J = 8.2 Hz, 2H, CH-COH of 8-CgHy,), 6.65 (d, J = 8.4 Hz,
2H, CH-C-O- of o’-CgHy), 6.72 (d, J = 8.7 Hz, 4H, CH-C-OH of a-CgH, and CH-C-C-
of a’-CgHy), 6.88 (d, J = 8.2 Hz, 2H, B-CgHy), 6.94 (d, J = 8.4 Hz, 2H, a-CgHy), 9.14
(s, 1H, OH), 9.20 (s, 1H, OH). *C NMR (75 MHz, DMSO-dg): § 13.5 (CHs of Et); 28.5
(CHa); 68.8 (C5Hy): 69.7 (Cp); 70.0 (O-CHy-CO); 72.3 (CsHy); 75.9 (Cip of C5Hy); 113.6,
114.8, 114.9, 130.1, 130.3, 131.3 (CHayom); 132.3, 134.2, 136.3, 136.7, 139.9 (Cqarom and
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C=C); 155.4, 155.7, 155.9 (Cqarom); 198.4 (C=0). IR (KBr, cm~!): 3423 v(OH), 1663
v(C=0), 1609 v(C=C), 1509 v(C=C arom). Anal. Calcd for C;,H;,0, Fe: C, 72.54; H,
5.88. Found: C, 72.71; H, 5.58. The (Z) isomer was identified by 2D-NMR.

(E)-isomer: *H NMR (400 MHz, DMSO-dg): 6 0.81 (t, J = 7.2 Hz, 3H, CH3), 2.33 (q, J =
7.2 Hz, 2H, CH,), 4.28 (s, 5H, Cp), 4.65 (t, 2H, Hs of C5Hy), 4.94 (t, Hy of C5Hy), 5.19
(s, 2H, O-CH,-CO), 6.40 (d, J = 8.4 Hz, 2H, o’-CHy), 6.54 (d, J = 8.2 Hz, 2H, B-CgHy),
6.59 (d, J = 8.4 Hz, 2H, o’-CeHy), 6.87 (d, J = 8.2 Hz, 2H, B-CgHy), 6.95 (d, J = 8.4
Hz, 2H, a-CgHy), 7.06 (d, J = 8.4 Hz, 2H, a-CgHy), 9.14 (s, 1H, OH), 9.20 (s, 1H, OH).
13 ' NMR (75.4 MHz, DMSO-dg): & 13.5 (CHz); 28.3 (CHa,); 68.8 (C5Hy); 69.8 (Cp); 70.2
(O-CHy-CO); 72.3 (C5Hy); 75.9 (Cip of C5Hy); 114.4, 114.7, 130.0, 130.3, 131.3 (CHayom );
132.5, 133.9, 136.6, 140.0 (Cqgrem and C=C); 155.0, 155.2, 156.6 (Cqgrom); 198.5 (C=0).
mp = 114°C. IR (KBr, cm™1) : 3429 v(OH), 1665 v(C=0), 1608 v(C=C), 1509 v(C=C
arom.). Anal. Calcd for Cg,H,,0,Fe: C, 72.54; H, 5.88. Found: C, 72.48; H, 5.53. The
(E) isomer was identified by 2D-NMR and X-ray crystal structure.

1-(2-ferrocenyl-2-oxoethoxyphenyl)-1-(4-hydroxyphenyl)-2- phenylbut-1-ene (MFOa)
MFOa was obtained in 75% yield.

'H NMR (300 MHz, CDCl3): § 0.90 (t, 3H, CHz), 2.45 (m, 2H, CHy), 4.16 and 4.23 (s,
5H, Cp), 4.55 and 4.60 (t, J = 1.9 Hz, 2H, C5Hy), 4.81 and 4.98 (s, 2H, O-CH,-CO), 4.87
and 4.95 (t, J = 1.9 Hz, 2H, CsHy), 6.47-7.19 (m, 13H, CHurom). 4 C NMR (75 MHz,
CDCly): 13.6 (CHz); 29.1 (CH,); 69.4, 72.7, 72.8 (C5Hy); 70.0 and 70.2 (Cp); 71.3 and
71.4 (0-CH,-CO); 113.7, 114.4, 115.1, 126.0, 127.8, 127.9, 129.7, 130.7, 132.1 (CHarom);
135.6, 136.0, 136.8, 137.3, 137.7 (Cqarom); 141.2, 141.3, 142.6 (C=C); 153.8, 154.7, 156.1,
156.9 (Carom); 199.9 (C=0). MS (ESI): m/z = 565 [M+Na]*, 541 [M+H]~. IR (KBr,
cm™ 1) @ 1665 v(C=0), 1608 v(C=C), 1508 v(C=C arom.). HRMS (EI, C;,H,,0;Fe:
[M] ) caled: 542.1545, found: 542.1549.

1-(2-ferrocenyl-2-oxoethoxyphenyl)-2-(4-hydroxyphenyl)-1- phenylbut-1-ene (MFOD)
MFOb was obtained in 73% yield, as a mixture of both isomers (Z/E 45/55).

(Z)-isomer: 1H NMR (400 MHz, DMSO-dg): 4 0.83 (t, 3H, CHs), 2.30 (q, J = 7.44
Hz, 2H, CHy), 4.23 (s, 5H, Cp), 4.61 (t, 2H, Hy of C5Hy), 4.88 (t, H, of CsHy), 5.04
(s, 2H, O-CH,-CO), 6.56 (d, J = 8.3 Hz, 2H, CH-COH of 3-CgHy), 6.66 (d, J = 8.7
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Hz, 2H, CH-CO of a’-CgHy), 6.74 (d, J = 8.7 Hz, 2H, o’-CHy), 6.91 (d, J = 8.3 Hz,
2H, B-CgHy), 7.16 (d, J = 7.2 Hz, 2H, ortho-CH of a-CgHy), 7.26 (d, 2H, para-CH of
a-CgHy), 7.34 (d, J = 7.5 Hz, 2H, meta-CH of a-CgHy), 9.25 (s, 1H, OH). The (Z) isomer
was identified by 2D-NMR.

(E)-isomer: 'H NMR (400 MHz, DMSO-dg): § 0.93 (t, 3H, CH3), 2.45 (q, 2H, CHa),
4.16 (s, 5H, Cp), 4.55 and 4.94 (t, t, J = 1.9 Hz, 2H, 2H, C5Hy), 4.81 (s, 2H, O-CH,-CO),
6.61-7.33 (m, 13H, CHgpom)-

(Z+E)-mizture: 1*C NMR (100.61 MHz, CDCl3): ¢ 13.6 (CH3); 28.9 (CHs); 69.4, 72.6
(CsHy); 70.1 (Cp); 71.5 (O-CH,-CO); 77.2 (Cip of CsHy); 113.8, 114.5, 114.8, 114.9,
125.6, 125.7, 126.5, 127.4, 127.6, 128.1, 129.5, 130.8, 130.9, 132.0 (CHyrom); 137.6, 138.4,
139.5, 141.6, 143.4 (C=C and Cqurom); 153.9, 160.6 (Cqarom); 200.5 (C=0). MS (CI,
NH3): m/z = 560 [M+NHy]*t, 543 [M+H]T. IR (CH5Cly, cm™!) : 3595 v(OH), 1686
v(C=0), 1606 v(C=C), 1509 v(C=C arom.). Anal Calcd for C4,H;,045Fe: C, 75.22; H,
5.53. Found: C, 75.35; H, 5.57.

General procedure for the preparation of 10, 11, 12, and 13

A solution of diethyl azodicarboxylate (DEAD) (0.42 g, 2.4 mmol) in dry THF (3 mL)
was added drop-wise at 0°C into a solution of ferrocenyl alcohol 6, 7, 8, or 9 (2.4 mmol)
respectively. 3 (1 g, 2 mmol) and triphenylphosphine (0.74 g, 2.8 mmol) in dry THF (12
mL) were then introduced into the reaction mixture. The reaction was stirred at room
temperature for 48 h. The solvent was evaporated under vacuum and the residue was
purified by aluminium oxide column chromatography (petroleum ether) to obtain 10, 11,
12, 13 (E/Z ratio = 1/1) as yellow solids. These compounds were recrystallized from a

ether/pentane solution.
1-[4-(ferrocenylmethoxy)phenyl]-1,2-bis-[4-(trimethylacetoxy)phenyl]but-1-ene (10)
The reaction was done with 0.519 g (2.4 mmol) of ferrocenylmethanol 6. Yield 83%.

'H NMR (300 MHz, CDCl3) : 6 0.92 (t, J = 7.4 Hz, 3H, CHj3), 1.30, 1.34, 1.35, 1.37
(s, 18H, 'Bu), 2.46 (q, J = 7.4 Hz, 2H, CHs), 4.15 and 4.20 (s, 5H, Cp), 4.16 and 4.21
(t, J = 1.8 Hz, 2H, CsHy), 4.26 and 4.34 (t, J = 1.8 Hz, 2H, C5Hy), 4.67 and 4.81 (s,
2H, OCHy), 6.50-7.25 (m, 12H, Hypom). ¥ C NMR (75 MHz, CDCl3): 6 13.5 (CHz); 27.1
(CH3 of *Bu); 29.0 and 29.1 (CHs); 39.0 and 39.1 (Cq of ‘Bu); 66.3 and 66.6 (OCH,); 68.5
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(Cp); 68.6 (C5Hy), 69.2 (C5Hy); 82.6 (Cip of C5Hy); 113.8 and 114.3 (CHgpom); 120.4 and
120.9 (CHgyom); 120.9 and 121.1 (CHyrom); 130.4 and 130.5 (CHarom); 131.7 and 131.9
(CHarom); 135.1 and 135.8; 137.8 and 137.9, 139.5, 139.7, 140.5, 140.7, 141.1, 141.2, 149.0,
149.3, 149.3, 149.8, 157.0, 157.8 (C=C and Carom); 177.0, 177.1 (C=0). MS (EI): m/z =
698 [M]*, 199 [CpFe(n®-CsH4)CHy] ™. IR (KBr, cm™1): 1752 v(C=0). Anal. Calcd for
Cy3HysFeOy: C, 73.92; H, 6.63. Found: C, 73.58; H, 6.66.

1-[4-(2-ferrocenylethoxy)phenyl]-1,2-bis-(4-trimethylacetoxyphenyl)but-1-ene (11)
The reaction was done with 0.552 g (2.4 mmol) of ferrocenylethanol 7. Yield 85%.

'H NMR (300 MHz, CDCl3): 6 0.84 and 0.86 (t, J = 7.4 Hz, 3H, CHs), 1.22, 1.25,
1.26, 1.29 (s, 18H, 'Bu), 2.38 and 2.41 (q, J = 7.4 Hz, 2H, CH,), 2.66 and 2.76 (t, J
= 7.0 Hz, 2H, CHs), 3.89 and 4.01 (t, J = 7.0 Hz, 2H, OCHy), 3.90-4.20 (m, 9H, (n°-
CsHy)FeCp), 6.49 and 6.66 (d, J = 8.8 Hz, 2H, Hyrom), 6.65-7.20 (m, 10H, Hyrom). % C
NMR (75 MHz, CDCl3): § 13.6 (CHs); 27.1 (CH3 of *Bu); 29.0 and 29.5 (CHy); 39.0 (Cq
of {Bu); 67.4 and 67.5 (C5Hy); 68.2 and 68.4 (OCHy); 68.6 (Cp + (n°-CsHy)); 84.8 (Cip of
C5Hy); 113.5 and 114.1 (CHgpom); 120.4 and 120.9 (CHypom); 121.0 and 121.1 (CHgpom);
130.4 and 130.5 (CHgpom); 130.5 and 130.6 (CHgpom); 131.7 and 132.0 (CHgpom); 135.0,
135.7, 137.8, 137.9, 139.5, 139.6, 140.5, 140.7, 141.1, 141.2, 149.0, 149.2, 149.3, 149.7,
156.9, 157.7 (C=C and Cgrom); 177.0 (C=0). MS (CI, NH3) m/z : 712 [M+H]*, 730
[M+NH4] ™. IR (KBr, cm™'): 1752 v(C=0). Anal. Calcd for C, H  FeO;: C, 74.15; H,
6.78. Found: C, 74.03; H, 6.84.

1-[4-(3-ferrocenylpropoxy)phenyl]-1,2-bis-(4-trimethylacetoxyphenyl)but-1-ene (12)
The reaction was done with 0.586 g (2.4 mmol) of ferrocenylpropanol 8. Yield 70%.

TH NMR (300 MHz, CDCIl3): § 0.90 and 0.91 (t, J = 7.4 Hz, 3H, CH3), 1.30 and 1.34
(s, 9H, 'Bu), 1.34 and 1.37 (s, 9H, ‘Bu), 1.86-2.09 (m, 2H, CHs), 2.39-2.59 (m, 4H, 2
CH,), 3.86 and 3.9 (t, J = 6.3 Hz, 2H, OCHs,), 4.02-4.14 (m, 9 H, (n>-CsH,)FeCp), 6.57
and 6.73 (d, J = 8.8 Hz, 2H, Harom), 6.74-7.24 (m, 10H, Haom). *C NMR (75 MHz,
CDCl3): 6 12.7 (CHj); 25.0 (CHy); 26.3 (CHj of *Bu); 28.1 and 28.8 (CHa); 29.6 (CH, of
Et): 38.2 (Cq of 'Bu), 66.2 (OCH,); 66.3 and 66.4 (CsHy), 67.2 (CsHy), 67.6 (Cp), 87.4
(Cq, Cp), 112.6 and 113.2 (CHarom), 119.5 and 120.2 (CHarom), 120.0 (CHarom), 129.5
(CHarom), 129.6 (CHgrom), 130.9 and 131.1 (CHgpom ), 134.1, 136.9, 138.7, 139.8, 140.2,
148.4, 148.8, 151.6, 152.5, 156.2, 157.1 (C=C and Carom); 176.2 (C=0). MS (EI) m/z :
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726 [M]+, 661 [M-Cp]*, 199 [CpFe(n®-CsH4)CHs] ™, 121 [CpFe]™, 57 [{Bu]T. IR (KBr,
cm™1): 1752 v(C=0). Anal. Caled for CyHy FeOy: C, 74.37; H, 6.93. Found: C, 74.28;
H, 6.99.

1-[4-(4-ferrocenylbutoxy)phenyl]-1,2-bis-(4-trimethylacetoxyphenyl)but-1-ene (13)
The reaction was done with 0.620 g (2.4 mmol) of ferrocenylbutanol 9. Yield 74%.

1[I NMR (300 MHz, CDCl3): § 0.92 and 0.94 (t, J = 7.0 Hz, 3H, CHs), 1.27, 1.30, 1.35,
1.38 (s, 18H, 'Bu), 1.52-1.90 (m, 4H, CHy-CHa), 2.30-2.55 (m, 4H, CHy), 3.85 and 3.99
(t, J = 6.2 Hz, 2H, OCHy), 4.03 and 4.04 (s, 2H, C5Hy), 4.05 and 4.06 (s, 2H, C5Hy),
4.09 and 4.12 (s, 5H, Cp), 6.50-7.30 (m, 12H, Hyrom). ¥ C NMR (75 MHz, CDCl3): §
13.6 (CH3); 27.2 (CH3 of 'Bu); 27.5 (CHz); 29.0 and 29.7 (CHy); 29.2 (CHy); 29.3 (CHy);
39.0 (Cq of 'Bu); 39.1 (Cq of ‘Bu); 67.1 (C5Hy); 67.4 and 67.7 (OCHz); 68.1 (C5Hy); 68.5
(Cp); 89.0 (Cq of C5Hy); 113.4 and 114.0 (CHapom); 120.4 and 120.9 (CHarom ); 120.9 and
121.1 (CHarom); 130.4 and 130.5 (CHarom); 130.5 (CHarom); 131.7 and 132.0 (CHarom);
134.9, 135.6, 137.8, 137.9, 139.6, 140.5, 140.6, 141.1, 149.2, 149.7, 155.0, 157.2 (C=C
and Carom); 176.9, 177.0 and 177.1 (C=0); 177.2 (C=0). MS (EI) m/z : 740 [M]'*,
199 [CpFe(n°-CsHy)CHa)*, 121 [CpFe]t. IR (KBr, cm™!): 1754 v(CO). Anal. Caled for
CyeHsoFeOy: C, 74.58; H, 7.07. Found: C, 74.51; H, 7.36.

1-[4-(2-ferrocenylethoxy)phenyl]-1-phenyl-2- (4-trimethylacetoxyphenyl)but-1-ene (14)

The same procedure as for compound 10 was used to synthesize 14. The substituted

butene 3 was replaced by 3b (0.801 g, 2 mmol). Yield 96%.

' NMR (300 MHz, CDCl3) : § 0.94 and 0.96 (t, J = 7.4 Hz, 3H, CHz), 1.34 and 1.35
(s, 9H, 'Bu), 2.45 and 2.51 (q, J = 7.4 Hz, 2H, CHy), 2.75 and 2.85 (t, J = 7.0 Hz, 2H,
CHa), 3.97 and 4.11 (t, J = 7.0 Hz, 2H, OCH,), 4.00-4.25 (m, 9 H, (55-C5H4)FeCp), 6.58
and 6.87 (d, J = 8.5 Hz, 2H, Harom), 6.75-7.40 (m, 11H, Horom). 2 C NMR (75 MHz,
CDCl3) : 6 13.6 (CHs3); 27.1 (CHs of !Bu); 29.0 (CHs); 29.5 and 29.6 (CHs); 39.0 (Cq of
'Bu); 67.4 and 67.5 (C5Hy); 68.2 and 68.4 (OCH,); 68.5 (Cp + (11°-CsHy)), 84.7 (Cip of
CsHy); 113.5 and 114.1 (CHapon); 120.8 and 120.9 (CHarom); 125.8 and 126.6 (CHarom );
127.4 and 128.1 (CHgrom); 129.4 and 130.6 (CHgrom); 130.6 (CHgrom); 130.8 and 131.9
(CHgarom); 135.0, 135.7, 138.7, 138.8, 139.7, 140.4, 141.0, 143.2, 143.7, 149.2, 156.9, 157.7
(C=C and Cgrom); 177.0 (C=0). MS (CI, NH3) m/z : 612 [M+H]", 630 [M+NH4]*. IR
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(KBr, cm™1): 1756, 1747 v(CO). Anal. Caled for Ca9H, FeO5: C, 76.46; H, 6.58. Found:
C, 76.56; H, 6.61.

General procedure for the preparation of DF2, DF3, DFj, and MF2b

A mixture of sodium hydroxide (0.80 g, 20 mmol) were added to a solution of 11, 12, 13,
and 14 respectively (2 mmol) dissolved in tetrahydrofuran (30 mL) and water (40 mL).
The reaction mixture was heated under reflux for 24 hours. The solution was hydrolyzed,
acidified to pH = 1. Standard work-up was performed. However, the crude products
were isolated on an aluminium oxide column (eluent: dichloromethane/acetone 95/5).
The products were further purified by preparative HPLC with a solution of acetonitrile
and water or pure acetonitrile. The isomers (distinctly separate on TLC plates, eluent =
dichloromethane, in approximatively 1/1 ratio), could be easily separated but re-isomerize
rapidly, before the solvents could be removed. Recrystallization failed to occur because
the solutions became oily at low temperature and at room temperature, the compounds

degrade in a few days.

1-[4-(2-ferrocenylethoxy)phenyl]-1,2-bis-(4-hydroxyphenyl)but-1-ene (DF2)

The reaction was performed with 1.425 g (2 mmol) of compound 11. The product was
purified by preparative HPLC with acetonitrile/water 90/10 as eluent. DF2 was retrieved
as a yellow solid. Yield 92%.

'H NMR (300 MHz, CDCl3): § 0.90 (t, J = 7.3 Hz, 3H, CH3), 2.42 (q, J = 7.3 Hz, 2H,
CHa), 2.69 and 2.80 (t, J = 7.0 Hz, 2H, CHy), 3.93 and 4.08 (t, J = 7.0 Hz, 2H, OCH,),
4.02-4.25 (m, 9H, (n°-CsH4)FeCp), 6.45 and 6.53 (d, J = 8.6 Hz, 2H, Hyrom), 6.59 and
6.60 (d, J = 8.6 Hz, 2H, Hyrom), 6.70 and 6.75 (d, J = 8.6 Hz, 2H, Hypom ), 6.76 and
6.85 (d, J = 8.6 Hz, 2H, Hypom), 6.94 (d, J = 8.6 Hz, 2H, Hyrom), 7.05 and 7.11 (d, J
= 8.6 Hz, 2 H, Hyrom). *C NMR (75 MHz, CDCl3) : § 15.1 (CH3); 30.3 (CHz); 30.9
and 31.0 (CHs); 69.0 and 69.1 (C5Hy); 69.7 and 69.9 (OCHs); 70.2 (Cp + (n°-CsHy));
86.3 (Cq of Cp), 114.8 and 115.5 (CHgpom); 115.8 and 116.4 (CHgyrom); 116.3 (CHapom);
132.0 and 132.2 (CHyrom); 132.3 (CHgpom); 133.4 and 133.5 (CHgpom ); 136.1, 137.4, 137.6,
137.8, 138.0, 138.7, 141.9, 154.9, 155.8, 155.3, 158.0, 158.8 (C=C and Cqyrom). MS (CI,
NH;3) m/z : 712 [M+H]", 730 [M+NH4|*. HRMS (CI, CH4, C4,H;;FeO4: [MH]™) caled:
545.1780, found: 545.1786.

70



Chapter 2. Ferrocenyl derivatives

1-[4-(3-ferrocenylpropoxy)phenyl]-1,2-bis-(4-hydroxyphenyl)but-1-ene (DF3)

The reaction was performed with 1.453 g (2 mmol) of compound 12. The product was
purified by preparative HPLC with acetonitrile/water 90/10 as eluent. DF3 was retrieved
as a yellow solid. 70% yield.

L[ NMR (300 MHz, CDCly): § 0.90 and 0.91 (t, J = 7.3 Hz, 3H, CHjz), 1.75-2.06 (m,
oH, CH,), 2.36-2.55 (m, 4H, CH,), 3.85 and 3.97 (t, J = 6.3 Hz, 2H, OCH,), 4.01-4.14
(m, 9H, (n°-CsHy)FeCp), 6.45 and 6.55 (d, J = 8.7 Hz, 2H, Hyrom), 6.60 (d, J = 8.7
Hz, 2H, Hyrom), 6.71 and 6.75 (d, J = 8.7 Hz, 2H, Hgyrom), 6.76 and 6.86 (d, J = 8.7
Hz, 2H, Harom), 6.94 (d, J = 8.7 Hz, 4H, Harom), 7.06 and 7.11 (d, J = 8.7 Hz, 2H,
Harom). 130 NMR (75 MHz, CDCl3): 6 13.7 (CHs); 25.9 and 26.0 (CHs); 28.9 (CHa):
30.4 and 30.6 (CHy); 67.2 and 67.4 (OCHy); 67.3 (CsHa); 68.2 (CsHy); 68.6 and 68.7
(Cp): 88.4 and 88.6 (Cip of C5Hy); 113.4 and 114.1 (CHgrom); 114.3 and 115.0 (CHayom):
114.8 (CHarom); 130.6 and 130.8 (CHarom): 130.9 (CHarom); 132.0 and 132.2 (CHarom);
134.9, 136.0, 136.2, 136.4, 136.6, 137.3, 140.5, 153.3, 154.2, 153.7, 156.7, 157.6 (C=C and
Carom). HRMS (CI, CHy, CyH,-FeOy: [MH]T) caled: 559.1936, found: 559.1926. IR
(KBr, cm™1): 3407 v(OH).

1-[4-(4-ferrocenylbutoxy)phenyl]-1,2-bis-(4-hydroxyphenyl)but-1-ene (DF4)

The reaction was performed with 1.481 g (2 mmol) of compound 13. The product was
purified by preparative HPLC with acetonitrile/water 90/10 as eluent. DF4 was retrieved
as a yellow solid. 83% yield.

TH NMR (300 MHz, CDCl3) : 4 0.93 (t, J = 7.3 Hz, 3H, CH3), 1.54-1.93 (m, 4H, CH,-
CHy), 2.30-2.52 (m, 4H, CHy), 3.85 and 3.99 (t, J = 6.3 Hz, 2H, OCHy), 4.03-4.19 (m,
9H, (n°-CsHy)FeCp), 6.48 and 6.56 (d, J = 8.7 Hz, 2H, Hyrom), 6.60 and 6.61 (d, J =
8.7 Hz, 2H, Hypom), 6.73 and 6.77 (d, J = 8.7 Hz, 2H, Hyrom), 6.79 and 6.87 (d, J =
8.7 Hz, 2H, Hypom), 6.96 (d, J = 8.7 Hz, 2H, Hypom), 7.08 and 7.13 (d, J = 8.7 Hz, 2H,
Hurom). 2 C NMR (75 MHz, CDCl3): 6 13.7 (CHs3); 27.4 and 27.5 (CHy); 28.9 (CHa),
29.1 and 29.3 (CHs), 29.2 (CHs), 67.2 and 67.3 (CsHy), 67.5 and 67.7 (OCHy), 68.1 and
68.2 (C5Hy), 68.6 and 68.7 (Cp), 89.1 (Cip of C5Hy), 113.3 and 114.0 (CHgpom), 114.3 and
114.9 (CHyrom); 114.8 (CHgrom); 130.6 and 130.8 (CHgrom); 130.9 (CHarom); 131.9 and
132.1 (CHgpom); 134.9, 135.9, 136.2, 136.3, 136.5, 137.3, 140.4, 153.4, 153.7, 153.7, 154.3,
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156.8, 157.7 (C=C and Cygrom). HRMS (CI, NHs, C34H,,FeOy: [MH]T) caled: 573.2093,
found: 573.2089. IR (KBr, cm™1): 3422 v(OH).

1-[4-(2-ferrocenylethoxy)phenyl]-1-phenyl-2-(4-hydroxyphenyl)but-1-ene (MF2b)
The reaction was done with 1.225 g (2 mmol) of compound 14. The product was purified

by preparative HPLC with pure acetonitrile. MF2b was retrieved as a yellow solid. Yield
79%.

TH NMR (300 MHz, CDCI3): § 0.85 and 0.87 (t, J = 7.4 Hz, 3H, CH3), 2.36 and 2.37 (q,
J = 7.4 Hz, 2H, CHy), 2.66 and 2.76 (t, J = 7.0 Hz, 2H, CHy), 3.89 and 4.04 (t, J = 7.0
Hz, 2H, OCHy), 3.95-4.15 (m, 9H, (n°-C5H4)FeCp), 4.54 and 4.56 (s, 1H, OH), 6.42-6.75
(m, 4H, Harom), 6.75-7.35 (m, 9H, Harom). 1% C NMR (75 MHz, CDCl3): § 13.6 (CHs);
98.9 (CHa); 29.5 and 29.6 (CHy); 67.4 and 67.5 (C5Hy); 68.3 and 68.5 (OCHa); 68.6 (Cp +
(n°-C5Hy)); 84.8 (Cq of Cp); 113.4 and 114.0 (CHgrom); 114.8 and 114.9 (CHyrom); 125.5
and 126.4 (CHurom); 127.3 and 128.1 (CHurom); 129.5 and 130.6 (CHurom); 130.8 and
130.9 (C=C and CHgyom); 130.9 and 131.9 (CHgypom); 134.8, 135.7, 136.2, 137.9, 138.0,
140.7, 141.3, 143.6, 144.0, 153.7, 156.7, 157.5 (Carom). HRMS (CI, CHy, Cy,HysFeO,:
[MH] ") caled: 529.1830, found: 529.1829. IR (KBr, cm™1): 3432 v(OH).

Ethyl (4-{[1-(4-hydroxyphenyl)-2-ferrocenyl]|but-1-en-1-yl}phenoxy)ethanoate (15)
Cs2CO3 (1.07 g, 3.3 mmol) and Fe-diOH (1.27 g, 3 mmol) were stirred in 20 mL of
acetone. After stirring for 10 min, ethyl bromoacetate (0.33 mL, 3 mmol) was added, and
the reaction mixture was left heating under reflux for 4h. After standard work-up, the
product 15 (400 mg, 26% yield), a mixture of Z and F isomers, was separated by flash

chromatography on silica gel column.

I NMR (300 MHz, CDCl3): & 1.01 (m, 3H, CH; of Et), 1.30 (m, 3H, CHs of OEt),
2.57 (m, 2H, CH, of Et), 3.88 and 3.90 (t, 2H, CsHy), 4.06 (m, 2H, C5Hy), 4.10 (s, 5H,
Cp), 4.28 (m, 2H, CH, of OEt), 4.58 and 4.62 (s, 2H, O-CHy-CO), 6.68-7.12 (m, SH,
Hurom)- 12 C NMR (75 MHz, CDCl3): 6 14.3 (CH3 of OEt); 15.6 (CHs of Et); 28.1 (CHy
of Et); 61.5 (CHa of OEt); 65.6 (O-CHa); 68.2 (C5Ha); 69.3 (CsHy); 69.4 (Cp): 87.1 (Cip
of CsHy); 114.4, 114.6, 115.2, 115.3, 130.6, 130.7, 131.2 (CHgyom); 137.0, 137.2, 137.3,
138.5, 138.7 (C=C and Cqarom); 154.1 and 156.3 (Cqarom-O); 169.3 (C=0). IR (KBr,
cm™1): 1735 v(C=0), 1606 v(C=C), 1507 v(C=C arom). HRMS (FAB, Cy,H;,0,Fe:
[M]' ) caled: 510.1494, found: 510.1498.
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(4-{[1-(4-hydroxyphenyl)-2-ferrocenyl]but-1-en-1-yl}phenoxy)ethanoic acid (AC1)

Sodium hydroxide (200 mg, 5 mmol) and ester 15 (400 mg, 0.8 mmol) were dissolved
in a solution of acetone (10 mL) and water (5 mL). After stirring for 1h, the solution
was hydrolyzed and washed by diethyl ether. The aqueous layer was acidified until a
precipitation was observed, and was then extracted with diethyl ether. The organic
layer was dried over MgSQO4, and the solvent was evaporated under reduced pressure.
The product was purified by preparative HPLC with acetonitrile/water + 0.1% TFA
(trifluoroacetic acid) 90/10 as eluent. AC1 was retrieved as a dark red solid (300 mg,

78%), a mixture of Z and FE isomers.

L[/ NMR (300 MHz, CDCl3): § 1.00 (m, 3H, CHs), 2.56 (m, 2H, CH,), 3.87 and 3.90 (t,
J = 3Hz, 2H, CsHy), 4.05 (m, 2H, C5Hy), 4.09 (s, 5H, Cp), 4.61 and 4.66 (s, 2H, O-CHy-
CO), 6.68-7.12 (m, 8H, Hyrom). ¥ C NMR (75 MHz, (CD3)2S0): § 15.4 and 15.5 (CHj);
29.6 (CHay); 64.5 (O-CHa-(CO)); 67.8, 68.5, 68.7 and 69.0 (Cp + (n°-CsHy)); 86.0 and
86.1 (Cip of CsHy); 114.1, 115.1, 129.8, 130.2 (CHgrom); 135.1, 135.3, 135.8, 135.9, 136.9,
137.5, 137.7 (C=C and Cqarom); 155.6, 155.7, 155.9, 156.0 (Cqarom-0); 170.2 (C=0).
IR (KBr, cm™1): 3428 v(OH), 1605 v(C=C), 1507 v(C=C arom). MS (EI): m/z = 482
[M]'*+, 121 [CpFe]*. HRMS (EI, CpqH,s0,Fe: [M]™) caled: 482.1181, found: 482.1187.

[1-(4-trimethylacetoxyphenyl)-1-(4-hydroxyphenyl)-2-ferrocenyl|but-1-ene (17)

To a suspension of Zn (3.9 g, 60 mmol) in 80 mL of anhydrous THF, TiCly (3.6 mL, 33
mmol) was added drop-wise, under inert atmosphere. After being under reflux for 2h, 4,4’
hydroxy(trimethylacetoxy)benzophenone (2) (2.98 g, 10 mmol) and propionylferrocene
(2.4 g, 10 mmol) dissolved in 20 mL of anhydrous THF were added to the three-neck
round flask. The mixture was left under reflux for another 2h. After cooling, the mixture
was hydrolysed by 200 mL of acidified water, and went under standard work-up. An
orange-red solid (Z and E mixture in 53:47 ratio) was recovered (1.7 g, 33% yield).

TH NMR (300 MHz, CDCl3): 6 1.02 (t, 3H, CH3), 1.34 and 1.36 (s, 9H, Bu), 2.58 (m, 2H,
CHa), 3.91 (m, 2H, C5Hy), 4.07 (t, 2H, CsHy), 4.10 (s, 5H, Cp), 6.66-7.20 (m, 8H, Harom ).
130 NMR (75 MHz, CDCl3): 6 15.6 (CHz); 27.3 (CHs of 'Bu); 28.1 and 28.2 (CHy); 39.2
(Cq of ‘Bu); 68.1, 68.2, 68.3, 69.3, 69.5 (Cp + (19-C5Ha)); 86.9 (Cip of CzHa); 115.2,
115.3, 121.2, 121.3, 130.4, 130.8, 131.0, 131.4 (CHgrom); 136.7, 137.0, 137.2, 137.6, 137.9,
142.2 (C=C and Cdqurom); 149.5 and 154.2 (Cqarom-0); 177.3 and 173.4 (C=0). IR (KBr,
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ecm™1): 1751 v(C=0), 1608 v(C=C), 1509 v(C=C arom). HRMS (FAB, C3,;H;,0;FeNa:
[MNa]™) caled: 531.1599, found: 531.1613.

Ethyl (4-{[1-(4-trimethylacetoxyphenyl)-2-ferrocenyl]|but-1-en-1-yl}phenoxy)butanoate
(18)
Cs2CO3 (196 mg, 0.6 mmol) and 17 (310 mg, 0.6 mmol) were stirred in 10 mL of acetone.
After stirring for 10 min, ethyl bromobutyrate (0.09 mL, 0.6 mmol) was added, and the
reaction mixture was left heating under reflux for 24h. After standard work-up, the
product 18 (190 mg, 50% yield), a mixture of Z and F isomers, was separated by flash

chromatography on silica gel column.

[ NMR (300 MHz, CDCl3): § 1.02 (t, J = 7.4 Hz, 3H, CHjz of Et), 1.26 (m, 3H, CHs
of OEt), 1.34 and 1.36 (s, 9H, CH3 of ‘Bu), 2.10 (m, 2H, CHy of Et), 2.54 (m, 4H,
(CHz2)2-(CO)), 3.91 (m, 2H, CsHy), 3.94 (m, 2H, O-CHy), 4.13 (m, 8H), 4.08 (s, 7TH, Cp
+ (1-C5Hy)), 4.13 (m, 2H, CH, of OEt), 6.72-6.89 (m, 4H, Hayom), 7.03 (m, 2H, Harom),
7.10 and 7.19 (d, J = 8.6 Hz, 2H, Hurom). ' C NMR (75 MHz, CDCl3): 6 14.4 (CHj,
of OEt); 15.6 (CHs of Et); 27.3 (CHs of 'Bu); 24.9 (CHa- CHa-CHy); 27.3 (CHs of ‘Bu);
28.1 and 28.2 (CHy of Et); 31.0 (CHa-(CO)); 39.2 (Cq of ‘Bu); 60.5 (CHy of OEt): 66.8
(O-CHa); 68.2, 68.3, 69.3, 69.5 (Cp + (15-CsHa)); 86.9 (Cip of CsHy); 114.5, 114.6, 115.4,
115.5, 130.7, 130.8, 131.2 (CHgpom); 136.8, 137.0, 137.1, 137.5, 137.8, 142.2, 142.4 (C=C
and Cdarom); 149.5 and 157.4 (Cqarom-0); 173.4 (C=0). MS (EI, C4,H;,O;Fe): m/z =
622 [M] T, 121 [CpFe| T, 57 ['Bu] ™.

(4-{[1-(4-hydroxyphenyl)-2-ferrocenyl]|but-1-en-1-yl}phenoxy)butanoic acid (AC3)

Sodium hydroxide (200 mg, 5 mmol) and ester 18 (400 mg, 0.6 mmol) were dissolved in
a solution of acetone (10 mL) and water (5 mL). After heating under reflux for 2h, the
solution was cooled to room temperature, hydrolyzed and washed by dichloromethane.
The aqueous layer was acidified until a precipitation was observed, and was then extracted
with dichloromethane. The organic layer was dried over MgSQy, and the solvent was
evaporated under reduced pressure. The product was purified by preparative HPLC with
acetonitrile/water + 0.1% TFA (trifluoroacetic acid) 80/20 as eluent. Recristallisation in
a mixture of dichloromethane/hexane yielded AC3 as an orange-red solid (200 mg, 65%),

and as a mixture of Z and E isomers.
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'H NMR (300 MHz, (CD3)2CO): § 1.02 (m, 3H, CH3), 2.06 (m, 2H, CHy), 2.51 and
2.62 (m, 4H, (CHy)2-(CO)), 3.92 (m, 2H, CsHy), 4.01 (m, 2H, O-CHs), 4.06 (m, 2H,
CsHy), 4.11 (s, 5H, Cp), 6.71-7.14 (m, 8H, Hypom). 2 C NMR (75 MHz, CDCl3): §
15.4 (CH3); 25.1 (CHy-CH,-CHy); 28.0 and 28.1 (CHy of Et); 30.7 (CHa-(CO)); 67.0
(O-CHa); 68.3 (CsHy); 69.47 (Cp); 87.43 (Cip of CsHy); 114.26, 114.36, 121.18, 121.32,
130.37, 130.67, 130.98, 131.16 (CHgpom); 136.59, 136.75, 136.85, 137.86, 138.06, 138.13
(C=C and Cdqgrom); 156.2 and 157.9 (Cqarom-0); 174.0 and 179.3 (C=0). MS (EI): m/z
= 510 [M]*, 121 [CpFe|t. HRMS (EI, CyyH;,0,Fe: [M] ™) caled: 510.1494, found:
510.1495.

Ethyl (4-{[1-(4-hydroxyphenyl)-2-ferrocenyl|but-1-en-1-yl}phenoxy)propanoate (19)

Compound Fc-diOH (4.24 g, 10 mmol) was added to a freshly prepared solution of
NaOEt, obtained by dissolving Na (0.23 g, 10 mmol) in 20 mL of absolute EtOH. After
15 min, ethyl acrylate (10.88 mL, 0.1 mol) was added to the solution, and the reaction
mixture was left stirring for 48h. The solvent was then evaporated under reduced pressure,
and the residue was dissolved in ethyl acetate. Water was added, and the pH of the
aqueous layer was adjusted to pH = 2.5 with dilute HCl. After extraction, the organic
layers were collected, dried over MgSO4, and the solvent removed by evaporation under
reduced pressure. After purification by preparative HPLC, the product 19 (800 mg, 16%

yield) was obtained as a mixture of Z and E isomers.

L[ NMR (300 MHz, CDCl3): § 1.00 (t, J = 6.3 Hz, 3H, CHj; of Et), 1.28 (m, 3H, CHj
of OEt), 2.50 (m, 2H, CHs of Et), 2.78 (q, J = 6.5 Hz, 2H, CH,-(CO)), 3.98 (m, 2H,
CsHy), 4.15 (s, TH, Cp + (n°-CsHy)), 4.22 (m, 4H, O-CHz of O(CHz)2COOEt + OEt),
4.88 and 4.90 (s, 1H, OH), 6.67-7.09 (m, 8H, Hyrom). 19 C NMR (75 MHz, CDCl3): 6 14.3
(CHs of OEt); 15.6 (CHs of Et); 28.1 (CHz of Et); 34.9 (CH2-(CO)); 60.9 (CHy of OEt);
63.5 (O-CHy); 68.6 (CsHy); 69.6 (C5Hy); 69.8 (Cp); 88.1 (Cip of CsHy); 114.4, 114.5,
115.2, 115.2, 130.6, 130.8, 131.2 and 131.4 (CHarom); 136.8, 137.4, 137.5 and 137.8 (C=C
and Cqarom); 154.1 and 157.0 (Cqarom-0); 171.4 (C=0). MS (EI): m/z = 524 [M]*, 459
[M-Cp| ™, 121 [CpFe]*. Anal. Caled for CqHyoFeO,: C, 70.99; H, 6.15. Found: C, 70.95;
H, 6.21.

(4-{[1-(4-hydroxyphenyl)-2-ferrocenyl|but-1-en-1-yl}phenoxy)propanoic acid (AC2)
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Sodium hydroxide (600 mg, 15 mmol) and ester 19 (700 mg, 1.3 mmol) were dissolved
in a solution of THF (10 mL) and water (5 mL). After heating under reflux for 4h, the
solution was cooled to room temperature, hydrolyzed and washed by dichloromethane.
The aqueous layer was acidified until a precipitation was observed, and was then extracted
with dichloromethane. The organic layer was dried over MgSQy, and the solvent was
evaporated under reduced pressure. The product was purified by preparative HPLC with
acetonitrile/water + 0.1% TFA (trifluoroacetic acid) 80/20 as eluent. AC2 was retrieved
as a red solid (480 mg, 75%), a mixture of Z and F isomers. Yield of 52%, which has not

been optimized yet.

TH NMR (300 MHz, (CD3)2CO): § 1.00 (s, 3H, CHs), 2.50 (m, 2H, CH, of Et), 2.84 (m,
2H, CH,-(CO)), 3.98 (m, 2H, C5Hy), 4.15 (s, TH, Cp + (n°-CsHy)), 4.22 (m, 2H, O-CHs),
6.67-7.10 (m, 8H, Hyrom). 2 C NMR (75 MHz, CDCl3): § 15.5 (CHs); 28.1 (CH; of Et);
34.5 and 35.3 (CHa-(CO)); 63.1 (O-CHa); 68.5, 69.6, 69.7 (Cp + (n°-CsHy)); 88.0 (Cip of
CsHy); 114.3, 114.4, 115.2, 115.2, 130.7, 130.8, 131.2, 131.4 (CHgrom); 136.8, 137.3, 137.5,
137.7, 138.0 (C=C and Cqarom); 154.0 and 156.9 (Cqarom-0); 176.7 (C=0). HRMS (EI,
CogHogO,Fe: [M]F) caled: 496.1337, found: 496.1326.

2.8.2 Crystal data for (E)-DFO0O-0.5 (C3H;,0)

Single crystals were attached to a glass fiber mounted on the Bruker SMART system for data
collection using Mo Ko radiation at 296 K. Cell parameters were obtained from the autoin-
dexing routine SMART (SMART for Windows NT, Bruker AXS Inc, Madison, WI, 1997-2001)
and were refined with 4301 reflections within a 20 range of 3.20-59.72°. Data reduction and
integration were performed with the software package SAINTPLUS (SAINTPLUS for Windows
NT, Bruker AXS Inc, Madison, WI, 1997-2001). Absorption corrections were applied using the
program SADABS (SADABS, V2.03, Bruker/Siemens Area Detector Absorption and Other
Corrections, Bruker AXS Inc, Madison, WI, 1997-2001). Crystal and space group symmetries
for all compounds were determined using the XPREP program (XPREP, Bruker AXS Inc,
Madison, WI, 1997-2001). The positions of some of the non-hydrogen atoms were found by
direct methods using the program SHELXS. [153] The positions of the remaining non-hydrogen
atoms were located by use of a combination of least-squares refinement and difference Fourier
maps in the SHELXL-97 program. [154] Non-hydrogen atoms were refined with anisotropic

displacement parameters. The hydrogen atoms were included in the structure factor calcula-

76



Chapter 2. Ferrocenyl derivatives

tions at idealized positions. The diethylether solvent molecule was disordered over the inversion
center, and thus the occupancy was fixed at 0.5. The unsubstituted cyclopentadienyl ring was
disordered over two rotational positions. These were modeled as rigid pentagons with a major
part occupancy of 80%.

CCDC 626320 contains the supplementary crystallographic data for this work. These data
can be obtained free of charge from www.ccde.cam.ac.uk/conts/retrieving.html, or from the
Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK, fax:
(4+44) 1223-336-033; or email: deposit@ccdc.cam.ac.uk.

2.8.3 Electrochemistry

Cyclic voltammograms (CVs) were obtained using a three electrode cell with a 0.5 mm platinum
working electrode, gold-plated nickel mesh counter electrode, and saturated calomel reference
electrode, with an Autolab PGStat20 potentiostat driven by GPES software (General Purpose
Electrochemical System, Version 4.8, EcoChemie B.V., Utrecht, the Netherlands). Solutions
consisted of 6 mL DMF, 1 mM analyte, and 0.1 M tetrabutylammonium tetrafluoroborate
supporting electrolyte. After variable scan rate CVs were obtained from 0.05 to 20 V/s.
Between each scan, the working electrode was gently polished with a sheet of “kimwipe light”

(®Kimberly—Clark Corporation).

2.8.4 Biological experiments

Stock solutions (1-1073 M) of the compounds to be tested were prepared in DMSO and were
kept at 4°C in the dark. Under these conditions they are stable for at least two months. Serial
dilutions in DMSO were prepared just prior to use. Dulbecco’s modified eagle medium (DMEM)
was purchased from Gibco BRL, fetal calf serum from Dutscher, Brumath, France, glutamine,
estradiol and protamine sulfate were from Sigma. MCF-7 and MDA-MB-231 cells were from
the Human Tumor Cell Bank. Sheep uteri weighing approximately 7 g were obtained from the
slaughterhouse at Mantes-la-Jolie, France. They were immediately frozen and kept in liquid

nitrogen prior to use.

Determination of the relative binding affinity (RBA)

RBA values were measured on ERa from lamb uterine cytosol and on ERS purchased from

Pan Vera (Madison, WI, USA). Sheep uterine cytosol prepared in buffer A (0.05 M Tris—HC],
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0.25 M sucrose, 0.1% S-mercaptoethanol, pH 7.4 at 25°C) as described previously was used as
a source of ERa. For ERf, 10 pL of the solution containing 3500 pmol/mL were added to 16
mL of buffer B (10% glycerol, 50 mM Bis—Tris—propane pH = 9, 400 mM KCl, 2 mM DTT, 1
mM EDTA, 0.1% BSA) in a silanized flask. Aliquots (200 xL) of ER« in glass tubes or ERA
in polypropylene tubes were incubated for 3h at 0°C with [6,7-3H]-estradiol (2:10~° M, specific
activity 1.62 TBq/mmol, NEN Life Science, Boston MA) in the presence of nine concentrations
of the hormones to be tested. At the end of the incubation period, the free and bound fractions
of the tracer were separated by protamine sulfate precipitation. The percentage reduction in

)

binding of [*H]-estradiol (Y) was calculated using the logit transformation of Y (logitY: In(25

versus the log of the mass of the competing steroid. The concentration of unlabeled steroid
required to displace 50% of the bound [*H]-estradiol was calculated for each steroid tested, and

the results expressed as RBA. The RBA value of estradiol is by definition equal to 100%.

Measurement of octanol/water partition coefficient, logP,/,

The logP,,, values of the compounds were determined by reverse-phase HPLC on a C-8 column
(Nucleosil 5.C8, from Macherey Nagel, France) according to the method previously described
by Minick and Pomper. [104,145] Measurement of the chromatographic capacity factors (k’) for
each compounds was done at various concentrations in the range 85-60% methanol (containing
0.25% octanol) and an aqueous phase consisting of 0.15% n-decylamine in 0.02 M MOPS (3-
morpholinopropanesulfonic acid) buffer, pH 7.4 (prepared in 1-octanol saturated water). These
capacity factors (k’) are extrapolated to 100% of the aqueous component given the value of k’,,.

logP,/,, (y) is then obtained by the formula: logP,/, = 0.13418 + 0.98452xlog k',

Culture conditions

Cells were maintained in monolayer in DMEM with phenol red (Gibco BRL) supplemented
with 8-9% fetal calf serum (Gibco BRL) and glutamine 2 mM (Sigma) at 37°C in a 5% COy air
humidified incubator. For proliferation assays, cells were plated in 1 ml of DMEM medium with
or without phenol red, supplemented with 10% decomplemented and hormone-depleted fetal calf
serum and 2 mM glutamine and incubated. The following day (D0) 1 mL of the same medium
containing the compounds to be tested was added to the plates (final volumes of DMSO: 0.1%;
four wells for each conditions, one plate per day). After 3 days (D3), the incubation medium

was removed and fresh medium containing the compounds was added. After 5 or 6 days (D5 or
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D6), the total protein content of the plate was analyzed by methylene blue staining as follows.
Cell monolayers were fixed for 1h in methanol, stained for 1h with methylene blue (1 mg/mL)
in PBS, then washed thoroughly with water. 1 mL of HCI (0.1 M) was then added and the
absorbance of each well was measured at A = 620 nm with a Biorad spectrophotometer. The

results are expressed as the percentage of proteins versus the control.
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Rhenium and Technetium tamoxifen
derivatives:

potential radiopharmaceuticals?

A radiopharmaceutical is a molecule tagged with a radionuclide and prepared in a suitable form
for human use. Being in an excited state, a radionuclide tries to attain stability through decay,
which could be in the forms of «, 3, or v decays. An « decay involves emission of a helium
nucleus 2He and is lowest in energy (4-10 MeV). An electron or a positron is emitted in a 3

decay, whereas a photon particle is released in a v decay.
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3.1 Re and Tc in Nuclear Medicine

Besides the easy, quick and low-cost preparation requirements, the perfect radiopharmaceutical
should travel to target cells and interact efficiently with only the desired molecular pathway
[155]. Radioimaging methods for diagnosis are attractive because they simultaneously and non-
invasively provide information on all tumour sites. This procedure requires highly penetrating
radiation that can traverse overlying body tissues and be detected by suitable instruments
outside the body [96,97,156]. For radiotherapy, a non-penetrating radiation is needed. On
one hand, the radiation should deposit as much energy as possible in the tissues of the target
site in order to damage the cancerous cells. On the other hand, it should ideally have limited
effects on the neighbouring normal tissues [97,155,157]. For both applications, the nature of the
particle emission, its energy, its physical half-life time*, and the clearance time determine the
appropriate radiopharmaceutical. The radionuclide should preferably emit a monochromatic
~-ray with energy between 100 and 300 keV for imaging applications [158], while therapeutic
radionuclides should be S-emitters with a 0.5-2 MeV energy range [159].

3.1.1 Technetium

Technetium was the first artificially produced element, discovered in 1937 by Carlo Perrier and
Emilio Segré. All its isotopes are radioactive, and among them are Tc, %" Tc and " Tc.
99T¢ is a long lived and weak [3-emitter radionuclide (Egmax- = 0.29 MeV) whose T1 is 2.1-10°
years. It is produced in commercial quantities mainly as a by-product from nuclear reactors.
On the contrary, °*™Tc has nuclear characteristics (7 1= 52 min, Egax+ = 2.44 MeV) suitable
for imaging using positron emission tomography, with which more quantitative measurements
of radiopharmaceutical uptake, biodistribution and clearance can be made.

With its 6h half-life and 140 keV 7-ray emission, %" Tc presents very favorable character-
istics to be used in nuclear imaging medicine [96,97,156,158,159]. 6h is long enough for radio-
pharmaceutical preparation and #n vivo accumulation in the target tissue, though short enough
to minimize the radiation dose delivered to the patient. The v emission is nearly pure, and
close to optimal detection for commercial v cameras. Alongside its ideal nuclear characteristics,
the easy production in the laboratory of the isotope thanks to the %Mo/ Tc generator has

also contributed to its success [96]. Nowadays, ™ Tc is used in more than 80% of all nuclear

*T%, time required for the population of a given isotope to decrease to half the initial value
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medicine procedures [160]. Some are classified as perfusion agents (e.g. Cardiolite® [101]),
which accumulate in specific organs by their biophysical properties [97]. Others are designed
as target-specific radiopharmaceuticals, consisting of a radionuclide and an organic vector.
The generator system, by which " Tc is produced, is based on the decay of a long-lived
radionuclide (“parent”) into the short-lived radionuclide (“daughter”) of interest, on an alumina

column (Fig. 3-1): %Mo — 99™T¢

Mo[@9 ABSORBEDIONTOIALUMINA

T EVACLRTED | 9amT cO,” isretrieved

SALINEMIAL

MILLIPOREMHILTER

—F
LEAD[SHIELD t

Figure 3-1: %Mo/ Tc generator

[991\/[004]*, strongly bound to the alumina ion exchange column, is eluted with a physi-
ological saline (NaCl at 0.15 M). NagngcO4 can be easily and repetitively collected at the
end in 107% - 107 M concentration [96,97], by negative pressure. This procedure is called
“milking” [158]. Because of the very low concentrations, the main way to monitor the chem-
ical transformations with ®*"Tc is by chromatographic methods (like HPLC) with v detec-
tion [96,155,161]. The other consequence is that, since %" Tc is only available in aqueous

solution, the chemistry must accomodate this solvent.

3.1.2 Rhenium

Just below technetium in the periodic table, rhenium has two radioactive isotopes suitable
for therapeutic use: ®Re (Eg- = 1.07 MeV) and 188Re (Eg- = 2.1 MeV). The depths of
penetration into tissue for these S-emitting radioelements are 5 mm and 11 mm, respectively
[161]. Because of the short penetration range and the weaker irradiation energy, ®Re is more
appropriate to treat small tumours [157]. As for ®Re, it has a shorter 7 1 (17h vs. 90h) and
can be used for larger masses. The ®6Re isotope is produced by neutron radiation of ¥5Re,

and hence is prone to contamination by non-radioactive 8°Re [96,161]. Conversely, *Re is
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commercially available in the form of perrhenate aqueous solutions produced from ¥8W /188Re
generators, which are based on the same principles as the %Mo/ Tc generators.

In addition, rhenium presents the advantage of exhibiting comparable physical and chemical
properties as technetium. It is often used as a model to predict the behaviour of technetium
compounds [157,162]. Since rhenium occurs naturally as a mixture of non-radioactive isotopes
185Re and '87Re, it is possible to work on the non-radioactive rhenium compounds first. Their

interest could thus be evaluated, before tackling the radioactive 36/188Re and 99 Tc derivatives.

3.1.3 The [Cp-M-tricarbonyl] core

Their ultimate use in vivo and their availability in aqueous solutions make it necessary to find
water-stable rhenium and technetium compounds. The stable piano stool CpM(CO)3 core (M
= Re, Tc¢) is one of the most promising moieties for this purpose [97,98,163]. Indeed, the formal
oxidation state of the metal is 4+I, and the CO ligands can stabilize low-valent metal centers by
m-backbonding. Therefore, the metal is less susceptible to oxidation. As for the cyclopentadiene
ligand, it is small, with low molecular weight, and presents the additional possibility of being

coupled to targeting vectors [97,98,163].

3.2 Synthetic methods of preparation

The preparation of radiopharmaceuticals should ideally allow the incorporation of the radionu-
clide at the final step of synthesis. It also requires a rapid and simple isolation and purification of
the final product. Therefore, it is important to find a suitable stable precursor for the synthesis

of rhenium and technetium compounds bearing the cyclopentadienyl tricarbonyl motif.

3.2.1 Double ligand transfer reaction and improvements

Wenzel and co-workers were the first to propose a synthetic method for functionalised CpM(CO)3
in 1992 [164]. The double ligand transfer (DLT) involves the one-pot transformation of substi-
tuted ferrocenes into their [Cp?™Tc(CO)3] analogues, using pertechnetate [ TcOy4]~, SnCly
as reducing agent, and manganese carbonyl as source of CO (Fig. 3-2). The reaction was named
as such, because two different ligands (Cp and CO) on two different metals (Fe and Mn) were
transferred to a third metal atom (Tc). However, a manganese byproduct was present in large

excess and was not readily separable from the technetium compound.

83



Chapter 3. Radiopharmaceuticals

-@\R 99 -
Fe + PO,
c@: +5nCl, MeoHor THE &,
R’ + Mn(CO)sBr 150°C, 1h M(CO)5
15-95% M= %"Tc, Mn

R= acid, ester, amide, or ketone
R'= acid, ester, amide, ketone, or H

Figure 3-2: Wenzel’s double ligand transfer reaction

The reaction conditions and yield have been improved later by Katzenellenbogen et al.
[165-167]. The reducing agent has been changed to CrCls, and chromium hexacarbonyl was
chosen to be the source of CO (Fig. 3-3). The procedure required methanol probably to facilitate
the reduction of perrhenate and pertechnetate. Eventually, the experimental conditions were

still too harsh for routine clinical preparations.

:,-:e R +KReO,

1 + CrCl,
S G e S
R 160°C, 1h Re(CO)s

5-88%
R, R'= ester, amide, ketone, or H

ps)

+%mTe0,

+ CrCl,
MeOH @\
—_—
+ Cr(CO)g N ) oam R
180°C, 30 min ™TC(CO),
55-56%

2

Pyl

R = COCHj, COOCH,4

Figure 3-3: Katzenellenbogen’s preparation of rhenium and technetium derivatives

Top et al. have proposed another method (Fig. 3-4) to convert ferrocenyl derivatives into
their rhenium analogues, by using the [Re(CO)g|™ cation as a ligand transfer reagent [168,169].
The procedure is easier and more practical than that with perrhenate, because it does not need
an external CO source, nor high pressure. The reagent [*®*Re(CO)g]" could be generated by the
decay of W (CO)g, in the same way as [*Tc(CO)g]* had been obtained from *Mo(CO)s.
Furthermore, this ligand transfer method is compatible with aqueous media, and promising
results (up to 60% yield) in a water/DMSO 1:1 mixture have been obtained.

In the above methods, organic solvents were always compulsory to perform the synthesis.

But Alberto et al. have reported successful preparations of technetium derivatives from esters in
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S

Fe

s + [Re(CO)'[BF,” _PMSO__ @\R
Q 130-160°C Re(CO)s
12-71%

R= ester, amide, or ketone

Figure 3-4: Ligand transfer reaction with the hexacarbonyl rhenium cation

aqueous media [111,169,170], by first linking Cp~ with the biomolecule, then adding the metal.
Figure 3-5 shows the synthesis of a technetium phenyl acetyl derivative, a model for steroids and
tamoxifen-type molecules [111]. The free Cp derivative was obtained by addition of NaCp to
ethyl 2-phenylmethanoate. The water-soluble and stable reagent fac-[*"Tc(H20)3(CO)3]™ can
be generated in physiological media from %" TcO, by combining a Borax buffer, a complexing
agent (tartrate) with [H;BCO,]?~, which is the reducing agent and in situ CO source [110,171].
The latter reagents are available in a kit preparation (Isolink®, Mallinckrodt Med B.V.).

O Na* 0|-|2 ‘\(’
o) MCO)s

+ o™ | co

M Re Tc

Figure 3-5: Synthesis of [Ph-CO-CpM(CO)3]

3.2.2 Role of the ketone function in the DLT reaction

For all the proposed synthetic methods to be successful, it is crucial to have an electron-
withdrawing group at the a position of the cyclopentadiene. In the proposed mechanism for
the double ligand transfer reaction (Fig. 3-6), Katzenellenbogen and co-workers postulated
that the ketone function must promote the difficult step of ° - 3 Cp ring slippage [165]. The
ketone unit probably stabilizes the transition state of the initial ring slip of ferrocene.

Yet, Alberto et al. have attributed another role to the ketone function. They have noticed
that an acetyl group lowered the pKa value of cyclopentadiene from 15 to 8.7 [111]. This is
because the deprotonated cyclopentadiene is stabilized by the keto-enol tautomerism. Once

formed, the resulting negatively charged cyclopentadienyl ligand should bind more efficiently
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Figure 3-6: Mechanism for the DLT reaction proposed by Katzenellenbogen et al.

to Re/Tc. The ketone group not only facilitates the deprotonation of Cp, it could also offer an

initial coordination site for the metal complex [170].

3.2.3 Design of Re/Tc ligands of estrogen receptors

As it has been explained earlier, we were interested in using the ferrocenyl derivatives as pre-
cursors for rhenium and technetium ligands of the ER. Many rhenium and technetium estradiol
derivatives have been proposed, but most of them fail to have a strong enough affinity for the
estrogen receptor [107,109,172-176]. Despite the high in wvitro binding affinity of very few
derivatives [107,109, 174], none of the tested molecules gave satisfying tissue distribution in
vivo [176,177] (Fig. 3-7). In addition, only a few structures of these estradiol derivatives are
suitable for the ligand transfer reaction. When the high affinity estradiol derivative 22 [174]
was modified in order to allow the DLT, the binding affinity of the resulting molecule 23 [169]
was much lower than the initial RBA value (16% for 22 and 1.6% for 23).

Very few non-steroidal rhenium and technetium derivatives have been reported [167,178].
Again, these molecules mostly have poor affinity for the estrogen receptor. Consequently, we
sought to explore this field, by proposing suitable ferrocenyl tamoxifen-type molecules for the
DLT. Compound DFO, presented in Chapter 2 (Fig. 3-8), not only has the appropriate

structure, but also shows a good affinity for the estrogen receptor [112]. A direct synthesis
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Figure 3-7: Rhenium and technetium estradiol derivatives (RBA values at 0°C)
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Figure 3-8: DFO and its rhenium & technetium derivatives proposed for study

of the non-radioactive rhenium analogue (DRO in Fig. 3-8) was performed first, in order to
evaluate the biological interest of the compound. Then, the ferrocenyl precursor underwent the

ligand transfer reaction, before the actual labelling (DTO in Fig.3-8).

3.3 Results and discussion

3.3.1 Direct synthesis of the rhenium compound

The synthesis of DRO followed the same steps as for DFO, except that a Friedel-Crafts reaction
was not used to produce [(a-bromoacetyl)cyclopentadienyl]tricarbonyl rhenium like it was used

for a-chloroacetylferrocene. Instead, bromoacetyl bromide was derivatized to the corresponding
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Weinreb amide and reacted with lithiated cyclopentadienyltricarbonyl rhenium, to give the
expected [(a-bromoacetyl)cyclopentadienyl|tricarbonyl rhenium (24 in Fig 3-9). This synthetic
method is more suitable for cyclopentadienylrhenium compounds, because bromoacetyl bromide

did not react with CpRe(CO)3 under Friedel-Crafts reaction conditions.

?Me
Br MeO idi N
BrAﬂ/ . \I}IH-HCI CHCl3, Pyridine BrA”/ Me
(e} Me o
<
sl —
| Re(CO);
Re(CO)3
(0]
e . .//{/
{ THF -
U N, o | o 24
+ BrAn/ Me  -70°C
| Re(CO)3
Re(CO)3 (e}

Figure 3-9: Synthesis of [(a-bromoacetyl)cyclopentadienyl] tricarbonyl rhenium

Similarly to DFO, the hydroxyl groups of 4-hydroxypropiophenone and 4,4’-dihydroxybenzophenone
were protected prior to reaction with [(a-bromoacetyl)cyclopentadienyl]tricarbonyl rhenium
(24). The pivaloate group was this time inappropriate, because its deprotection reaction condi-
tions were too harsh, and all the compounds were degraded. Thus, the tert-butyldimethylsilyl
protecting group was used instead, and the base KH was replaced by the milder CsyCO3 (Fig.
3-10). Consequently, the yield was poor (16%), but DRO was finally produced, after depro-
tection of 29 by HCI in EtOH. It was possible to separate both the Z and E isomers of 27
by flash column chromatography. The following steps of the synthesis were performed on each
isomer separately, with only a small isomerization occurring during the reaction time. DRO

was eventually purified by HPLC.

3.3.2 Biological analysis of DRO

The next step was to evaluate the biological interest of the rhenium derivative DRO. Table
3.1 shows that the rhenium derivative is rather lipophilic, with a logP,,,, value (4.98 for the Z
isomer) higher that of hydroxytamoxifen (3.2). According to this measurement, it may cross

the cellular membranes more easily than hydroxytamoxifen.
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Figure 3-10: Direct synthesis of (Z)- and (£)-DRO

Table 3.1: Lipophilicity (logP,/,,) and relative binding affinity values of DRO for ERa and
ERS, in DMSO at 4°C. Mean of 2*-3** experiments + S.D.

RBA
log Po/w
ERa* ERb**
(2)-DRO 14.30£0.70 11.80 £ 0.80 4.98
(E)-DRO 1.26 +0.25 1.80+0.54 5.41
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Likewise DFO, when the configuration of DRO changes from Z to F, there is a ten-fold
decrease in the affinity with both receptor isoforms. Additionally, the similar binding affinities
of (Z)-DRO (14.8% for ERa and 11.8% for ERf) and (Z)-DFO (13.86% for ERa and 11.53%
for ERS) suggest that the hydrophobic pocket of the ERa LBD could still accommodate a
cyclopentadienyltricarbonyl rhenium moiety, which is bulkier than the ferrocenyl group. Mole-
cular modeling studies, in the same conditions as those described in Chapter 2, indicated that
the [(Z)-DRO]J-(ER« LBD) complex should have a stabilized conformation like that of [(Z)-
DFO]-(ERa LBD). AE found for (Z)-DRO is similar (-90 kcal-mol~!) to AE for (Z)-DFO
(-89 kcal-mol 1), if a direct interaction between Asp 351 and Fc is considered. This is consistent
with the similar experimental RBA values of (Z)-DRO and (Z)-DFO.

The influence of (Z)-DRO and (E)-DRO on the proliferation of hormone-dependent MCF-7
cells and of hormone-independent PC-3 prostate cancer cells were studied, as described previ-
ously in Chapter 2 (Fig. 3-11). The experiments on the hormone-independent MDA-MB-231
breast cancer cells are underway.

Both diastereoisomers Z and E of DRO exhibited similar biological behavior. Although
the compound DRO induces only a slight proliferative activity at 1 uM on the MCF-7 breast
cancer cells, it has no effect at 10 uM on these cells containing a high concentration of ERa.
Moreover, the rhenium derivative has no influence on the growth of the PC-3 cancer cells, which
have ERS but no ERa. Since the technetium compound should have the same behaviour as its
rhenium analogue, it might fulfill the requirement of a radioimaging agent to be as innocent as

possible in the biological media.

3.3.3 The ligand transfer reaction

The biological experiments have demonstrated that the rhenium derivative DRO is an inter-
esting potential agent for radiotherapy and imaging. Therefore, the following prerequisite is a
simple method of synthesis. The procedure presented previously is too tedious, and the rhenium
metal was not introduced at the last step of synthesis. Hence, it is more suitable to obtain the
rhenium derivative from its stable ferrocenyl precursor, via the ligand transfer reaction.
The ferrocenyl precursor DFO was allowed to react for 20 min at 160°C with [Re(CO)g]T[BF4] ™

in DMSO, and DRO was obtained in 35% yield (Fig. 3-12). The success of this ligand transfer
reaction on DFOQO, with a reasonable yield, gives us hope that the labeling reaction with *Tc

could be possible.
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Figure 3-11: Effects of (Z)- and (E£)-DRO on the growth of MCF-7 (orange) and PC-3 (blue)
cancer cells. Mean of 2 experiments + S.D.
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This ligand exchange reaction was further studied with the ferrocenyl analogue FF (Fig.
3-13). The molecule has the same chemical structure as DFO, but the § phenol has been
replaced by another ferrocenyl group. According to prediction, only the ferrocenyl group which
bears the electron withdrawing a-ketone unit underwent the ligand transfer, and the other
ferrocenyl moiety was inert (FR in Fig. 3-13). This is consistent with the chemioselectivity
of the ligand transfer reaction. Unfortunately, the ferrocenyl compound FF did not show any
affinity for ER«, probably because of the steric hindrance of two bulky ferrocenyl groups, which
may be too large to fit in the LBD. In addition, it did not have a significant influence on the
proliferation of MCF-7 cancer cells at 1 pM.

3.3.4 Labeling with *Tc

Similarly to the mechanism proposed by Katzenellenbogen et al., the first step of the ligand
transfer reaction seems to be the substitution of three carbonyl ligands by three solvent mole-
cules in the [Re(CO)g]™ cation [169,179]. The intermediate fac-[Re(DMSO)3(CO)s]™ could be
formed, and then reacts with the cyclopentadienyl ligand the same way as the water-soluble
reagent fac-[""Tc(Hz0)3(CO)3]* developed by Alberto et al. does. Thus, the work with fer-
rocene derivatives and the [Re(CO)g]™ cation has been extended to the preparation of {[R-CO-
(7°-C5Hy)]%?™Tc(CO)3} from the same ferrocene precursors and using fac-[*"Tc(H20)3(CO)3)*
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as the reagent. This method has been successfully applied to 4-methoxyphenylacetyl ferrocene

and the ferrocenyl analogue of 23 (Fig. 3-7) [169].

OH OH

+ [P To(H0)(COYT DM

heating
HO oa/ H {
° e DTO >\©

< O whreco),

Figure 3-14: Synthesis of D™TO from the corresponding ferrocene precursor

In consequence, the reaction of [Re(CO)g|* with the ferrocenyl derivative DFO (Fig. 3-12)
was adapted to Tc analogues. 50 uL of an aqueous solution containing [*"Tc(H20)3(CO)3] "
(nM-mM range) was allowed to react with 500 pL of a DMSO solution containing the ferro-
cenyl precursor DFO (mM range). The mixture was heated and the reaction (Fig. 3-14) was
monitored by HPLC, equipped with a ~ radiodetector. Since the %™Tc species are in very low
concentration, characterization was only possible by HPLC and by comparison to the rhenium
compound DRO used as a reference. The expected technetium analogue was formed in 70%
radiochemical yield after heating for 40 min at 120°C. When the reaction was performed on the
pure Z isomer (Fig. 3-15), a small isomerization probably occured.

Optimisation of the reaction was examined next, in order to gain higher yields or take

advantage of milder conditions.

e The first parameter was temperature. Unluckily, higher temperatures than 120°C did not
improve the yield, increased the yield of the by-product, and even degraded [*"Tc(H20)3(CO)3]*.

At lower temperatures such as 90°C or 110°C, the reaction did not proceed.

e Secondly, the reaction time was studied. After about 1h30 min of reaction, the [*"Tc(H20)3(CO)3]™
was totally consumed, without improving the yield. In the end, the maximum yield was

obtained for 40 min of reaction.

e Lastly, the pH of the reaction was also an important criterion. Either in alkaline or acidic

medium, the reaction did not proceed. Only neutral pH led to the product.
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Figure 3-15: + detection trace of the reaction mixture ((Z)-DFO with ?"Tc) after 40 min of
heating at 120°C
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An attempt was conducted to determine whether the by-product could be the elusive di-
carbonyl technetium ([RTc(CO)z2]), because the di-carbonyl rhenium complex has also a sim-
ilar retention time. A ligand (bis-(2-pyridylmethyl)glycine) was added to the reaction mix-
ture (Fig. 3-16). In the case of rhenium complexes, it has been noticed that this ligand
prefers 4-fold coordination to 3-fold coordination, when binding to di-carbonyl rhenium [180].
Therefore, we hoped that if the by-product were a di-carbonyl technetium species, the (bis-(2-
pyridylmethyl)glycine) ligand should bind to the by-product, and then we must see a change

in the v trace. However, nothing significant appeared on the ~ trace.

ol

@)
bis-(2-pyridylmethyl)glycine

Figure 3-16: Structure of bis-(2-pyridylmethyl)glycine

It is also worthy to note that the reaction mixture underwent a color change: from orange-
red to salmon after 30 min, then turned to violet at the end. This violet color may imply
that ferrocenium ion could be formed during the reaction. Another observation was that
the [%7"Tc(Hp0)3(CO)3]" peak disappeared while the signal for %™TcO; increased slightly
could mean that we have an oxidizing agent in the reaction mixture, which both oxidized
[99mTc(H20)3(CO)3]T into 99" TcO; as a byproduct, and the ferrocene derivative into its fer-
rocenium ion analogue. Since the latter is less stable than the ferrocene precursor, the ferroce-
nium ion may be the reactive species for the Fe-Tc exchange.

This change in colour was not observed at lower temperature, where the reaction did not pro-
ceed. Since DMSO could act as an oxidant at high temperature, the solvent was then changed
to DMF. The yield for the reaction was poor (10%). Thus, it is possible that DMSO acts as an
oxidant at high temperatures, transforming the ferrocenyl precursor into its ferrocenium ana-
logue. This molecule could then undergo the Fe-Tc exchange to generate the technetium ana-
logue. However, the temperature should not be too high, in which case [**"Tc(H20)3(CO)3]*

degrades.
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Once DP"TO was successfully synthesized, production of the technetium derivative on
larger scale was undertaken, in order to better characterize the product. Larger quantities of
DTO can be synthesized and handled, starting from [**TcCl3(CO)3]?~, because of the weak
radiation and the long half-life of %Tc [181] as compared to %™ Tc. After 3h30 of heating the
ferrocenyl precursor DFO with [*TcCl3(CO)3)?~ at 120°C in DMSO, D%TO (70% yield) was
precipitated in water, and extracted with diethylether (Fig. 3-17). The reaction was again
monitored by HPLC equipped with a 8 detector (Fig. 3-18). Both the similar retention times
of D¥TO (24.7 min) and D%™TO (24.2 min) in the radiodetectors, and the **Tc and 'H

NMR spectra satisfied us that the technetium analogue was indeed synthesized.

OH

v

= 99 . _DMSO

o] O
) I~

Fe 99
@ D™°TO

®T¢(CO)s

Figure 3-17: Synthesis of D?TO
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Figure 3-18: 3 detection trace of the reaction mixture ((Z)-DFO with %Tc) after 3h30 of
heating at 120°C
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The stability of the technetium derivative was investigated. D?™TO was isolated by HPLC,
and its evolution was followed through time with a UV-vis detector and a « detector. Since no
new technetium species appeared over 24h, this suggested the stability of D%™TO.

However, an isomerization probably occurred during the labeling reaction. They were car-
ried out on the mixture of (Z+E) isomers of DFO, but also on the (Z)-isomer alone. It seems,
by both HPLC (Fig. 3-15) and NMR, that about 15% of the Z isomer was transformed into E

during the reaction.

3.4 Conclusion

This work has shown for the first time that it is possible to produce a high affinity rhenium
compound from a stable ferrocenyl derivative. The ferrocenyl precursor DFO could be con-
verted into its rhenium analogue DRO, thanks to the ligand transfer reactionf. Incidentally,
the chemioselectivity of this reaction has been demonstrated using FF, since only the keto-
ferrocenyl moiety reacted.

The Z isomer of the rhenium derivative DRO exhibited a high recognition for both ER«
and ERS. It had no significant effect on the proliferation of the hormone-dependent MCF-7
breast cancer cells nor on the ER- PC-3 prostate cancer cells. For these reasons, the rhenium
derivative could be presented as a potential agent for radiotherapy. For imaging, it has been
shown that DFO could be successfully labeled with 99Tct, using the water-soluble reagent
[ Tc(Ha0)3(CO)3]T. The encouraging result of this efficient radiochemical synthesis of a
tamoxifen-like derivative is that it can be achieved with good yield, under rather mild con-
ditions. These labelled compounds are likely to have also good affinities with ER and to be
biologically inert, as in the case for their rhenium analogue. Therefore, the radioactive rhenium

and technetium derivatives may be potential site-specific radiopharmaceuticals.

1t is worthy to note that the ligand transfer reaction on DFO was performed several times successfully with
both Re and Tc. However, the reproductibility was not perfect, and the factors responsible for that are under
investigation.
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3.5 Experimental section

All air-sensitive reactions were carried out under argon atmosphere, using standard Schlenk
and vacuum-line techniques. Anhydrous THF and ether were obtained by distillation from
sodium/benzophenone. TLC chromatography was performed on silica gel 60 GF254. Flash
chromatography was performed on silica gel Merck 60 (0.040-0.060 mm). Infrared spectra were
obtained on a IR-FT BOMEM Michelson-100 spectrometer equipped with a DTGS detector.
'H and '3C NMR spectra were recorded on 300 MHz Bruker spectrometer, and the results §
given in ppm, if not specified otherwise. Mass spectrometry was performed with a Nermag
R 10-10C spectrometer. High resolution mass spectrometry was done with a MStation 700
(JEOL) spectrometer. Melting points were measured with a Kofler device.

[P TcOy4)~ was eluted from a Mallinckrodt Med. Inc. generator. HPLC to monitor the
labelling were measured on two different Merck Hitachi LaChrom D-7000 instruments. One of
them was interfaced with a EG & G Berthold LB 508 radioflow detector, while the other was
interfaced with a Merck Hitachi M-8000 LCMS. HPLC system: RP-18 column, eluent gradient
(A = 0.1% CF3COOH in H20, B = MeOH): 0-3 min: 100% A; 3-9 min: 75% A; 9.1 min: 66%
A; 9.1-20 min: 66% — 0% A; 20-25 min: 0% A; 25.1-30 min: 100% A.

[(2-bromo-1-oxo-ethyl)-cyclopentadienyl|tricarbonylrhenium (24)

CpRe(CO)3 (335 mg, 1 mmol) was dissolved in 3 mL of THF under argon. The solution
was cooled to -70°C, before nBuli (0.48 mL, 1.2 mmol) was added. It was left stirring at
-70°C for 1h30 min. A solution of BrCHoCON(OMe)Me (273 mg, 1.5 mL) in 2 mL of THF
was then added. The mixture was stirred again for 1h at -70°C. 2 mL of 1/10 HCI solution
were added and the cold bath was removed. After 5 min, 20 mL of 1/10 HCI solution were
added and the product was extracted with 3 x 30 mL of diethyl ether. The organic layer
was washed with 20 mL of water, dried over MgSQOy,, and the solvent evaporated under
reduced pressure. The crude product was purified by TLC using diethyl ether:pentane
1:1 as the eluent. Unreacted CpRe(CO)3 was first eluted (123 mg). The second fraction
was identified as [(2-bromoethyl)-cyclopentadienyl]tricarbonylrhenium 24 (colorless oil,

143 mg, 31% yield or 50% yield if recovered CpRe(CO)3 is taken into account).

LH NMR (300 MHz, CDCl3): 6 4.00 (s, 2H, CHy); 5.45 (t, 2H, C5Hy), 5.09 (t, 2H, C5Hy).
13C NMR (75 MHz, CDCl3): 6 29.4 (CHs), 85.5 and 88.8 (CsHy); 91.8 (Cip, CsHy), 186.9
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(CO), 191.2 (C=0). mp = 96°C. MS (CI, NH3): m/z = 474 [M+NHy4| ", 457 [M+H] ™.
IR (CH3Cla, cm™1): 2033 and 1942 v(C=0), 1683 v(CO).

1,2-bis-[4-(tert-butyl-dimethylsilyloxy)phenyl]-1-(4-hydroxyphenyl)but-1-ene (27)

Titanium tetrachloride (3.6 mL, 33 mmol) was added dropwise to a suspension of zinc pow-
der (4 g, 61 mmol) in 80 mL of dry THF at 0°C. The mixture was heated at reflux for 2h. A
second solution was prepared by dissolving 4-(tert-butyl-dimethylsilyloxy)-propiophenone
(2.64 g, 10 mmol) 25 and 4,4’-(tert-butyl-dimethylsilyloxy)hydroxy benzophenone (3.28
g, 10 mmol) 26 in 50 mL of dry THF. This latter solution was added dropwise to the first
solution and then the reflux was continued for 2h. After cooling to room temperature,
the mixture was stirred with water and dichloromethane. The mixture was acidified with
diluted hydrochloric acid until dark color disappeared and was decanted. The aqueous
layer was extracted with dichloromethane and the combination of all the organic layers
was dried on MgSQOy. After concentration under reduced pressure, the crude product was
separated on silica gel column with dichloromethane (eluent) to yield pure 27 as an oily

mixture of Z and E isomers. 75% yield.

LH NMR (300 MHz, CDCl3): § 0.12 and 0.17 (s, 6H, (CHj)2Si), 0.17 and 0.23 (s, 6H,
(CH3)2Si), 0.94 and 0.97 (s, 9H, !Bu), 0.97 and 1.01 (s, 9H, 'Bu), 0.99 (t, J = 7.3 Hz, 3H,
CHs), 2.45 (q, J = 7.3 Hz, 2H, CHy), 4.84 and 5.13 (s, 1H, OH), 6.45 and 6.48 (d, J = 8.6
Hz, 2H, Hyrom), 6.60-6.75 (m1, 4H, Harom), 6.79 and 6.81 (d, J = 8.5 Hz, 2H, Hyrom), 6.94
and 6.95 (d, J = 8.6 Hz, 2H, Hurom), 7.08 and 7.09 (d, J = 8.5 Hz, 2H, Harom). C NMR
(75 MHz, CDCl3): 6 -4.4 (Si(CH3)z); 13.7 (CHs3); 18.2 (Cq of 'Bu); 25.7 (CHs of "Bu);
98.8 and 28.9 (CHa); 114.2 and 114.9 (CHarom); 118.8 and 119.5 (CHarom); 119.5 and
119.6 (CHgrom); 130.6 and 130.7 (CHgrom); 130.7 and 130.8 (CHgrom); 131.9 and 132.1
(CHarom); 135.5, 135.6, 136.2, 136.5, 136.6, 137.0, 137.4, 140.7 (C=C and Carom); 153.3,
153.4, 153.7, 154.2 (Cqarom-0). mp = 65°C. MS (EI) m/z : 560 [M]*, 545 [M-CHs]*,
57 ['Bu]t. HRMS (EI, C4,H,404Si,: [M] 1) caled: 560.3142, found: 560.3132. IR (KBr,
em™1): 3433 v(OH), 1605 v(C=C), 1507 v(C=Clqrom), 1254 65(CH;z) of Si-CHs.

(Z)- and (F)-1-[2-(cyclopentadienyltricarbonylrhenium)-2-oxo-ethoxy-phenyl]-1,2-
di(p-tert-butyldimethylsiloxyphenyl)but-1-ene (28)

Cs2CO3 (177 mg, 0.5 mmol) was added into a solution of [BrCHaCO-(°-C5Hy)]Re(CO)3
(228 mg, 0.5 mmol) in 3 mL of acetone. A solution of 1-(p-hydroxyphenyl)-1,2-di(p-
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tbutyldimethylsiloxy-phenyl)-but-1-ene (280 mg, 0.56 mmol) 27 in acetone (2 mL) was
added dropwise (15 min). The mixture was stirred for 1h30 min. 10 mL of diethyl ether
was added and the mixture was filtered over silica gel and evaporated under reduced
pressure. The crude product obtained was purified by TLC using diethyl ether:pentane
1:2 as the eluent.

(E)-28: 25 mg, colorless oil, 5% yield, minor isomer.

LH NMR (300 MHz, CDCl3): § 0.16 (s, 6H, (CH3)2Si), 0.22 (s, 6H, (CHz)2Si); 0.92 (t, J =
7.4 Hz, 3H, CH3); 0.96 (s, 9H, CHs of 'Bu), 0.99 (s, 9H, CH3 of ‘Bu); 2.44 (q, J = 7.4 Hz,
2H, CH,); 4.64 (s, 2H, CH,CO); 5.39 (t, 2H, C5Hy); 6.15 (t, 2H, CsHy); 6.55, 6.64, 6.79,
6.80, 6.93, 7.05 (6 d, 6x2H, CHyrom). >C NMR (75 MHz, CDCl3): 6 -4.4 (Si(CH3)z);
13.6 (CHs); 18.2 (Cq of 'BusSi); 25.6 (CHs of *Bu); 28.7 (CHy); 71.9 (CH,CO); 85.2, 88.9
and 92 (CsHy); 113.3, 119.5, 119.6, 130.5, 130.6, 132.2 (CHgupom); 135.4, 136.7, 137.2,
137.5, 141.2, 153.8, 154.2 and 155.2 (C=C and Cgarom); 191.43 ((CO)CHy and (CO)Re).
IR (CHCly) : 2033 and 1940 v(C=0), 1704 and 1683 (C=0), 1604 (C=C). MS (CI):
m/z = 937 [M+H]*.

(Z)-23: 59 mg, colorless oil, 11% yield (Z structure identified by 2D NMR), major isomer.

L[ NMR (300 MHz, CDCl3): § 0.10 (s, 6H, CHs), 0.15 (s, 6H, CHs), 0.91 (s, 9H, CHj
of 'Bu), 0.93 (t, 3H, CHs), 0.97 (s, 9H, CH; of *Bu), 2.43 (q, 2H, CH,); 4.80 (s, 2H,
CH2CO), 5.43 (t, 2H, CsHy), 6.25 (t, 2H, CsHy), 6.46, 6.62, 6.68, 6.90, 6.92, 7.17 (6 d,
6x2H, CgHy). 19C NMR (75 MHz, CDCl3): 6 -4.4 (Si(CHg3)s); 13.6 (CH3); 18.2 (Cq of
‘Bu); 25.6 (CHj of *Bu); 28.7 (CHy); 71.9 (CHoCO); 85.2, 88.9, 92 (CsHy); 114.1, 118.9,
119.4, 130.6, 130.9, 131.9 (CHgpom); 135.3, 136.4, 137.0, 137.9, 141.0, 153.4, 153.8, 156.1
(C=C and Cgrom); 191.3 (C=0 and C=0). IR (CH5Cly, cm~1) : 2033 and 1939 v(C=0),
1704 and 1683 v(C=0), 1604 v(C=C). MS (CI, NH3): m/z = 937 [M+H]*.
(Z)-1-[2-(cyclopentadienyltricarbonylrhenium)-2-oxo-ethoxy-phenyl]-1,2-di-

(p-hydroxyphenyl)but-1-ene ((Z)-DRO)

Direct synthesis: (Z)-1-[2-(cyclopentadienyltricarbonylrhenium)-2-oxo-ethoxy-phenyl]-1,2-
di(p-tert-butyldimethylsiloxyphenyl)-but-1-ene 28 was dissolved in 5 mL of ethanol (41
mg, 0.044 mmol). After the addition of HCI (0.1 mL), the solution was stirred at 80°C for

20 min. The heating bath was removed, 20 mL of diethyl ether was added. The mixture

was washed with 3 x 7 mL of water, dried over MgSQy, filtered and evaporated under re-
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duced pressure. The solid obtained was dissolved in diethyl ether, and pentane was added
to precipitate the compound. 15 mg of (Z)-1-(2-(cyclopentadienyltricarbonylrhenium)-2-
oxo-ethoxy-phenyl)-1,2-di(p-hydroxyphenyl)-but-1-ene DRO was isolated as colorless solid
(48% yield).

IH NMR (300 MHz, CD3COCD3): § 0.88 (t, J = 7.5 Hz, 3H, CHz); 245 (q, J = 7.5
Hz, 2H, CH,); 4.96 (s, 2H, CH,CO); 5.75 (t, 2H, CsHy), 6.41 (¢, 2H, CsHy); 6.63, 6.64,
6.81, 6.82, 6.95, 7.03 (6 d, 6x2H, CHurom), 8.17 (s, 1H, OH), 8.32 (s, 1H, OH). *C
NMR (100 MHz, CD3COCD3): § 14.1 (CHs); 22.8 (CHy); 71.1 (CH,CO); 87.1, 89.8, 94.0
(CsHy); 114.1, 115.5, 115.6, 131.2, 131.4, 132.5 (CHayom); 134.1, 135.8, 137.9, 138.1, 141.4,
156.4, 156.7, 156.9 (C=C and Caom); 191.1 and 193.3 (C=0 and C=0). IR (CH,Cl,
em~1): 2033 and 1941 v(C=0), 1704 and 1681 v(C=0), 1608 v(C=C). MS (ESI): m/z =
731 [MNa]*, 726 [MNH,|". HRMS (FAB, C4,H,.O.Re: [M]'*) caled: 708.1160, found:
708.1138.

(E)-1-[2-(cyclopentadienyltricarbonylrhenium)-2-oxo-ethoxy-phenyl]-1,2-di-

(p-hydroxyphenyl)but-1-ene ((E£)-DRO)

Direct synthesis: (F)-1-[2-(cyclopentadienyltricarbonylrhenium)-2-oxo-ethoxy-phenyl]-1,2
di(p-tert-butyldimethylsiloxyphenyl)-but-1-ene 28 was dissolved in 5 mL of ethanol (40
mg, 0.042 mmol). After the addition of HCI (0.1 mL), the solution was stirred at 80°C
for 20 min. The heating bath was removed, 20 mL of diethyl ether was added. The
mixture was washed with 3 x 7 mL of water, dried over MgSQy, filtered and evapo-
rated under reduced pressure. The crude product was purified by HPLC using acetoni-
trile:water 80:20 as the eluent. 16 mg of (E)-1-[2-(cyclopentadienyltricarbonylrhenium)-
2-oxo-ethoxy-phenyl]-1,2-di( p-hydroxyphenyl)-but-1-ene were isolated as colorless solid
(54% yield).

L[ NMR (300 MHz, CD3COCD3): § 0.89 (t, J = 7.5 Hz, 3H, CHs); 2.41 (q, J = 7.5
Hz, 2H, CH,); 5.11 (s, 2H, CH,CO); 5.79 (¢, 2H, C5Hy), 6.45 (t, 2H, C5Hy); 6.49, 6.65,
6.70, 6.95, 6.96, 7.14 (6 d, 6x2H, CgHy), 8.08 (s, 1H, OH), 8.15 (s, 1H, OH). 1*C NMR
(100 MHz, CD3COCD3): 6 13.1 (CHs); 70.6 (CH5CO); 86.5, 89.1 and 93.3 (C5Hy); 114.2,
114.3, 114.8, 130.5, 130.8, 131.9 (CHgrom); 133.5, 134.9, 137.4, 137.6, 140.5, 155.3, 155.7,
156.9 (C=C and Cqyrom); 190.5 and 192.6 (C=0 and C=0). IR (CH2Cly, cm™!) : 2033
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and 1941 v(C=0), 1704 and 1682 v(C=0), 1608 v(C=C). MS (ESI): m/z = 731 [MNa]*,
1439 [2MNa]*. HRMS (FAB, C4,H,.O-Re: [M]*) caled: 708.1160, found: 708.1152.

(Z+E)-1-[2-(cyclopentadienyltricarbonylrhenium)-2-oxo-ethoxy-phenyl]-1,2-di-(p-
hydroxyphenyl)but-1-ene ((Z+FE)-DRO)

Ligand transfer reaction: [Re(CO)g]" [BF4]~ (88.8 mg, 0.2 mmol) was dissolved in 1.5 mL
of DMSO, and heated at 160°C for 30 min. The oil bath was removed, and 1-(2-ferrocenyl-
2-oxoethoxyphenyl)-1-(p-hydroxyphenyl)-2-(p-hydroxyphenyl)but-1-ene (DFO) (111.6 mg,
0.2 mmol) was added to the reaction mixture 5 min later. The reaction mixture was
heated again for 20 min. The blackened solution was cooled down to room temperature,
hydrolysed by an acidic aqueous solution, and extracted with diethylether. The organic
layers were collected, dried over MgSQy, and concentrated by evaporation under reduced
pressure. The crude product obtained was purified by TLC using diethyl ether:pentane

4:1 as the eluent. The final product (35 % yield) was a mixture of Z and F isomers.

HPLC retention time = 24.0 min (UV detection, A /B gradient as eluent)

1-[(2-ferrocenyl-2-oxo-ethoxy)phenyl]-1-(p-hydroxyphenyl)-2-ferrocenylbut-1-ene (FF)

In a three neck round flask, under inert atmosphere, NaH (132 mg, 3.3 mmol) at 60% in
oil was dispersed in 100 mL of dry THF. Fc-diOH (1.27 g, 3 mmol) was introduced in
the flask, and the mixture was left stirring for 10 min. a-chloroacetylferrocene (787 mg,
3 mmol) was then added slowly. The mixture was heated under reflux for 24h. A slightly
acidic aqueous solution was poured into the reaction mixture. The reaction mixture
was extracted by dichloromethane. The collected organic layers were finally dried over
MgSO,4 and evaporated under reduced pressure. The crude product was separated by
flash chromatography using diethyl ether:dichloromethane 1:9 as the eluent. The purified

product was a mixture of Z and F isomers (1:1 ratio). Yield 36%.

1H NMR (300 MHz, CDCl3): § 0.99 (t, 3H, CH3), 2.56 (q, J = 7.4 Hz, 2H, CHy), 3.89 (m,
2H, (n°-CsHy)-C=C), 4.05 (m, 2H, (7°-C5H4)-C=C), 4.10 (s, 5H, Cp of CpFe(n*-CsHy)-
C=0C), 4.21 and 4.22 (s, 5H, Cp of CpFe(n°-C5Hy)-CO), 4.57 (m, 2H, (n°-C5Hy4)-CO),
4.91 (m, 4H, (n°-C5H4)-CO + O-CH2-CO), 5.22 (s, 1H, OH), 5.31 (s, 1H, OH), 6.68-
7.13 (m, 8H, CHyrom). 9C NMR (75 MHz, CDCl3): ¢ 15.7 (CHsz); 28.1 (CHa); 68.2,
69.3, 69.4, 69.5, 70.3, 72.9 (Cp or (n°-CsHy)); 71.5 and 71.7 (O-CH,-CO); 114.6, 114.8,
115.2, 115.3, 130.7, 130.7, 131.3 (CHgpom); 137.1, 137.2, 138.4, 138.6 (C=C and Cdqrom);
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154.3 and 156.7 (Carom-0.); 199.8 (C=0). MS (EL): m/z = 650 [M]". HRMS (FAB,
Na, C3¢H;,05Fey: [MNa]™) caled: 673.1106, found: 673.1093. IR (KBr, cm™') : 1663
v(C=0), 1605 v(C=C), 1507 v(C=Cgrom)-

1-[2-(cyclopentadienyltricarbonylrhenium)-2-oxo-ethoxy-phenyl]-1-(p-hydroxyphenyl)-
2-ferrocenylbut-1-ene (FR)

[Re(CO)¢]"[BF,]~ (132 mg, 0.3 mmol) was dissolved in 2 mL of DMSO, and heated at
160°C for 30 min. The oil bath was removed, and 1-[(2-ferrocenyl-2-oxo-ethoxy)phenyl]-
1-(p-hydroxyphenyl)-2-ferrocenylbut-1-ene (FF) (205 mg, 0.32 mmol) was added to the
reaction mixture 5 min later. The reaction mixture was heated again for 20 min. The
blackened solution was cooled down to room temperature, hydrolysed by an acidic aqueous
solution, and extracted with diethylether. The organic layers were collected, dried over
MgSQOy4, and concentrated by evaporation under reduced pressure. The crude product
obtained was purified by preparative TLC using diethyl ether:pentane 3:1 as the eluent.
Yield 21 %.

H NMR (300 MHz, CDCl3): 6 1.01 (t, J = 7.4 Hz, 3H, CHs), 2.57 (m, 2H, CH;), 3.88
(m, 2H, 7°-C5Hy of Fc), 4.06 (m, 2H, 7°-CsHy of Fc), 4.10 (s, 5H, Cp), 5.42 (m, 2H,
(n°-CsHg)Re), 6.20 (m, 2H, (°-CsH4)Re), 6.68-7.14 (m, 8H, CHuprom). °C NMR (75
MHz, CDCl3): 6 15.6 (CH3); 28.0 (CHy); 53.9, 68.2, 69.3, 69.4, 85.4 and 89.1 (CH of Cp
or 75-CsHy); 72.0 (O-CHa-CO); 87.0, 87.2 and 92.4 (Cq of n°-CsHy); 114.3, 114.5, 115.2,
115.3, 130.7, 130.8, 131.3, 131.5 (CHgpom); 136.8, 137.3 and 137.3 (C=C and Cdgrom);
154.3 and 156.0 (Cdarom-0); 191.6 (C=0). MS (EI): m/z = 800 [M]*. HRMS (FAB, Na,
C36Hy9OgFeRe: [MNa]T) caled: 823.0771, found: 823.0757. IR (CH2Cly, cm™!) : 2032
and 1937 v(C=0), 1702 v(C=0), 1506 v(C=Carom)-

1-[2-(cyclopentadienyltricarbonyltechnetium-99m)-2-oxo-ethoxy-phenyl]-1,2-di-(p-
hydroxyphenyl)but-1-ene (D%°™TO)

1 mL of an aqueous solution containing [99mTc(H20)3(CO)3|+ was prepared as described
in the literature [110,111]:

A vial was charged with 4 mg of boranocarbonate (K,H;BCO,), 7 mg of Na,B,0,, and
7 mg of sodium tartrate, sealed, and flushed with nitrogen. 1 mL of generator eluate

containing [*"TcO4)~ was added and the vial heated to 90°C for 30 min to generate
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[%9mTe(Ho0)3(CO)3] T in >95% yield (HPLC). The pH of the solution was set to pH 7.4

with phosphate buffer.

50 pL of this solution was then added to a 0.5 mL solution of the ferrocenyl compound
DFO (1072 mol-L71) in DMSO. Heating from 90°C to 120°C for 40 min in a sealed vial
afforded D?™TO in 70% yield. HPLC retention time = 24.2 min (v detection).

1-[2-(cyclopentadienyltricarbonyltechnetium-99)-2-oxo-ethoxy-phenyl]-1,2-di-

(p-hydroxyphenyl)but-1-ene (D?°TO)

Compound (Z)-DFO (17 mg, 30 gmol) in 1 mL of DMSO was added to purified white
powder [NEt4]2[*TcCl3(CO)s] (26 pmol) in a Schlenk tube equipped with a magnetic
stirring bar. The dark red mixture was heated for 3h30 at 120°C under Ny. Water
was added and left to precipitate overnight. A brown-black precipitate was filtered and
DYTO (70%) was extracted by ether (yellow-orange solution). The product was identified
by HPLC with -detection and NMR (*H and %*Tc). The NMR spectra of this compound

were recorded on a Varian Mercury 200 MHz instrument.

HPLC retention time = 24.4 min (UV detection, A/B gradient as eluent) and 24.7 min
(B-detection).

'H NMR (200 MHz, CD3COCD3): 6 0.85 (t, J = 7.6 Hz, 3H, CH3); 2.41 (m, 2H, CHs);
4.99 (s, 2H, CH2CO); 5.61 (t, J = 2.2 Hz, 2H, C5Hy), 6.31 (t, J = 2.4 Hz, 2H, CsHy),
6.61 (m, 12H, CHaprom), 8.23 (s, 1H, OH), 8.38 (s, 1H, OH). ®Tc NMR (67.37 MHz,
CD3COCD3): -2506 (major); -2657 (minor)
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Improved bioavailability of
ferrocenyl tamoxifen derivatives by

nanoparticle coating

Before a bioactive compound discovered in research laboratories reaches the market and is pre-
scribed as treatment, a decade-long, tedious and costly road awaits pharmaceutical companies.
Thousands of novel compounds are synthesized, passed on to biologists who then test them for
the required activity. The most interesting candidates are then selected to undergo toxicology
testing. Once their compliance to the strict requirements defined by the government (e.g. the
Food and Drug Administraton in the USA) is proven, the drug has to be formulated. This
involves the decision of how the drug is to be given to the patients. Finally, after successful
clinical testing, the goverment committees will examine the potential drug and give approval

for commercial distribution.
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4.1 Introduction

Among the various organometallic compounds we synthesised in this thesis work, compound
DFO was singled out for its antiproliferative activity and good binding affinity with the estrogen
receptors. Another compound of interest is Fc-diOH. This molecule is an analogue of OH-
Tam, where the tamoxifen S-aromatic benzyl ring has been replaced by the aromatic ferrocene
moiety, and the amino side-chain has been replaced by a second hydroxyl group (Fig. 4-1). It
is the most efficacious cytotoxic compound to date in the laboratory (ICsp ~ 0.7 uM on MCF-7
cells, 0.44 uM on MDA-MB-231 cells) [133]. Interestingly, both compounds are active against

ER+ and ER- cancer cells, suggesting that they do not target only the ERs in cancer cells.

OH

HO
17b-estradiol

(E2)

R =H : tamoxifen
R = OH : hydroxytamoxifen
(OH-Tam)

(Z+E)-Fc-diOH

Figure 4-1: Structures of Fc-diOH and DFO as compared to hydroxytamoxifen and 173-
estradiol

Although Fe-diOH and DFO appear to be promising potential drugs, they still encounter
the problem of bioavailibility, so common to active biomolecules discovered in laboratories,
especially for polyphenols [182]. They are also rather lipophilic, making its solubility in phys-
iological media and distribution in the body difficult. Moreover, administration of anticancer

drugs increasingly requires intravenous perfusion. However, once injected in the bloodstream,
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the substance is distributed throughout the body, not specifically to the target [183]. In ad-
dition, as a foreign entity, the drug is often detected by the physiological defence system of
the organism: the mononuclear phagocyte system or MPS. For instance, in the opsonization
process, one or more receptors of the MPS cells interact with the foreign substance and promote
its uptake by these cells. Once captured or/and degraded by the metabolism, the substance
is removed from blood circulation by macrophages of the MPS [183]. Therefore, only a small
amount of the active metabolite reaches the tumours. Since high doses have to be admin-
istered, toxicological problems arise as side-effects. To summarize, the ferrocenyl derivatives
encounter serious problems before reaching the target: insolubility in physiological media, poor
bioavailability as a polyphenol, non-specific distribution and degradation by the MPS.

Hence, in order to increase the circulation time in the bloodstream and to enhance the prob-
ability of the molecule effectively reaching the target tissue, we chose to trap the hydrophobic
active molecule in the lipophilic layer of submicronic long-circulating colloidal carrier systems.
One of the first and intensively investigated colloidal particles is the liposome [184,185]. Lipo-
somes possess a lipidic bilayer that encapsulates an internal aqueous phase (Fig. 4-2). The drug
could be either in the aqueous layer or carried within the lipid membrane. Despite the long cir-
culation time of liposomes in the bloodstream, these vesicles have limited physical and chemical
stability [184]. Additionally, they do not very efficiently incorporate lipophilic substances [186].
For this type of compound, nanoparticles (NP) are prefered.

Nanoparticles are defined as solid colloidal particles of a polymeric nature, ranging in size
from 10 to 1000 nm [187]. They are subdivided into two classes: nanospheres and nanocapsules
(Fig. 4-3). On one hand, a nanosphere is a dense matrix of polymer into which the active
molecules are trapped. On the other hand, a nanocapsule is a vesicular system, whose oily core
retains the active molecules, and is surrounded by a protective polymeric membrane. These
drug carriers have hydrophilic PolyEthyleneGlycol (PEG) chains (Fig. 4-4) at their surface.
The presence of these highly hydrophilic groups sterically inhibits hydrophobic and electrostatic
interactions of the carrier with blood components [188], and thus avoids recognition of the drug
carriers by opsonins, and eventually the destruction by the MPS.

The other important issue in drug delivery is the ability of drug carriers to accumulate in
the target. To address this problem, the particular “leaky property” of tumour blood vessels is
exploited. Solid tumours are heterogeneously vascularized. Some regions are richly and densely

vascularized, with constant formation of new capillarities from pre-existing vessels (angiogen-
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Aqueous layer

Drug adsorbed in the lipid bilayer
Crystallized drug

in aqueous phase

Lipid
bilayer

Figure 4-2: Structure of a liposome [189]

Polymer (PLA)
Bioactive molecule
trapped in a matrix of
polymer (PLA)

oily core loaded with the
bioactive compound

PEG chains

Nanocapsule

Nanosphere

Figure 4-3: Structures of the PEG/PLA nanosphere and nanocapsule
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esis). Because of the irregular growth, tumour blood vessels present various abnormalities,
resulting in an enhanced permeability of tumour vasculature. A major consequence is the pres-
ence of gaps in their discontinuous endothelium [190]. Their pore size cut-off is quite diverse
depending on the tissue, but it roughly lies in the range of 300-900 nm [190-192]. Hence, it is
possible to produce suitable nanoparticles which can cross the vascular endothelium (extrava-
sation process) and deliver the therapeutic agents in the tumour [190,193]. In other words, the
drug nanocarriers could transport and concentrate the antiproliferative agents in the tumours
by passive targeting [194]. This method to improve bioavailibility has already been used for
many bioactive molecules, including tamoxifen [195-197] and the lipophilic pure antiestrogen

RU 58 668 [51,198,199].

PEG PLA

Figure 4-4: Structure of the PEG/PLA copolymer

Therefore, for a more targeted and effective drug delivery, Fc-diOH and DFO were
loaded inside nanospheres (NS) and nanocapsules (NC). The polymer chosen is biodegradable
poly(D, L-lactic acid), or PLA (Fig. 4-4). Hydrophilic PEG chains are covalently bound to
PLA, and extrude at the surface of the NPs. The ability of the nanospheres and nanocapsules
to modulate the antiproliferative activity of Fc-diOH and DFO was then assessed by in vitro

biological evaluation.

4.2 Materials and Methods

4.2.1 Chemicals

Soy phosphatidylcholine Lipoid S75®

(about 70% phosphatidylcholine) was purchased from
Lipoid GmbH (Germany). Miglyol 810N was kindly provided by Hiils (Germany). Poly(D,L-
lactide) PLAsy of MW 42 kDa was purchased from Phusis (France). PLA/PEG (D,L-PLA50
MW 45 kDa and PEG MW 5 kDa) was synthesized and characterized as previously described

[200].
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Compounds Fc-diOH and DFO were prepared as described in Chapter 2, and in literature
[93,112].
The solvents were analytical grade, and all other chemicals were commercially available at

®)'

reagent grade. Water was purified by reverse osmosis (MilliQQ, Millipore

4.2.2 Preparation of PEG-coated nanoparticles

The preparation of nanospheres (NS) according to Fessi et al. [201] was based on interfacial
deposition of preformed polymer, following solvent displacement (nanoprecipitation).

Briefly, 20 mg of polymer or copolymer were dissolved in 1 mL of acetone containing 1 mM
of Fc-diOH or DFO, and rapidly dispersed into 2 mL of demineralised and sterilised water,
followed by acetone evaporation under nitrogen flow.

In the case of the nanocapsules (NC), only 5 mg of preformed polymer was dissolved in 1
mL of acetone. 2.1 mg of Fc-diOH or 5.9 mg of DFO was dissolved in a mixture of lipophilic
surfactant (Lipoid S75®, 66 mg/mL of acetone) and oil (Miglyol 810, 25 puL/mL of acetone).
25 pL of this preparation was added to the organic phase, before dispersion in water.

Control particles without Fe-diOH and DFO were prepared under the same conditions.

4.2.3 Physicochemical characterization of nanoparticles

The size of the nanoparticles was measured by QuasiElastic Laser Light Scattering using a
Nanosizer N4 Plus (Coulter Electronics, Florida, USA). The potential measurements (¢ poten-
tials) were determined with a Zetasizer 4 (Malvern Instruments, UK) after dilution of the NS

or NC suspensions in 1 mM KCl in a 1:2 volume ratio (NP suspension/ 1mM KCl).

4.2.4 Measurement of encapsulation efficacy

The incorporation efficiency of the ferrocenyl derivatives was expressed both as encapsulation
rate (w/w ratio) and percentage of encapsulation (%). The amount of Fe-diOH and DFO
associated with the drug carriers was indirectly determined by UV-vis spectroscopy (Jenway
6405 UV /vis Spectrometer). These values were calculated as the difference between the total
amount of Fc-diOH or DFO used to prepare the loaded nanoparticles and the amount of
free molecules in the aqueous phase, after separation by centrifugation (60 000 g, 1h, 4°C) for
nanospheres, or by ultrafiltration/centrifugation (450 000 g, 1 h, 4°C) using Millicon eppendorfs
(10 000 NMWTL, Millipore®, France) for nanocapsules. The concentrations of Fe-diOH and
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DFO in the aqueous phase after centrifugation were determined by the absorbance at A = 304

nm for Fe-diOH and at A = 276 nm for DFO.

4.2.5 Cell culture and transcription measurements

We used a method based on the capacity of free and encapsulated antiestrogens to inhibit
estradiol-induced transcription in MELN cells, as previously described [51]. MELN cells are
MCF-7 cells stably transfected with a construct in which the luciferase (LUC) reporter gene
is placed downstream of an estrogen response element (ERE) linked to the minimal -globin
promoter (ERE-S-globin-LUC). MELN and MCF-7 cells were cultured in DMEM (DMEM
Biological Industries, Inc., Kibbutz Beit Haemek, Israel) supplemented with L-glutamine (2
mM), penicillin (50 UI/mL), streptomycin (50 UI/mL) and 10% FCS (fetal calf serum) and
maintained at 37°C, with 5% COs in a humidified atmosphere. Before steroid treatment,
MELN cells were grown for 3 days in phenol red free DMEM containing 10% charcoal-stripped
FCS. Under these experimental conditions, 0.1 nM of 173-estradiol (E2) was found to induce
the maximum LUC transcription. In order to evaluate the release of Fe-diOH and DFO
from the formulations, NCs and NSs containing Fc-diOH or DFO were added to the culture
medium containing 0.1 nM E,. After a total incubation time of 18h at 37°C, cells were collected,
rinsed and lysed in 250 pL of LUC buffer (25 mM Tris/HPOy4 at pH 7.8, 10 mM MgCly, 1%
Triton X100, 15% glycerol, 1 mM EDTA, 1 mM DTT). Protein concentration was determined
by the Biorad assay (Bio-Rad GmbH, Munich, Germany). Quantification of LUC activity
was performed in triplicate in a luminometer (TD 20/20, Tuner Designs, Sunnyvale, CA), after
injection of the LUC buffer (100 pL) supplemented with 100 mM ATP and 87 pug of luciferin/mL
to 100 uL of cellular extract.

4.2.6 Cell cycle analyses and apoptosis estimation

MCF-7 cells (2-10°) were exposed or not to the free or the encapsulated drugs (1 or 10 uM)
during 48h and 72h. The cells were washed twice in cold phosphate-buffered saline (PBS),
pelleted and suspended in ice-cold ethanol (80% in MilliQ water). In some experiments, 10
uM a-tocopherol was added for 1h to the cell medium prior to further treatment. Fixed cells
were then centrifuged and resuspended in PBS at 25°C containing 100 ug/mL RNase A (Roche
Molecular Biochemicals, Meylan, France) and 20 pg/mL propidium iodide (PI, Sigma-Aldrich)
for 30 min at 37°C. Cells were further analysed with a FACS Calibur (Becton-Dickinson, Le

111



Chapter 4. Nanoparticles

Pont de Claix, France) equipped with an argon laser tuned at 488 nm and data were obtained

with the CellQuest 1.2.2 and the ModFit LT 1.01 softwares (Becton-Dickinson).

4.3 Results

4.3.1 Characterization of NPs

The PEG/PLA nanoparticles were formed by nanoprecipitation [187]. This conventional tech-
nique consists of dissolving the copolymer and the drug in an organic solvent miscible with
water, such as acetone. The organic solvent/water mixture and organic solvent evaporation
lead to polymer precipitation in the form of nanospheres. In the case of nanocapsules, the oily
phase is dissolved together with the copolymer and the drug in the organic layer. Following

solvent evaporation, the polymer precipitates around the oily droplets to yield the nanocapsules.

Table 4.1: Characterization of the nanoparticles (mean value + S.D., n = 6)

Zeta Encapsulation Encapsulation
Mean diameter potential efficiency yield
(nm) (mV) (Hg/mg polymer) (%)
Nanospheres
empty 50 £18 -1.1+0.5 - -
Fc-diOH 52 + 16 -7.3+0.6 198+ 4 95+2
DFO 56 + 18 -29+0.4 255 + 20 93+7
Nanocapsules
empty 178 £ 77 -73.5+14 - -
Fc-diOH 180 + 56 -44.0+0.7 8+1 83+4
DFO 130+ 35 -57.8+4.0 25+1 93+5

The size and the zeta ({) potential of both empty NSs and NCs, and those loaded with the
organometallic compounds Fc-diOH and DFO are summarized in Table 4.1. The ( potential
indicates the surface charge of the NP. While the size of the NCs was in the range of 150-
200 nm, that of the NSs was three times smaller. The incorporation of the drug did not
modify this parameter for either formulation. This was not the case for the ( potential: the
decrease of the ¢ potential of Fc-diOH- and DFO-charged NSs, as well as the increase of NC

¢ potential indicate that some amount (though small) of the compounds were adsorbed at the
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NP surface. Indeed, the ¢ potential of the aqueous suspension of Fe-diOH and DFO at 1
mM was definitely negative, and measured as -35.5 + 5.2 and -36.6 + 0.5 mV, respectively.
These values are lower than the ¢ potential of the unloaded NSs. Hence, if the organometallic
compounds were adsorbed at the surface of the NSs, the ¢ potential of the loaded NSs should
decrease. On the other hand, the ( potentials of the free Fc-diOH and DFO are higher than
those of the empty NCs. Therefore, we expected the ¢ potential of the loaded NCs to increase,
if the organometallic compounds were adsorbed at the surface of the NCs.

The encapsulation yield of both molecules in the NSs was higher than that in the NCs. The
maximum concentrations of encapsulated Fc-diOH and DFO were similar in the NSs (1 mM)
and were estimated at 70 M and 160 M in the NCs respectively. The encapsulation efficiency
and encapsulation yield of both types of NPs showed that the organometallic compounds have
a high affinity for the copolymer. Nevertheless, NCs had a tendency to incorporate a lower
concentration of both compounds, a feature characteristic of such nanoparticles, because of the

reduced drug solubility in oil [51].

4.3.2 Modulation of the antiestrogenic activity by loaded NPs

We wondered next about the biological activity of the NPs. In a previous work, we showed
that unloaded PEG/PLA NPs have no inhibitory activity on the luciferase gene expression
in MELN cells [51]. As shown in Fig. 4-5, free Fc-diOH had a weak inhibition on estradiol-
induced transcription in MELN cells at 16h, with an IC5q value about 100-fold that of OH-Tam.
However, the trapped Fc-diOH has an even weaker ability to inhibit the expression of luciferase
than the free compound at 16h. This feature suggests that only a limited amount of drug was
released from the NPs. Surprisingly, the type of NP does not seem to affect the transcription
inhibition activity.

Data from Fig. 4-6 indicate that DFO has a better anti-estrogenic activity than Fe-diOH.
Precisely, its luciferase inhibition activity is ten times stronger than that of Fc-diOH. Again,
both DFO-loaded NCs and NSs have a weaker transcription inhibition activity than free DFO.
Interestingly, DFO released from the NC has an inhibitory activity somewhat similar to that of
Fc-diOH trapped in the NPs (data from Fig. 4-5 compared to data from Fig. 4-6). However,
in the case of DFOQO, the type of NP in which the molecule is encapsulated seems to influence

its activity. Comparatively, the DFO-loaded NS inhibits the luciferase activity 100 times more
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Figure 4-5: Inhibitory capacity of free Fc-diOH and Fe-diOH-loaded PEG/PLA NS and NC
on Es-mediated transcription.

MELN cells (10%) grown in phenol red free medium for 3 days were treated in triplicates during
one night (16h) with increasing concentrations of Fc-diOH, free and entrapped in either NS or
NC as described in Materials and Methods. In the control experiment, Eo- induced transcription
(at 1 nM) was estimated as 100%. It corresponds to a 8-9 fold increase as compared to the
basal level of transcription (obtained without Eg, but only vehicle). After harvest and lysis,
luciferase activity was measured. Data are expressed as mean % =+ S.D. (n=3) of inhibition of
the Es-induced luciferase (LUC) activity.
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Figure 4-6: Inhibitory capacity of free DFO and DFO-loaded PEG/PLA NS and NC on Es-
mediated transcription.

MELN cells were treated as described in Fig. 4-5 with free and NS, NC-trapped compound
DFO. Results are expressed as in Fig. 4-5.
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than DFO trapped in a NC at high concentrations (0.1 - 1 xM). This suggests that NCs release

DFO more slowly than NSs at these concentrations.

4.3.3 Activity of loaded NPs on cell cycle and apoptosis

We then wanted to know if these nanosystems behave differently towards MCF-7 cell cycle.
Flow cytometry experiments were carried out at 48h and 72h with both free and encapsulated
Fc-diOH and DFO at 1 pM and/or at 10 pM. Data (FACS analysis) are summarized in Tables
4.2 and 4.3. Both empty NSs (Table 4.2) and empty NCs (Table 4.3) had no effect on the cell
distribution as already observed [202]. Interestingly, when compared to control, the number
of cells in the S phase of the cycle increased more clearly with Fc-diOH than with DFO,
whether the compounds were trapped or not in NS. Altogether, this suggests that at 10 puM,
Fc-diOH has a greater capacity to arrest the cell cycle in the S phase than DFO. At a similar
concentration, once trapped in the NS, DFO had a strong capacity to arrest cell cycle in the
GO0/G1 phase at 48h, unlike the free drug. This effect was no longer observed at 72h, suggesting

maybe some instability of DFO, which is protected only as long as it stays encapsulated.

Table 4.2: FACS analysis on MCF-7 cells exposed to free and encapsulated ferrocenyl derivatives
in nanospheres (NS) of PEG/PLA. Data given in number of cells.

G0 /G1 S G2 /M Sub G1

48h 72h 48h 72h 48h 72h 48h 72h

Control 69 79 14 12 14 8 3 >
Fc-diOH (10 pm) |~ 63 & 24 37 6 6 1 10
DFO (10 pM) 66 62 13 18 19 16 5 10
NS Fc-diOH 64 52 25 38 8 7 8 17
NS DEO 80 66 10 20 9 9 5 15

70 73 13 11 14 9 2.5 3

Empty NS

Interestingly, an increase of cells in apoptosis (sub G1) was noticed after cell exposure to
both free Fc-diOH and DFO. This fate was stronger in the case of cell incubation with the
trapped compounds. Fc-diOH and DFO have comparable ability to induce apoptosis in MCF-
7 cells and this potency is enhanced and delayed by entrapment in PEG/PLA nanospheres.
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Table 4.3: FACS analysis on MCF-7 cells exposed to free and encapsulated ferrocene derivatives
in nanocapsules (NC) of PEG/PLA. Data given in number of cells.

GO0 /G1 S G2 /M Sub G1
48h 72h 48h 72h 48h 72h 48h 72h

Control 67 72 16 15 17 13 11 1.25
Fc-diOH (1pM) 36 44 38 36 25 19 4 3
DFO (1pM) 66 735 16 14 17 12 2 2
NC Fc-diOH 49 50 285 24 22 16 1.6 2.3
NC DFO 63 65 17 21 20 12 1.1 3
Empty NC 66 69 18 19 16 15 1.6 2

We also compared the activity of Fe-diOH/DFO-loaded NCs on the cell cycle. Since the
encapsulation loading was weaker in the NCs than in the NSs, MCF-7 cells were exposed to
weaker drug concentrations in the case of the NC experiments, in order to avoid too high an
amount of polymer in the cell culture. Results presented in Table 4.3 clearly indicate that
Fc-diOH at 1 uM, whether free or encapsulated in the NCs, arrests cell cycle in the S phase,
and to a more limited extent in the G2/M phase. This feature is less clearly observed at 10
uM, a concentration which rather induces apoptosis (see Table 4.4). Additionally, a smaller
number of cells in apoptosis were noticed after 48h when the compounds were encapsulated,
hence suggesting again the delay induced by the nanovectors. At this low concentration, free
DFO at 1 M had no significant effect on MCF-7 cells, contrary to the encapsulated drug

which slightly increased the number of cells in the S phase.

4.3.4 Influence of a-tocopherol on cell cycle and apoptosis.

a-tocopherol

Figure 4-7: Structure of a-tocopherol (Vitamine E)
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It has been suggested that OH-Tam at high concentrations may induce the production of
Reactive Oxygen Species (ROS) in breast cancer cells [203]. Similarly, ferrocene derivatives
have also been suspected of producing ROS [127,129,130]. We next examined if the effects
of the ferrocene derivatives observed in MCF-7 cells could imply ROS production. Similar
experiments to those described in Table 4.3 were performed in the presence or absence of the
anti-oxidant a-tocopherol (Fig. 4-7), as it is known to prevent ROS production [204]. Data
from Table 4.4 suggest that a-tocopherol alone has practically no effect on the MCF-7 cell cycle
in the experimental conditions, although it slightly induced apoptosis. However, we predicted
that the presence of a-tocopherol would decrease apoptosis of cells exposed to Fc-diOH and
DFO. Indeed, in the presence of a-tocopherol, the number of cells in subG1 dropped from 7
to 4.7, and from 7.7 to 5.6 respectively, after 72h of treatment. These data also indicate that
DFO could have a dual effect on MCF-7 cells, an anti-proliferative effect through its inhibitory
capacity towards ER« activation and downstream consequences, and the capacity to produce

free radicals.

Table 4.4: Effect on free radical inhibition by a-tocopherol (a-toco) on MCF-7 cells exposed to
free compounds Fc-diOH and DFO. Data given in number of cells.

G0 /G1 S G2 /M Sub G1

48h 72h 48h 72h 48h 72h 48h 72h
Control 65 67 20 18 15 12 2.25 1.9

Fc-diOH (10 pMm) 55 59 36 31 7 9 8 7
DFO (10 pM) 72 71 14 15 9 11 6.7 7.7
a-toco 54 67 24 18 21 14 3.9 3.9
Fc-diOH + a-toco 52 64 39 27 8.5 8.6 35 4.7
DFO + a-toco 71 72 14.5 14 12 13 5.9 5.6

4.4 Discussion

In the present work, we have designed two types of nanovectors, aiming at the in vivo de-
livery of insoluble anticancer molecules. We took advantage of previously well established
formulations based on the copolymer PEG/PLA, which proved to be capable of incorporat-
ing high concentrations of a SERM like OH-Tam [195,202] and a pure antiestrogen like RU
58 668 [51,198,199]. Ameller et al. demonstrated that PEG/PLA (PEG-poly(D,L-lactic acid)
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nanoparticles are non-toxic [199], in contrast to the PEG/PACA (PEG-poly(alkylcyanoacrylate)
copolymer. They also have a loading efficiency three fold higher than the tamoxifen-loaded
(PEG/PACA) nanoparticles. The RU 58 668-loaded nanospheres were able to inhibit Ea-
induced tumours growth with a quantity 50 to 100 times less than what was needed for free
RU 58 668, when administred by i.v. in mice bearing MCF-7 breast cancer xenografts.

Both organometallic compounds Fc-diOH and DFO were incorporated in these formula-
tions at a high yield, although the NS incorporated higher concentrations than the NC. The
size of the resulting NPs were within the range of the gaps in the discontinuous cancerous
endothelium, and thus they are possible vectors for the organometallic bioligands. Both com-
pounds showed efficiency in inhibiting estradiol-induced transcription in ER+ breast cancer
cells, arresting cell cycle, and inducing apoptosis in the same cells. A great benefit of such
devices is their endocytosis ability, leading to the delivery of their trapped drug inside the
cell [194]. They have, among others, the advantage of protecting the drugs against hydrolysis
and oxidation. The synthesised nanovectors tend to promote the activity of Fe-diOH and
DFO, maybe because encapsulation reduces their degradation. This observation is consistent
with the results from the estradiol-induced transcription experiments on MELN cells and from
the flow cytometry experiments.

It is worthwhile to differentiate the results from antiestrogenic experiments on MELN cells
and those from the FACS Analysis. The distinction lies in the concentrations used for each
method. In the anti-estrogenic experiments, the concentrations reached very small values such
as 0.5 nM, whereas in the FACS experiments the concentrations were 1 uM and 10 uM. There-
fore, in the MELN cells where the NPs were very diluted, a greater percentage of Fc-diOH
or DFO was liberated. This is a function of the partition coefficient between oily/polymeric
medium and water for the NCs and the NSs. Moreover, diffusion of the active species through
the polymeric matrix of the NSs was favoured for small concentrations. Thus, there was a
greater percentage of organometallic compounds liberated from the NPs in the estradiol-induced
transcription experiments than in the flow cytometry experiments. So the relative reduced ac-
tivity of the trapped compounds compared to the free ones was different according to the type
of experiment.

The mechanism of action of both organometallic compounds has been investigated, in order
to better understand their antiproliferative effects. Fc-diOH and DFQO probably each follow

different mechanisms, due to their structural differences. Indeed, it has been proposed that the
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ferrocene moiety in Fe-diOH acts as an intramolecular oxidation assistant [133,135]. How-
ever, in the structure of DFO, the ferrocene moiety cannot act as an intramolecular oxidation
“antenna’”, having no electron carrier 7 system to link the ferrocene moiety to a phenol group.
So the antiproliferative effect observed must follow another mechanism. It might involve the
oxidation of the ferrocene to a ferrocenium salt and production of hydroxyl radicals via the
Fenton process [205].

Our experiments suggest that a-tocopherol does reverse the antiproliferative effect of both
organometallic compounds, since the number of cells in subG1 dropped when the anti-oxidant
agent was added. This result is consistent with our hypothesis that Fe plays an important role in
inhibiting the proliferation of breast cancer cells. As a well-known anti-oxidant, a-tocopherol
could prevent the oxidation of Fe(II) into Fe(III), and also help to reduce the downstream

production of ROS, thus lowering the number of cells in subG1.

4.5 Conclusion

Interest in nanovectors of highly cytotoxic compounds has fostered many drug formulations,
such as the lipid-coated aggregates of the metal coordination complex cis-platin [186]. This
article describes for the first time an efficient encapsulation of organometallic compounds, which
should possess stronger metal-ligand bonds than classical metal coordination complexes. The
ferrocene derivatives Fc-diOH and DFO have shown interesting cytotoxic effects on MCF-7
cells, which very likely involve ROS production. But since their water-insolubility impedes
their potential biological activity, both were successfully loaded at high yield in nanospheres
and nanocapsules. Thanks to their appropriate physico-chemical characteristics, the nanopar-
ticles were able to deliver the water-insoluble compounds to cancer cells, and shield the active
molecules from degradation by delaying their release.

Futhermore, according to the metal introduced, organometallic compounds could offer dif-
ferent possibilities. As suggested in Chapter 3, the Fe atom of DFO may be exchanged with
radioactive Re or Tc, without changing the good binding affinity with ER« and 5. Then it
would be possible to follow the bioavailibility of the labeled bioligands in the body, once released
from their protective nanovectors. To date, biodistribution of labelled nanocarriers have been

studied, but not that of labelled bioligands coated in nanoparticles.
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Conclusion

Despite huge progress since the mid-twentieth century, current breast cancer treatments would
still benefit by becoming milder, safer and more successful. This presentation illustrated the
rich possibilities that the emerging field of bioorganometallic chemistry can offer to oncology

research, by bringing together a metallic entity and bioactive organic molecules.

A Periodic Table
of Medicines

121



Chapter 5. Conclusion

Chapter 1 presented an introduction to the treatments and diagnosis techniques available
for breast cancer. It focused on hormone therapy and the development of novel bioactive
molecules, from pure antiestrogens to SERMs. The way the natural hormone estradiol favours
cell proliferation was briefly discussed, and then a mechanism of action of the antiestrogen drug
tamoxifen was presented. Despite its popularity for the treatment of hormone-dependent breast
tumours, the drug resistance problems have stimulated the synthesis of various compounds
with new therapeutic spectra. Of particular interest are the benefits offered by metal-based
compounds. An overview was given on their use in medicine. Although the discovery of the
platinum inorganic complex cis-platin is a landmark in this field, organometallic compounds
present the advantage of more robust metal-ligand bonds, having a more covalent character.
Therefore, insights in the biological applications of organometallic compounds, especially of
ferrocenyl, rhenium and technetium derivatives, were outlined. This last part introduced the
main topics of the research described in this thesis.

The coupling of organometallic moieties tethered to SERMs has led to the synthesis of
different types of compounds showing variable affinities for the two main ER isoforms ER«
and ERS. In such a program, a ferrocenyl substituent was tethered to the 4-hydroxytamoxifen
scaffold, the active metabolite of tamoxifen. In Chapter 2, we have designed and studied the
first ferrocenyl tamoxifen-like compounds (the DF and FO series), whose chemical structures
bear a ferrocenyl chain instead of the key amino side-chain of 4-hydroxytamoxifen (Fig. 5-1).
The biological results demonstrated that shorter ferrocenyl chain lengths induced a stronger
biological activity; and when two phenol groups in trans configuration were present, a better
RBA and an antiproliferative effect were observed. Additionally, molecular modelling suggested
that a ketone functionality on the side-chain of the ligand would favour the binding to ER«
thanks to a stabilizing interaction with Asp 351. This is consistent with the high RBA values
registered for compound DFO. Moreover, this molecule displayed an antiproliferative activity
both on ER+ and ER- cancer cells. This inhibition potency probably stemmed more from
the ER-independent cytotoxicity of the compound, rather than its antiestrogenic character.
Nevertheless, this issue needs a more thorough investigation. In particular, the question remains
open on why the antiproliferative activity of the ferrocenyl derivatives on the MDA-MB-231
cells was significantly weaker than on the PC-3 cells.

A further exploitation of the ligand-receptor studies prompted us to propose the AC series,

where a carboxylic acid side-chain was coupled to the structure of the cytotoxic Fc-diOH.
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4-hydroxytamoxifen
(OH-Tam)

E
MFOa @i

Figure 5-1: Ferrocenyl compounds studied in Chapter 2

OH OH

Fe
= o

Fc-diOH

n=1-3

Figure 5-2: AC compounds and Fe-diOH

Since our previous experiments as well as those done by Willson et al. and Ruenitz et al. all
suggested the importance of the ketone functionality in conveying an antiproliferative effect, we
hoped to increase this inhibition activity by combining it to the Fc-diOH scaffold. However,
the biological results were less satisfactory than expected. Complementary biological experi-
ments (such as checking Ruenitz’s results) and additional studies in molecular modelling and
in electrochemistry are needed to understand these poor behaviours.

Although ferrocenyl derivatives have shown antiproliferative effects, it is worthy to note that
the simple presence of a ferrocenyl group is not always sufficient to yield cytotoxic compounds.
For example, a proliferative activity was found for the DFs, MFQOa and MFOb on ER+ cancer

cells. Both the position and the structural pattern in which ferrocene is inserted are important.
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While the motif “(ferrocene)-(conjugated spacer)-(para-phenol)” has seemed to be crucial for
the cytotoxic effects of ferrocenyl derivatives until now [132], the early results on the AC series
may challenge this idea.

Interestingly, the ferrocenyl derivative DFO possesses a particular structure which enables
it to be both a potential drug and a stable precursor for the synthesis of radiopharmaceuticals.
In Chapter 3, the successful conversion of the compound into a rhenium and a technetium
derivative by a ligand exchange reaction was described (Fig. 5-3). Optimization of the reaction
parameters was studied. The ligand transfer reaction was chemioselective, and required the
presence of a ketone unit adjacent to the ferrocene moiety. The radioactive organometallic
rhenium and technetium compounds should have high affinity with ER, as was the case for
the non-radioactive rhenium derivative DRO. Thus, they could be either potential site-specific
drugs (1®8Re derivatives), or targeted radiopharmaceuticals (°*"Tc derivatives). However, since
the conversion of DFO into the technetium derivative DTO was not complete, a more thorough
optimization of the experimental conditions is needed before in vivo testing. The synthesis of
the radioactive ®Re derivative and its study still await us. In addition, a close look at the
evolution of the ligand transfer reaction had opened some paths towards a possible mechanism
for the reaction. Further experiments could be useful to elucidate this reaction. For instance,

it may be interesting to probe the implication of the ferrocenium salt in the mechanism.
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Figure 5-3: Synthesis of DRO and DTO by the ligand transfer reaction
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Eventually, the bioavailibility of bioactive compounds was addressed in Chapter 4. Al-
though Fc-diOH and DFO have an interesting antiproliferative activity in breast cancer cells,
they are insoluble in biological fluids, and are prone to degradation once introduced in the
body. To overcome this problem, they were incorporated in two types of stealth nanoparti-
cles: PEG/PLA nanospheres (NS) and nanocapsules (NC). Their physico-chemical parameters
were measured (size, ( potential, encapsulation and loading efficiency), and their biological
activity was assessed. Notwithstanding potential drug adsorption at the NP surface, Fc-diOH
and DFQO were incorporated efficiently in NC and NS, which slowly released both compounds.
They induced apoptosis, and this effect was more prominent with loaded NS. A decrease in
their antiproliferative activity by the addition of the anti-oxidant a-tocopherol indicated that
ROS may be involved. Therefore, nanosystems, containing for the first time a high load of
anticancer organometallic triphenylethylenes, have been developed. Their small size and de-
layed drug release are compatible with an increased persistence in the blood. Moreover, their
enhanced apoptotic potential by the encapsulation reveals a promising antitumour activity. We
could extend the bioavailibility study to other protection forms, such as tailoring the compounds
with sugar units or lipidic chains.

Since the rhenium compound DRO is the non-steroidal ligand with the highest affinity for
both ER isoforms to date, crystallization of this ligand with ERa is currently underway, in
collaboration with Prof. G. Greene (University of Chicago, USA). The same experiments are
also underway with DFO and Fc-diOH. It would be of great interest to assess if there is indeed
an interaction between the ketone group and Asp 351 in ERa LBD, as predicted by molecular
modelling studies. Moreover, in protein crystal structure analysis, crystallographers often have
to add heavy metals to the ligand-receptor complex in order to solve the phase problem. With
an organometallic ligand itself bearing a heavy metal, it might be not necessary to add these
salts during crystallization. Thus, a more precise ligand-receptor structure, without exogenous
molecules to disturb the conformation, could hopefully be produced.

The biological results on the organometallic compounds described in this work provided
a further refinement of our understanding of ligand structure-binding affinity correlations for
the ERs. They also outlined prototypes for potent cytotoxic molecules on breast cancer cells.
Although some questions remain unclear and require further studies, the results from the the-
sis contribute to the general perspective that bioorganometallic chemistry could be useful in

medicine. This concept could indeed offer a plausible alternative to chemotherapy (with its
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drastic side-effects), and tamoxifen (with its problems of resistance). The combination of the
antiestrogenic quality of the biovector hydroxytamoxifen with a cytotoxic ferrocenyl moiety did
confer a different antiproliferative activity to the SERM, and gave rise to broader therapeutic

possibilities, especially in the tamoxifen-resistant cases.
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