
at SciVerse ScienceDirect

European Journal of Medicinal Chemistry 48 (2012) 385e390
Contents lists available
European Journal of Medicinal Chemistry

journal homepage: http: / /www.elsevier .com/locate/ejmech
Short communication

Synthesis, antiproliferative activity and estrogen receptor a affinity of novel
estradiol-linked platinum(II) complex analogs to carboplatin and oxaliplatin.
Potential vector complexes to target estrogen-dependent tissues

Pijus Saha, Caroline Descôteaux, Kevin Brasseur, Sébastien Fortin, Valérie Leblanc, Sophie Parent,
Éric Asselin, Gervais Bérubé*

Département de Chimie-Biologie, Groupe de Recherche en Oncologie et Endocrinologie Moléculaires, Université du Québec à Trois-Rivières, C.P. 500, Trois-Rivières, Québec,
Canada G9A 5H7
a r t i c l e i n f o

Article history:
Received 7 November 2011
Received in revised form
7 December 2011
Accepted 11 December 2011
Available online 17 December 2011

Keywords:
Estradiolecarboplatin analogs
Estradioleoxaliplatin analogs
Vectorization therapy
Anticancer agents
Estrogen receptor
Breast cancer
Abbreviations: ERþ, estrogen-receptor positive; E
tive; E-CDDP, estradiol-linked platinum(II) complex a
estradiol-linked platinum(II) complex analog to ca
linked platinum(II) complex analog to oxaliplatin.
* Corresponding author. Tel.: þ1 819 376 5011x335

E-mail addresses: Pijus.Saha@uqtr.ca (P. Saha),
(C. Descôteaux), Kevin.Brasseur@uqtr.ca (K. Brasseu
(S. Fortin), valerie.leblanc@uqtr.ca (V. Leblanc), Soph
Eric.Asselin@uqtr.ca (É. Asselin), Gervais.Berube@uqtr

0223-5234/$ e see front matter � 2011 Elsevier Mas
doi:10.1016/j.ejmech.2011.12.017
a b s t r a c t

In the course of efforts to develop 17b-estradiol-linked to anticancer agents targeting estrogen-
dependent tissue, we identified three estradiol-linked platinum(II) complex analogs to cisplatin (E-
CDDP) derivatives namely: VP-128 (1), CD-38 (2) and JMP-39 (3) that exhibit potent in vitro and in vivo
(for derivative VP-128) activity along with interaction with the estrogen receptor a (ERa). In this study,
we prepared and biologically evaluated two novel classes of estradiol-linked platinum(II) complex
analogs to carboplatin (E-CarboP, 1ae3a) and oxaliplatin (E-OxaP, 1be3b). E-CarboP and E-OxaP were
designed and based on the estradiol-linker scaffold of E-CDDP derivatives previously identified.
Consequently, we assessed the importance of the nature of platinum(II) salt on the antiproliferative
activity on MCF-7 and MDA-MB-231 human mammary carcinoma cell lines together with affinity for the
ERa by replacing the dichloroplatinum(II) moiety by a cyclobutane-1,1-dicarboxylateplatinum(II) or an
oxalateplatinum(II) moiety. Except for compound 3b which is inactive at the concentration tested, the
antiproliferative activity of all compounds on both human mammary carcinomas cell lines are in
micromolar range and are more active than carboplatin and oxaliplatin alone but less active that their E-
CDDP counterparts (1e3). In addition, E-CarboP derivatives 1ae3a show very low affinity for ERa
whereas E-OxaPs 1b and 2b show higher affinity for ERa than their parents E-CDDPs (1e2), suggesting
that the nature of the platinum(II) salt involved in the vector complexes is extremely important to both
retain significant antiproliferative activity and selectivity for the ERa and possibility to target estrogen-
dependent tissues. Finally, E-OxaPs 1b and 2b are potentially promising alternatives vector complexes to
target estrogen-dependent tissues.

� 2011 Elsevier Masson SAS. All rights reserved.
1. Introduction

Cisplatin (cis-diamminedichloroplatinum(II)) is an effective
anticancer drug widely used against ovarian carcinoma, lung, head
and neck cancers. Its discovery has triggered numerous research
programs to find platinum(II) derivatives with enhanced biological
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activities, decreased toxicities and not triggering chemoresistance
of cancer cells. Hence, the screening of hundreds of platinum(II)
drugs has resulted in the discovery of carboplatin (cis-dia-
mmine(cyclobutane-1,1-dicarboxylato)-platinum(II)) and oxalipla-
tin (1,2-diaminocyclohexaneoxalato platinum(II)) [1,2]. The latter is
in use for the treatment of metastatic colorectal cancer and is less
prone to side effects than cisplatin [2,3]. Another new drug, neda-
platin (cis-diammine-glycoloato-O,O-platinum(II)) that is tenfold
more water soluble than cisplatin, and is significantly less neph-
rotoxic than cisplatin and carboplatin has been recently
approved in Japan for the treatment of non-small-cell lung carci-
noma, small cell lung cancer, oesophageal and head and neck
cancers (Fig. 1) [2,3].

The platinum(II)-based anticancer agents cause damages to
tumors by the formation of reactive platinum species that bind to
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Fig. 1. Structure of cisplatin, carboplatin, oxaliplatin and nedaplatin.
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Fig. 2. Structure of the E-CDDP selected to make E-CarboP and E-OxaP.
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nucleophilic groups such as purine present in DNA, resulting in
intrastrand [4] and interstrand [5] cross-links that ultimately lead
to apoptosis [1,2]. Apoptosis resulting from platinum salts cyto-
toxicity is also responsible for the characteristic nephrotoxicity,
ototoxicity and other toxicities described for platinum(II)-based
drugs, that are a direct consequence of their systemic effects and
lack of selectivity toward cancer cells. Another major drawback of
platinum(II)-based drugs treatments is the triggering of tumor cell
chemoresistance notably: (1) reduction of drug uptake and/or
increased drug efflux, (2) degradation and deactivation by intra-
cellular thiols and (3) improvement of repair or tolerance of
DNAecisplatin adducts [1e3].

Several strategies have been used to increase tumor cell selec-
tivity of platinum drugs, including their conjugation to potentially
site-directing molecules, such as folate, porphyrins, adenine, terpe-
noids, peptides and many others [6e14]. The approach used by our
research group and few others is based on their potential site-
direction through their conjugation to estrogen analogs and deriv-
atives to target estrogen-dependent tissues such as breast, ovarian
and uterus [15e20]. In the course of our research program, we have
selected three potent derivatives amongst three different series of
estradiol-linked platinum(II) complex analogs to cisplatin (E-CDDP)
exhibiting favorable in vitro biological activity compared to the cor-
responding cisplatin against breast cancer cell lines [16e19]. These
derivatives selected are namely: 16a,b-[11-(2-pyridylethylamino)
undecanyl]-1,3,5(10)-estratrien-3,17b-diol dichloroplatinum(II) (VP-
128, 1), 16b-hydroxymethyl-16a-[10-(2-pyridylethylamino)decyl]-
1,3,5(10)-estratrien-3,17b-diol dichloroplatinum(II) (CD-38, 2) and
16b-hydroxymethyl-16a-[8-(2-pyridylethylamino)-3,6-dioxaoctyl]-
1,3,5(10)-estratrien-3,17b-diol dichloroplatinum(II) (JMP-39, 3)
(Fig. 2) [16e19]. E-CDDP derivatives 1, 2 and 3 showed better in vitro
activity than cisplatin against breast cancer cell lines along with
higher affinity with the estrogen receptor a (ERa), RNA and DNA
[21e24]. In addition, a human breast cancer tumors estrogen-
receptor positive (ERþ) xenograft model using MCF-7 cells on mice
showed that E-CDDP derivative 1 achieved a better tumor regression
than cisplatin [24]. This demonstrates that E-CDDP is a good
approach to increase both tumor cell selectivity of platinum(II) drugs
and selectively target estrogen-dependent tissues.

In the aim to improve selectivity and efficacy while minimizing
the potential deleterious effects of our E-CDDP, we prepared and
assessed the biological activity of two novel classes of estradiol-
linked platinum(II) complex analogs to carboplatin (E-CarboP, 1a-
3a) and oxaliplatin (E-OxaP, 1be3b). These two novel classes were
designed and based on the estradiol-linker scaffold of E-CDDP
derivatives previously identified. In this study, we assessed the
importance of the nature of platinum(II) salt by replacing the
dichloroplatinum(II) moiety of our E-CDDP derivatives by a cyclo-
butane-1,1-dicarboxylateplatinum(II) or an oxalateplatinum(II)
moiety on the antiproliferative activity on ERþ (MCF-7) and ER�
(MDA-MB-231) human mammary carcinomas cells together with
their affinity for the ERa.
2. Results and discussion

2.1. Chemistry

Cisplatin, carboplatin and oxaliplatin were linked to the estra-
diol framework at position 16 (a or b) of the steroid nucleus. The
starting E-CDDP derivatives 1, 2 and 3material were obtained from
estrone with overall yields of 21%, 28% and 22%, respectively using
procedures described previously [16e19]. The different platinum
complexes were linked to estrone using either an eleven (derivative
1) or a ten carbon atom alkyl chain (derivative 2) or a triethylene
glycol chain (derivative 3). For compound 1, the chain substitutes
position 16b of the steroid nucleus whereas for compounds 2 and 3
the substitution is at position 16a of the steroid nucleus and bears
a 16b-hydroxymethyl side chain (Fig. 2).

The method used for the preparation of E-CarboP derivatives
(1ae3a) and E-OxaP derivatives (1be3b) is described in Scheme 1.
Briefly, compounds 1ae3bwere prepared by treating compounds 1,
2 or 3 with silver cyclobutane-1,1-dicarboxylate or silver oxalate in
a mixture of acetone/H2O (2:1) at room temperature for 1e15 days
to afford the desired material in yields ranging from 34% to 67%. It
was observed that the reaction time was significantly different
following the solubility of the starting material. The completion of
the reaction took 7e15 days for compounds 1, 2 and only 1 day for
compound 3.
2.2. Antiproliferative activity

The antiproliferative activity of E-CarboP derivatives (1ae3a) or
E-OxaP derivatives (1be3b) was evaluated on the human ERþ
MCF-7 and ER� MDA-MB-231 mammary carcinomas using the
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MTT colorimetric assay [25]. The antiproliferative activity of
compounds 1ae3b was tested along with E-CDDP derivatives
(1e3), cisplatin, carboplatin and oxaliplatin. As shown in Table 1,
compound 3b and carboplatin is inactive at the concentration
evaluated (80 mM) whereas antiproliferative activities of E-CarboP
derivatives (1ae3a) and E-OxaP derivatives (1be2b) are in the
micromolar range on both human mammary carcinomas cell lines.
They are more active than carboplatin and oxaliplatin but less
active that their parent E-CDDP derivatives (1e3). Consequently,
the general order of activities is as follow: E-CDDP > E-OxaP > E-
CarboP. In general, the antiproliferative activity trend into two
different classes of E-CarboP and E-OxaP is similar to parent E-
CDDP and the general order of antiproliferative activities is as
follow: compound 1 > compound 2 > compound 3. For that
reason, the importance of the nature of the platinum(II) salts used
seems to affect only slightly the antiproliferative activity of E-OxaP
derivatives whereas more significantly E-CarboP derivatives,
decreasing activity of 1.2 (1b/1) to 2.6-fold (2b/2) and 2.2 (3a/3) to
7.8-fold (2a/2), respectively, comparatively to the E-CDDP deriva-
tives. As expected the nature of platinum(II) salts in the vector
complexes seems to play an important role in the antiproliferative
activity. This difference activity could be related to different bio-
logical and biophysical properties of platinum salt together with
different conformations and steric hindrance for the binding to
DNA.

2.3. Estrogen receptor binding affinity

E-CDDPs (1e3) were linked to the estradiol framework at
position 16 (a or b) of the steroid nucleus (Fig. 2). Although this
position is close to the estrogenic binding site, its substitution does
not affect drastically its binding to the estrogen receptor a. As
depicted in Table 1, we observed that the use of estradiol as a drug-
carrier moiety for E-CDDP (1e3) provides hybrids exhibiting good



Table 1
Antiproliferative activity on both ERþ MCF-7 and ER� MDA-MB-231 human
mammary carcinoma cell lines and affinity for the ERa of novel E-CarboP derivatives
(compounds 1a, 2a and 3a) and E-OxaP derivatives (compounds 1b, 2b and 3b)
together with parent E-CDDP derivatives (compounds 1, 2, 3), cisplatin, carboplatin,
oxaliplatin and 17b-estradiol.

Compounds IC50 (mM)a EC50 (nM) [26]

MCF-7 (ERþ) MDA-MB-231 (ER�)

17b-estradiol [16,17] NTb NTb 0.40e0.66
Cisplatin [16] 19.0 � 0.4 17 � 2 NAc

1 [16] 3.81 � 0.05 1.88 � 0.04 2.75
2 [17] 4.0 � 0.6 5 � 3 2.26
3 [18,19] 33 � 2 18 � 1 4.25
Carboplatin NRd NRd NAc

1a 21 � 2 13.1 � 0.7 59 500
2a 31 � 1 16.0 � 0.4 299 400
3a 74 � 3 53 � 4 3000
Oxaliplatin 21 � 3 19 � 1 NAc

1b 8.7 � 0.6 2.2 � 0.1 2.73
2b 10.5 � 0.9 7.6 � 0.1 1.30
3b NRd NRd NTb

a Inhibitory concentration (IC50, mM) as obtained by the MTT assay and expressed
as the concentration of drug inhibiting cell growth by 50%. Experiments were per-
formed in duplicates and the results represent the mean � SEM of three indepen-
dent experiments.

b NT ¼ Not tested.
c NA ¼ No affinity.
d NR ¼ Not reached.
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to excellent receptor binding affinity [16e19]. In this study, we
showed that all E-CarboP derivatives (1ae3a) exhibit also some
affinity for the ERa, albeit very low. More interestingly, E-OxaP
derivatives 1b and 2b had excellent affinities for ERa with EC50 of
2.73 nM and 1.30 nM, respectively, which are higher than their E-
CDDP counterparts. Compound 3b was devoid of antiproliferative
activity and therefore its affinity for ERa was not assessed. As ex-
pected, cisplatin, carboplatin and oxaliplatin had no affinity for ERa
[16]. As shown in our previous study, the estrogen analogs and
linker moieties of 17b-estradiol-linked to platinum(II) salts play an
important role for the antiproliferative activity and the affinity of
the drug for the ERa [16e19]. Unexpectedly, the nature of plati-
num(II) salts in the vector complexes seems to play also a key role
in the affinity of the drugs for the ERa and the possibility to target
estrogen-dependent tissues. We hypothesized that the final folding
conformation of the vector complexes obtain with different plati-
num(II) salts could interfere in the interaction occurring between
the estrogen analog moiety and ERa. Therefore, further SAR studies
must be conducted to assess the relationship between affinity of
the estrogen analog for the ERa and the structure of the platinum
salt involved in the complex.
3. Conclusions

This manuscript describes the synthesis, the in vitro biological
evaluation and the affinity for the ERa of two novel classes of E-
CarboP and E-OxaP derivatives. The aim of this study was to
evaluate the effect of converting the dichloroplatinum(II) moiety
into cyclobutane-1,1-dicarboxylateplatinum(II) and oxalateplati-
num(II) moieties on the antiproliferative activity and the affinity of
the drugs for the ERa to develop alternative vectors for the tar-
geting of anticancer drugs to estrogen-dependent tissues. The
results showed that the modification of dichloroplatinum(II)
moiety by oxalateplatinum(II) (E-OxaP, derivatives 1b and 2b)
seems to affect only slightly the antiproliferative activity whereas
modification of dichloroplatinum(II) moiety by cyclobutane-1,1-
dicarboxylateplatinum(II) (E-CarboP, derivatives 1ae3a) affect
more significantly antiproliferative activity. In addition, E-CarboP
derivatives are losing their affinity for ERa whereas E-OxaP
derivatives 1b and 2b maintain an excellent affinity for the ERa.
Consequently, the nature of platinum(II) salt in the vector
complexes is extremely important to retain significant anti-
proliferative activity and selectivity for the ERa and possibility to
target estrogen-dependent tissues. Finally, E-OxaP derivatives 1b
and 2bwill be further studied for their in vitro and in vivo biological
potential on animal models and potentially be promising alterna-
tives vector complexes to target estrogen-dependent tissues.

4. Experimental protocols

4.1. Biological methods

Human breast carcinoma cell lines MCF-7 (ERþ) and MDA-MB-
468 (ER�) were generously provided by Dr René C.-Gaudreault
(CHUQ Research Center, Québec, Canada) and maintained in RPMI
medium containing 10% bovine growth serum containing 50 mg/
mL gentamycin. The cells were maintained at 37 �C in a moisture-
saturated atmosphere containing 5% CO2.

4.1.1. Antiproliferative activity MTT assay
Cells were plated in 96-well plates 48 h before the assay. Stock

solutions of the compounds were prepared by dissolving them in
cremophor EL�:ethanol (1:1). Cells were treated for 72 h with
serial dilution of the drugs between 80 and 1 mM in a total volume
of 100 mL per well. The final concentration of cremophor:ethanol
(1:1) in the culture media was 0.1% and was kept constant in all
experiment conditions. After 68 h of incubation, 10 mL of 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
(5 mg/mL) was added to each well. 4 h later, 100 mL of the solubi-
lization solution (10% SDS in 0.01 M HCl) was added and the plate
was incubated overnight (37 �C, 5% CO2). The optical density was
read with Fluostar OPTIMA BMG (BMG LABTECH inc., Durham, NC)
at 550 nm.

4.1.2. Estrogen receptor a binding affinity
The ERa affinity assay was performed using recombinant hERa

(Calbiochem/EMD BioSciences, Darmstadt, Germany) and the
HitHunterTM Enzyme Fragment Complementary (EFC) Estrogen
Receptor Assay kit (Discoverex Corporation, Fremont, CA) according
to manufacturer’s protocol [26]. HitHunterTM EFC technology is
based on a genetically engineered b-galactosidase enzyme that
consists of two fragments termed Enzyme Acceptor and Enzyme
Donor. Briefly, different concentrations of drugs were added to
wells containing Estrogen Steroid Receptor þ Enzyme Donor in
a 96-well black plate. Incubation provided competition for the
estrogen receptor binding against labeled Enzyme Donor-Estrogen
Steroid hormone conjugate, a small peptide fragment of b-galac-
tosidase. Then, Enzyme Acceptor, an inactive b-galactosidase
protein fragment, and a Fluorescent substrate were added to each
well. Unbound Donor-Estrogen Steroid hormone conjugate bind to
Enzyme Acceptor to form an active enzyme, which subsequently
hydrolyzes the fluorescent substrate for EFC detection by a micro-
plate reader (FLUOStar OPTIMA). The excitationwave is 530 nm and
luminosity is detected at 620 nm. The amount of free Enzyme
Donor conjugate in the assay is proportional to the concentration of
drugs bound to the estrogen receptor [26]. A standard curve of 17b-
estradiol was run in parallel. All assays were done in triplicate.

4.2. Chemistry

Proton NMR spectra were recorded on a Varian 200 MHz NMR
apparatus and carbon NMR spectra were recorded on a Varian
50 MHz NMR apparatus. Chemical shifts (d) are reported in parts
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per million. IR spectra were recorded on a Nicolet Impact 420 FT-IR
spectrophotometer (Nicolet instrument corporation, Madison, WI,
USA). All reactions were conducted under a dried nitrogen atmo-
sphere. Chemicals were supplied by Aldrich Chemicals (Milwaukee,
WI, USA) or VWR International (Mont-Royal, Qc, Canada). Liquid
flash chromatography was performed on silica gel Merck grade 60
Silica Gel, 230e400 mesh and solvent mixture expressed as
volume/volume ratios. The progress of all reactions was monitored
using commercial TLC plates from Sigma T6145 (polyester silica gel
60 Å plates, 0.25 mm). The chromatograms were viewed under UV
light at 254 and/or 265 nm. The platinum(II) complexes were
analyzed using a MS model 6210, Agilent technology instrument.
High resolution mass spectra (HRMS) were obtained by TOF (time
of flight) using ESI (electrospray ionization) using the positive
mode (ESIþ). The syntheses of estradiol-linked cisplatin 1, 2 and 3
have been described previously [16e19].

4.3. General procedure for the synthesis of E-CarboP derivatives
(compounds 1a, 2a and 3a)

Compounds 1, 2, or 3 (0.06 mmol) was taken in a flask and
dissolved in acetone (2 mL) and water (1 mL). Silver cyclobutane-
1,1-dicarboxylate (0.06 mmol) was added slowly to the solution.
The reaction mixture was stirred in the dark until the disappear-
ance of the starting material (1, 2 or 3) as indicated by thin layer
chromatography. The reaction mixture was filtered and the solvent
evaporated under reduced pressure. The residue was purified by
flash chromatography using a mixture of dichloromethane/meth-
anol (92:8) as the eluent.

Note: The silver salt was initially prepared from cyclobutane-
1,1-dicarboxylic acid (1.0 g, 6.93 mmol) upon treatment with NaOH
(555 mg, 13.87 mmol) in water (10 mL), followed by addition of
AgNO3 (2.47 g, 14.57 mmol) in water (2 mL). The reaction mixture
was stirred vigorously for 2 h and the precipitate silver salt was
filtered, washed with water (100 mL) and dried in a desiccator
before use. This preparation yielded 2.32 g (94% yield) of silver
cyclobutane-1,1-dicarboxylate. The same procedure was used for
the preparation of silver oxalate using oxalic acid as the starting
material instead of cyclobutane-1,1-dicarboxylic acid.

4.3.1. 16a,b-[11-(2-Pyridylethylamino)undecanyl]-1,3,5(10)-
estratrien-3,17b-diol cyclobutane-1,1-dicarboxylateplatinum(II)
(1a)

Yield: 46% (reaction time 14 days); IR: 3339,1644 cm�1; 1H NMR
(CD3OD) d 8.67 (d, J ¼ 5.90 Hz, 1H), 7.98 (t, J ¼ 7.05 Hz, 1H), 7.47 (d,
J ¼ 7.80 Hz, 1H), 7.40 (t, J ¼ 6.85 Hz, 1H), 7.06 (d, J ¼ 8.60 Hz, 1H,
ArH), 6.84 (bs, 1H, NH), 6.55e6.46 (m, 2H, ArH), 3.65 (m apparent,
1H, OH), 3.30 (m apparent, 1H, CHOH), 3.16e2.68 (several m, 13H,
CH2eNCH2CH2Pyridyl, 6-CH2, 9-CH, 2� CH2-carboPt), 2.29e1.30
(several m, 34H, 15� CH2, 3� CH, 1� OH), 0.79 and 0.75 (2s, 3H, 18-
CH3, 16a,b (1:3)); 13C NMR (50 MHz, CD3OD) d 180.3, 179.8, 159.5,
154.5, 151.2, 139.5, 137.4, 131.3, 125.8, 124.9, 123.5, 114.7, 112.3, 81.9,
55.9, 53.4, 48.6, 48.2, 45.9, 44.0, 43.8, 40.2, 38.6, 37.8, 37.7, 32.2, 31.6,
30.8, 30.4, 29,6, 29,4, 29.2, 29.1, 28.5, 27.4, 26.5, 26.2, 15.1, 11.9;
HRMS (ESþ) m/z (M þ H)þ and (M þ Na)þ calculated for
C42H61N2O6Pt and C42H60N2NaO6Pt: 884.4176 and 906.3995;
found ¼ 884.4154 and 906.3982, respectively.

4.3.2. 16b-Hydroxymethyl-16a-[10-(2-pyridylethylamino)decyl]-
1,3,5(10)-estratrien-3,17b-diol cyclobutane-1,1-
dicarboxylateplatinum(II) (2a)

Yield: 61% (reaction time 7 days); IR: 3342, 1644 cm�1; 1H NMR
(CD3OD) d 8.70 (d, J ¼ 5.50 Hz, 1H), 8.00 (t, J ¼ 7.50 Hz, 1H), 7.49 (d,
J¼ 7.50 Hz,1H), 7.40 (t, J¼ 6.50 Hz,1H), 7.10 (d, J¼ 8.40 Hz,1H, ArH),
6.83 (bs,1H, NH), 6.59e6.41 (m, 2H, ArH), 3.72 (2d, 2H, parts A and B
of anAB system, JAB¼ 7.40Hz, CH2OH), 3.40 (s,1H, CHOH), 3.25e2.50
(several m, 13H, CH2eNCH2CH2Pyridyl, 6-CH2, 9-CH, 2� CH2-car-
boPt), 2.40e1.18 (severalm, 33H,14�CH2, 2�CH, 3�OH), 0.87 (s, 3H,
18-CH3); 13C NMR (CD3OD) d 180.3, 179.8, 159.5, 154.5, 151.1, 139.5,
137.3,131.2,125.8,124.9,123.5,114.6,112.3, 89.1, 66.0, 55.9, 54.6, 46.0,
44.8, 44.0, 43.7, 39.1, 38.3, 37.8, 34.2, 30.9, 30.3, 29.3, 29.2, 29.0, 27.3,
26.4, 26.2, 24.0, 15.1, 11.3; HRMS (ESþ)m/z (M þ H)þ and (M þ Na)þ

calculated for C42H61N2O7Pt and C42H60N2NaO7Pt: 900.4125 and
922.3944; found ¼ 900.4115 and 922.3931, respectively.

4.3.3. 16b-Hydroxymethyl-16a-[8-(2-pyridylethylamino)-3,6-
dioxaoctyl]-1,3,5(10)-estratrien-3,17b-diol cyclobutane-1,1-
dicarboxylateplatinum(II) (3a)

Yield: 65% (reaction time 24 h); IR: 3362, 1610 cm�1; 1H NMR
(CD3OD) d 8.68 (d, J ¼ 5.80 Hz, 1H), 8.00 (t, J ¼ 7.80 Hz, 1H), 7.55 (d,
J ¼ 7.40 Hz, 1H), 7.40 (t, J ¼ 6.65 Hz, 1H), 7.06 (d, J ¼ 8.20 Hz, 1H,
ArH), 6.82 (bs, 1H, NH), 6.55e6.46 (m, 2H, ArH), 3.94 (m, 1H,
CHaHbOH), 3.75e2.70 (several m, 23H, CHOH, CHaHbOH, 4� OCH2
on PEG chain, CH2eNCH2CH2Pyridyl, 6-CH2, 9-CH, 2� CH2-car-
boPt), 2.50e1.18 (several m, 17H, 6� CH2, 2� CH, 3� OH), 0.84 (s,
3H, 18-CH3); 13C NMR (CD3OD) d 180.2, 179.9, 159.6, 154.5, 151.1,
139.6, 137.3, 131.1, 125.8, 124.8, 123.4, 114.6, 112.4, 89.1, 69.7, 68.1,
67.9, 67.6, 66.1, 55.9, 53.8, 44.8, 44.0, 38.8, 38.7, 38.3, 38.0, 35.3, 31.3,
31.2, 30.0, 29.8, 29.3, 28.1, 27.3, 26.1, 15.1, 11.4; HRMS (ESþ) m/z
(M þ H)þ and (M þ Na)þ calculated for C38H53N2O9Pt and
C38H52N2NaO9Pt: 876.3397 and 898.3216; found ¼ 876.3377 and
898.3206, respectively.

4.4. General procedure for the synthesis of E-OxaP derivatives
(compounds 1b, 2b and 3b)

Compounds 1, 2, or 3 (0.10 mmol) was taken in a flask and dis-
solved in acetone (2mL) andwater (1mL). Silver oxalate (0.10mmol)
was added slowly to the solution. The reaction mixture was stirred
in the dark until the disappearance of the startingmaterial (1, 2 or 3)
as indicated by thin layer chromatography. The reaction mixture
wasfiltered and the solvent evaporatedunder reducedpressure. The
residue was purified by flash chromatography using a mixture of
dichloromethane/methanol (92:8) as the eluent.

4.4.1. 16a,b-[11-(2-Pyridylethylamino)undecanyl]-1,3,5(10)-
estratrien-3,17b-diol oxalateplatinum(II) (1b)

Yield: 46% (reaction time 15 days); IR: 3361, 1695 cm�1; 1H NMR
(CD3OD) d 8.70 (d, J ¼ 6.20 Hz, 1H), 8.01 (t, J ¼ 7.40 Hz, 1H), 7.50 (d,
J ¼ 7.80 Hz, 1H), 7.39 (t, J ¼ 6.80 Hz, 1H), 7.07 (d and bs overlapped,
J ¼ 8.20 Hz, 2H, ArH and NH), 6.54e6.47 (m, 2H, ArH), 3.62 (m, 1H,
OH), 3.30 (m, 1H, CHOH), 3.16e2.67 (several m, 9H,
CH2eNCH2CH2Pyridyl, 6-CH2, 9-CH), 2.31e1.29 (several m, 32H,
14� CH2, 3� CH,1�OH), 0.79 and 0.76 (2s, 3H,18-CH3,16a,b (1: 3));
13C NMR (CD3OD) d 168.4, 167.5, 159.1, 154.5, 151.3, 139.6, 137.4,
131.3,125.8,125.4,123.6,114.6,112.3, 81.9, 43.8, 38.6, 37.7, 37.2, 31.5,
29.3, 28.9, 28.4, 27.4, 27.2, 26.4, 26.2, 16.9, 11.8; HRMS (ESþ) m/z
(M þ H)þ and (M þ Na)þ calculated for C38H55N2O6Pt and
C38H54N2NaO6Pt: 830.3706 and 852.3525; found ¼ 830.3698 and
852.3514, respectively.

4.4.2. 16b-Hydroxymethyl-16a-[10-(2-pyridylethylamino)decyl]-
1,3,5(10)-estratrien-3,17b-diol oxalateplatinum(II) (2b)

Yield: 67% (reaction time 10 days); IR: 3354,1695 cm�1; 1H NMR
(CD3OD) d 8.78 (d, J ¼ 5.50 Hz, 1H), 8.00 (t, J ¼ 7.50 Hz, 1H), 7.55 (d,
J ¼ 7.50 Hz, 1H), 7.40 (t, J ¼ 6.50 Hz, 1H), 7.10 (d, J ¼ 8.40 Hz, 1H,
ArH), 7.00 (bs,1H, NH), 6.60e6.41 (m, 2H, ArH), 3.72 (2d, 2H, parts A
and B of an AB system, JAB ¼ 7.40 Hz, CH2OH), 3.41 (s, 1H, OH),
3.30 (m apparent, 1H, CHOH), 3.25e2.50 (several m, 9H,
CH2eNCH2CH2Pyridyl, 6-CH2, 9-CH), 2.40-1.20 (several m, 31H,13�
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CH2, 3� CH, 2� OH), 0.87 (s, 3H, 18-CH3); 13C NMR (CD3OD) d 168.4,
167.5,159.0,154.5,151.3,139.6,137.3,131.2,125.8,125.4,123.6,114.6,
112.3, 89.0, 66.0, 54.6, 45.9, 44.8, 44.0, 39.0, 38.3, 37.8, 37.2, 34.2,
30.2, 29.3, 29.1, 28.9, 27.3, 27.1, 26.4, 26.2, 24.0, 11.3; HRMS (ESþ)m/
z (M þ H)þ and (M þ Na)þ calculated for C38H55N2O7Pt and
C38H54N2NaO7Pt: 846.3655 and 868.3474; found ¼ 846.3647 and
868.3475, respectively.

4.4.3. 16b-Hydroxymethyl-16a-[8-(2-pyridylethylamino)-3,6-
dioxaoctyl]-1,3,5(10)-estratrien-3,17b-diol oxalateplatinum(II) (3b)

Yield: 34% (reaction time 24 h); IR: 3324, 1698 cm�1; 1H NMR
(CD3OD) d 8.70 (d, J ¼ 5.80 Hz, 1H), 8.00 (t, J ¼ 7.80 Hz, 1H), 7.50 (d,
J ¼ 7.00 Hz, 1H), 7.40 (t, J ¼ 7.40 Hz, 1H), 7.05 (d, J ¼ 8.60 Hz, 1H,
ArH), 6.55e6.45 (m, 2H, ArH), 3.92 (m, 1H, CHaHbOH), 3.75e2.70
(several m, 19H, CHOH, CHaHbOH, 4xOCH2 on PEG chain,
CH2eNCH2CH2�Pyridyl, 6-CH2, 9-CH), 2.50e1.21 (several m, 17H,
5� CH2, 3� CH, 3� OH, NH), 0.85 (s, 3H, 18-CH3); 13C NMR (CD3OD)
d 168.3, 167.5, 159.1, 154.5, 151.3, 139.6, 137.3, 131.1, 125.8, 125.4,
123.6, 114.6, 112.3, 89.1, 69.8, 69.5, 68.1, 67.1, 66.1, 54.3, 45.8, 44.7,
43.9, 38.2, 37.8, 37.3, 35.0, 29.3, 27.3, 26.1, 11.4; HRMS (ESþ) m/z
(M þ H)þ and (M þ Na)þ calculated for C34H47N2O9Pt and
C34H46N2NaO9Pt: 822.2927 and 844.2746; found ¼ 822.2908 and
844.2735, respectively.
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