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» An ecofriendly direct procedure for the nitration of estradiol is developed.
Carbon linkers on the oxygen at C-3 with basic terminal moieties are introduced.
» Compounds 3 and 4 are cytotoxic for HepG2, Hepal-6, Hep3B, HelLa and HT-29 cells.

Compound 3 is more potent than 4-HT for both ER-positive and ER-negative cells.
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Compound 3 circumvented P-gp mediated drug resistance in ovarian cancer cells.
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Abstract

Direct nitration of estradiol was carried out usimgtal nitrates on solid surfaces under mild
condition, and a combination of bismuth nitrate taagdrate impregnated KSF clay was found
to be the best reagent to synthesize 2- and 4esiradiol effectively. Furthermore, various basic
side chains were introduced, through O-linker a,@e these nitroestradiols. The ability of
these derivatives to cause cytotoxicity in Estrod&ceptor (ER)-positive and ER-negative
breast cancer cell lines, as well as cancer g@kliof other origins, was examined. Qualitative
structure activity relationship (SAR) has also bastndied. We found that a basic side chain
containing either a piperidine or morpholine rivghen conjugated to 2-nitroestradiol, was
particularly effective at causing cytotoxicity inaa of the cancer cell lines examined.

Surprisingly, this effective cytotoxicity was eveeen in ER-negative breast cancer cells.
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1. Introduction

According to World Health Organization, cancer whas leading cause of death worldwide in
2008, accounting for 7.6 million deaths (around 18%@all deaths) [1]. Furthermore, cancer-
related mortalities are projected to continue &e rio over 13.1 million by 2030Therefore,
there is a continuous need to develop new anticaagents to reduce both cancer incidence and
cancer-related mortalities.

Breast cancer is the most commonly occurring tyfpeancer globally [2], and estrogens and
Estrogen Receptors (ERs), includingdeéd ER, play an important role in numerous cancers,
including breast, ovarian, uterine, prostate, amdrccancers [3,4]. In fact, ERs are key targets
for the treatment of breast cancer [5], and thecti®le estrogen receptor modulator (SERM),
Tamoxifen (Tam), is an ERantagonist that has been used to treat breast¢rcamce the 1970s
[6]. However, many breast cancers become resigtaham therapy, and Tam therapy leads to
an increased risk of other tumor types; therefoeegnt studies have focused on identifying
novel SERMs that are tissue selective, on targeatihgr mechanisms of ER function, and on
identifying novel compounds that target [ERstead of ER [5].

In addition to modulating SERMs, medicinal chemyishas focused on inhibiting the
synthesis of estrogens by inhibiting the activitieE Aromatase or 1PB-hydroxysteroid
dehydrogenase or by modulating sulfotransferaseg/neeg (e.g., steroid sulfotransferase or
steroid sulfatase) that affect the sulfation ofras and/or estradiol [7]. In this respect,
nitroestrogens have potential application in camtemotherapy. For example, 2-nitroestradiol
was reported to be a more effective inhibitor stexroid alcohol sulfotransferase when compared
with 4-nitroestradiol [8], whereas 4-substitutettr@gen derivatives have been reported to inhibit
the steroid sulfatase enzyme more effectively @anbstituted estrogen derivates [9].

We have previously reported that the introductadnsmall carbon chains with a basic
terminal moiety or heterocyclic scaffold to polyaratic systems can induce significant
anticancer activity to the resultant molecules{2]. In the present study we have developed (i)
a direct procedure for the nitration of estradiadl &ii) introduced carbon linkers on the oxygen
at C-3 with basic terminal moieties to the nitroagdiol derivatives. The resultant compounds
have been screened against a small panel of caetidines, including ER-positive and ER-
negative breast cancer cells, as well as ovariaoecacells and colon cancer cells. We have also

analyzed specified cellular and molecular mechasigynwhich certain nitroestradiol derivatives



affect these cancer cell lines. Some of these nowedestradiol compounds were more potent
cytotoxic agents than 4-hydroxytamoxifen (4-HT) whesed to treat breast cancer cell lines, and
these compounds were also potent cytotoxic ageyasst ER-negative breast cancer cells.
Furthermore, one of these novel nitroestradiol cmummas circumvented P-glycoprotein-
mediated drug resistance in ovarian cancer cells.
2. Results
2.1. Synthesisof novel nitroestradiol compounds

Organo-bismuth chemistry is considered an emer§eld in synthetic organic chemistry
research, and we have previously demonstratedeteetive activity of trivalent bismuth nitrate
pentahydrate in a number of exampl&hese experiments resulted in various methods that
include nitration of aromatic systems {2%], Michael reaction [26], protection of carbonyl
compounds [27], deprotection of oximes and hydragd28], Paal-Knorr synthesis of pyrroles
[29], hydrolysis of amide [30], electrophilic suibstion of indoles [31,32], synthesis of
aminophosphonates [33], Biginelli condensation[34nd selective synthesis of 1,4-
dihydropyridines [35]. To determine the best rdgtethe direct nitration of-estradiol, different
metal nitrates were analyzed in combination withiiotgs solid supports (Scheme 1). We
observed that a mixture of 4- and 2-nitroestradicds obtained when bismuth nitrate
pentahydrate was used as nitrating agent on safidasts, such as florisil, silica gel, molecular
sieves 4A, montmorillonite KSF clay and alumina itwo solvents (benzene and
dichloromethane) under refluxing condition usingad-Stark water separator (Table 1, entries
1,2, 4-8). 2-Nitroestradiol was isolated as the angjroduct (40-50% vyield) using the same
nitrating agent when molecular sieve was used &3 sarface and the reflux was carried out in
benzene using Dean-Stark water separator (Talaetdy, 3) or when KSF clay (Table 1, entry 9)
or alumina (Table 1, entry 10) was used as solithee in dichloromethane using Dean-Stark
water separator. No reaction was observed whestradiol was mixed with solid supports
impregnated with bismuth nitrate (Table 1, entids15). Mixture of the nitro derivatives was
obtained under microwave irradiation in solventefreondition (Table 1, entries 16-20).
Moderate to excellent yield of both the regioisosn@ras obtained under reflux in benzene
(Table 1, entries 21-25). Taken together, these idaicate that nitration ¢f-estradiol depends

strongly on the nature of the solid support andameitrate, with a high to excellent yield of



nitroestradiols (70-95%) being obtained when big¢mauitrate is used as nitrating agent
impregnated with KSF clay (Table 1).

Based on this observation, a comparative study pesformed using other metal nitrates,
including ammonium cerium (1V) nitrate (CAN), zimitrate, calcium nitrate, lanthanum nitrate,
sodium nitrate and cupric nitrate, in combinatiathviKSF clay. We found that CAN, lanthanum
nitrate and sodium nitrate did not yield nitroediods of any kind when used as a metal nitrate in
combination with KSF clay (Table 1, entries 26, 26d 30). Additionally, zinc nitrate and
calcium nitrate formed 2-nitroestradiol regioselesly and cupric nitrate formed a mixture of
both the isomers in a ratio 1:1 with an overall 6§8ld (Table 1, entries 27-28 and 31
respectively).

Upon obtaining 2- or 4-nitroestradiol, we couptatbon chains with different terminal basic
moieties to the phenolic hydroxy group of the reswadiol derivatives. This was accomplished
by refluxing hydrochloride salt of the corresporgliohloride compound in the presence of
potassium carbonate in acetone (Scheme 2), arftheti@roducts 1-4) were purified by column
chromatography. These six novel nitroestradiol wdives (@-6), including 2- and 4-
nitroestradiol, were then analyzed as potentiatanter agentsh vitro.

2.2. Slect Nitroestradiol Compounds decrease viability & block estradiol effects in breast
cancer cell lines

Since ERs are a major target for anticancer agemdspotential anticancer agehtscluding
tamoxifen and estradiol derivatives, we initiallpadyzed the ability of our novel estradiol
derivatives to reduce viability of breast cancdr liees, including ER-positive (both early and
late-stage MCF-7 cells and MD-MBA-453 cells) and-&#yative cells (AU565). Although
compoundsl, 5, and6 did not effectively reduce viability of any of theeast cancer cell lines
examined, three compound3 4, and5) were capable of reducing viability of breast cancell
lines-compounds3 and 4 were the most potent cytotoxic agents, reducindpiig with an
estimated |G value of less than 10 uM (Table 2). In fact, teraiol derivatives3 and4), as
well as a known ER-targeting drug, 4-hydroxytamemii(4-HT), reduced the viability of ER-
positive and ER-negative cells with similar effigaand the toxicity exhibited by was slightly
better when compared to that 4-HT, with angyMalue of approximately 2 uM in breast cancer

cells (Table 2). These data suggest that selectoxel nitroestradiol compounds effectively



cause cytotoxicity in breast cancer cells and th@& cytotoxicity might occur in an ER-
independent manner.

To further examine whether our novel estradidivéhtives could affect breast cancer cell
lines in an ER-dependent manner, we compared titieyalf compound3 and 4-HT to inhibit
estradiol-induced cell proliferation of MCF-7 celihen used at sub-lethal doses. After three
days or five days of estrogen treatment, the nurobdistradiol-treated MCF-7 cells, but not
AUS565 cells, was increased 2.5- to 3-fold when careg to cells grown in serum free media
(Figure 1A and data not shown). This increase inFMICcell number after 3 days of estradiol
exposure was significantly blocked by addition éf% in a dose dependent manner; however,
compound3 had no detectable effect on the increase in cetbms in response to estradiol
exposure for three days (Figure 1A). In contrastthb4-HT and3 significantly inhibited
increased cell numbers in response to estradiadsxp for five days (Figure 1B), although 4-
HT exhibited a greater inhibition when compareditdaken together, these data indicate that
compound3 functions, at least in part, as an antagonist wadml, albeit less effectively than 4-
HT.

2.3. Compound 3 circumvents p-glycoprotein-mediated drug resistance in ovarian carcinoma
cells

We also analyzed the ability compouBdo reduce viability of an ovarian cancer cell |ine
SKOV3. Similar to the breast cancer cell lines, fmend that3 was a slightly more effective
cytotoxic agent against SKOV3 cells when compardgd #+HT, although botl3 and 4-HT were
much less potent cytotoxic agents when compareth wie microtubule stabilizing agent,
Paclitaxel (Figure 2).

Next, we analyzed the ability compouBidto reduce viability of a retrovirally transduced
SKOV3 cell line overexpressing P-glycoprotein, SKBMDR1-M6/6. These SKOV3-MDR1-
M6/6 cells have previously been shown to be resista cytotoxicity induced by anticancer
drugs, including daunorubicin and paclitaxel, whesmpared with SKOV3 cells [36,37].
Similarly, we found that SKOV3-MDR1-M6/6 cells weresistant to cytotoxicity in response to
paclitaxel treatment when compared with SKOV3 ¢ealiace the 16 value for paclitaxel was
greater than 1000-fold higher in SKOV3-MDR1-M6/8le€evhen compared with SKOV3 cells
(Figure 2A). In addition, paclitaxel was incapabfekilling over 45% of SKOV3-MDR1-M6/6



cells, even when used at dosages up to 20 uM @EigAarand data not shown). In contrast, no
resistance or only a modest level of resistanceakasrved for 4-HT or compourdi which had
ICsp values equal to or only 2.2-fold higher in SKOV3-RRD-M6/6 when compared to SKOV3
cells, respectively (Figure 2B and 2C). These dadécate that compound, as well as 4-HT,

bypasses the P-glycoprotein-mediated resistan8&6\/3-MDR1-M6/6 cells.

24. Slect Nitroestradiol Compounds decrease viability of multiple mammalian cell lines

Since our novel nitroestradiol derivatives killedth ER-positive and ER-negative breast
cancer cell lines with similar efficacy and compdus overcame drug resistance in ovarian
cancer cells, we decided to test the effects cfeheovel compounds on the viability of a small
panel of human and mouse cancer cell lines thgtnaied from tissues other than reproductive
tissues. These included a colon cancer cell lineZH), liver cancer cell lines (HepG2, Hepal-6,
and Hep3B), and a cervical cancer cell line (HelSimnilar to the cancer cell lines from
reproductive tissue, 4-nitroestradid@) (was the least effective in reducing cell viability this
small panel of cell lines as the majority of catlels had an estimateddvalue greater than 50
uM when treated with this compound (Table 3). Alsmikr to cancer cell lines from
reproductive tissues, compoungs3, and4 were the most potent cytotoxic compounds when
used to treat colon, liver or cervical cancer ¢ellgh an estimated I§g value of 8 uM or lower
(Table 3).

To determine when compoun@s 3, and4 were causing cytotoxicity, HepG2 cells were
treated with each compound at a concentration mwietthe calculated I§g value for 24-, 48-, or
72-hour time-points. Botl2 and 4 caused cytotoxicity between 24 and 48 hours, lieduc
viability greater than 80% after 48 hours (Figuje fwever,3 caused a steady reduction in
viability, reducing viability greater than 80% ordyter 72 hours (Figure 3). Treatment of cells
with compound3 only reduced viability approximately 30% after Rdurs and 55% after a 48-

hour treatment (Figure 3).

2.5. Estradiol compounds potentially cause cytotoxicity via induction of apoptosis
To determine the mechanism by which our novebggtradiol derivatives were killing cells,
we analyzed the effects of compourgsr 4 on plasma membrane blebbing, which is a known

indicator of apoptosis, in HelLa cells over the seunof 24 hours. BotB and4 caused membrane



blebbing on the surface of cells, whereas non€rkatlls or vehicle-treated cells did not exhibit
blebbing on the cell surface (Figure 4). This blagbstarted after 12 hours of treatment and
continued throughout the 24-hour period in whiclscerere observed, and similar results were
observed in HepG2 cells (data not shown). These slafjgest that the ability of these novel
nitroestradiol derivatives to reduce cell viabilityccurs through an apoptosis-dependent

mechanism.

3. Discussion and Conclusions

Conventional nitration of aromatic compounds iwesl nitric acid-sulfuric acid treatment or
nitronium tetrafluoborate, which typically requirasmixture of concentrated or fuming nitric
acid with sulfuric acids leading to excessive agabte streams and added expense. Furthermore,
nitration of estrogens has been reported usingcratrid [38,39] or peroxidases®./NO, [40],
and either of these procedures includes the usezdrdous chemicals and utilizes a difficult
work-up procedure with low yield. In this studytadal of 31 different reaction conditions were
used involving several metal nitrates in combinatiath various solid supports and techniques
to develop a novel, eco-friendly procedure for theation of estradiol. Of the 31 reaction
conditions tested, we found that bismuth nitrateemvused as a nitrating agent impregnated with
KSF clay, could efficiently generate either 2- emitoestradiol.

We also conjugated three different side chaindaioimg basic moieties to either 2- or 4-
nitroestradiol, and we examined the potential eatieer effects of these novel agents. 2-
nitroestradiol was a more effective cytotoxic agehen compared with 4-nitroestradiol (Tables
2 and 3). These data are similar to a previousysthdwing that either 2-hydroxyestradiol or 2-
methoxyestradiol inhibited cell proliferation andaused cellular apoptosis, whereas 4-
hydroxyestradiol or 4-methoxyestradiol had no dffen cell proliferation or apoptosis [41].
Although 2-nitroestradiol wasn’t as potent at cagscytotoxicity as previously reported 2-
methoxyestradiol [42], the addition a side chaintaming either a morpholine or piperidine ring
(3 or 4, respectively) improved the cytotoxic potency dasisally, making the cytotoxicity of
these compounds comparable to 2-methoxyestradil iansome cases, better than 4-HT in
breast cancer cells as well as cisplatin in colamcer cells and other cell types [42] (Table 2).

Interestingly, the addition of an ethylamine graop4-nitroestradiol improved its cytotoxicity



beyond that of 2-nitroestradiol with the same sitiain (Tables 2 and 3). Thus, it would be
interesting to conjugate side chains containingegithe morpholine or piperidine ring onto 4-
nitroestradiol to determine whether the potencylcbe improved even further.

Our results also indicate that the novel nitraelit] derivatives3 and 4, along with 4-HT,
can inhibit estradiol-induced proliferation of ERgitive breast cancer cells, but that these
estradiol derivatives can affect toxicity of ER-fiw® and ER-negative breast cancer cell lines in
a similar manner (Table 2). This data supports ipts/results showing that Tam could inhibit
growth of ER-negative AU565 cells [43]. Taken tdgst these data suggest that, like 4-HT, our
novel nitroestradiol derivatives can affect cellg kegulation of Estrogen Receptor, but
regulation of ER is not likely to be the mechanisynwhich these agents cause cytotoxicity. This
notion is plausible, since Tam has been showndade oxidative stress and apoptosis in Jurkat
cells, which lack ER expression [44], and anotheug showed that Tam induced apoptosis via
c&* influx in ER-negative HepG2 cells [45]. In additioham, when used at pharmacological
concentrations (above 5 uM), was reported to indiytechrome c release from mitochondria
resulting in acute cell death in both ER-positiCF-7) and ER-negative (MDA-MB-231)
breast cancer cells [46]. Thus, it is possible thatnovel nitroestradiol derivatives are causing
toxicity through one or several of these mechanismfact, our data indicates thaand4 cause
plasma membrane blebbing (Figure 4), suggestingltlese nitroestradiol derivatives, like Tam,
are causing apoptosis. One possible ER-independesthanism by which our novel
nitroestradiol derivatives might cause cytotoxiggyoy integrating into the plasma membrane of
cells, since it is well known that sterols functiat least in part, in this manner [47]. Future
studies will focus on elucidating the cellular andlecular mechanisms by which novel estradiol
derivatives cause cytotoxicity in cancer cells andetermining the role, if any, that ER plays in
cytotoxicity in response to these and other nostebéiol derivatives.

In addition to killing ER-positive and ER-negatildeeast cancer cell lines, our nitroestradiol
compounds,3 and 4, also caused cytotoxicity in ovarian and colonaceancells, as well as
cervical and hepatic cancer cell lines. Intere$yingompound 3 was also capable of
circumventing the drug resistance in ovarian cace#is overexpressing P-glycoprotein (Figure
2), although SKOV3-MDR1-M6/6 cells did display e resistance t8 when compared with
SKOV3 cells. This result is similar to a previodsdy showing that SKOV3-MDR1-M6/6 cells

exhibited a mild resistance to 2-methoxyestradia a robust resistance to paclitaxel [36]. P-



glycoprotein (Pgp) is one of nine Multidrug ResmtRroteins (MRPs), and MRPs are expressed
in various tissues of the body and capable of paris\g numerous physiological substrates or
anticancer drugs out of cells [48].

In conclusion, an ecofriendly direct procedure tfog nitration of estradiol is reported using
KSF clay impregnated bismuth nitrate pentahydratenirating agent. A total of 31 different
conditions have been tested to figure out the t@sdition. In the following step, carbon linkers
with diversely substituted basic terminal moieties/e been introduced on the oxygen at C-3.
The biological evaluation showed that compouBdmd4 are cytotoxic for HepG2, Hepal-6,
Hep3B, HelLa and HT-29 cancer cell lines. Interggyinthe compoun@ is more potent than 4-
HT (4-hydroxytamoxifen, the well-known anticancerugl) for both ER-positive and ER-
negative cells and this compouatso circumvented P-gp mediated drug resistance in awari
cancer cells. Qualitative structure activity radagship (SAR) has also been studied. Thus, it
would be interesting to assess whether the nitradisi derivatives described here, or other
novel nitroestradiol derivatives, circumvented theltidrug resistance mediated by MDR1 and
other MDR proteingn vitroand in vivo. If so, then nitroestradiol derivatives could b@eo

chemotherapeutic drugs with clinical usefulness.

4. Experimental Section
4.1. Materials

Dimethylsulfoxide (DMSO; Sigma Aldrich Corp., Stouis, MO), phosphate-buffered saline
(PBS), Dulbecco’s Modified Eagle’s Medium (DMEM)nglitrogen, Carlsbad, CA), Fetal
Bovine Serum (FBS; Invitrogen), McCoy’'s media (ln@gen) were purchased. All other
chemicals were purchased from Sigma-Aldrich Corpama(analytical grade). Throughout the
project solvents were purchased from Fisher-SdientDeionized water was used for the
preparation of all aqueous solutions.

Melting points were determined in a Fisher Scfenelectrochemical Mel-Temp* manual
melting point apparatus (Model 1001) equipped witBOO°C thermometer. FT-IR spectra were
registered on a Bruker IFS 55 Equinox FTIR spedtodpmeter as KBr discsH-NMR (600
MHz) and *C-NMR (150 MHz) spectra were obtained at room temapee with Bruker
superconducting Ultrashiel Plus 600 MHz NMR spectrometer with central fielddt Tesla,

coil inductance 89.1 Henry and magnetic energy PLRJ using CDGlas solvent. Elemental



analyses (C, H, N) were conducted using the Pdgkimer 2400 series Il elemental analyzer,

their results were found to be in good agreemeiit 2%0) with the calculated values for C, H, N.

4.2. Synthesis of the compounds 1-6

4.2a Nitration of estradiol: A representative pchae (Entry 24, Table 1) for the nitration of
estradiol is as follow: Estradiol (1 mmol) and nmaotillonite KSF (500 mg) were added to a
suspension of bismuth nitrate pentahydrate (1 epuiv anhydrous benzene (30 mL). The
mixture was refluxed for 2 hours and the reactias wnonitored by TLC. After completion of
the reaction, the mixture was filtered through vanwand the solid was washed thrice (3x10 mL)
by dichloromethane and washed with saturated soluf sodium bicarbonate, brine and water
(10 mL each) successively. The organic layer wasddover anhydrous sodium sulfate and
filtered through cotton. It was then concentratedfford the crude mixture. The pure produgts
and6 were isolated by chromatographic column (hexahgletcetate over silica gel.

4.2b Introduction of carbon linker with basic tenali moiety: A representative procedure
leading to the synthesis of compou@)l i€ as follow: 4-Nitroestradiol (1 mmol), N,N-dirtmeyl-
2-chloroethylamine and potassium carbonate (1 egwiere mixed in anhydrous acetone (5 mL)
and the mixture was refluxed for 4-6 hours (momitbby TLC). After completion of the mixture
was filtered through vacuum and the solid was waghece (3x10 mL) by dichloromethane.
The solvent was removed by rotavapor and 20 mLidfloromethane was added to the crude
mixture. The organic layer was washed with satdratdution of sodium bicarbonate, brine and
water (10 mL each) successively. It was then doeel anhydrous sodium sulfate and filtered
through cotton. The organic layer was concentrétesugh rotavapor again to afford the crude
mixture. The pure produc®) was isolated by chromatographic column (hexahgleicetate

over silica gel (65%).

4.3. Fpectroscopic analyses of compounds (1-6)

The physical and spectral data are of the commareigiven below:

4.3a. 3-(2-(Dimethylamino)ethoxy)-13-methyl-2-nitro-79811,12,13,14,15,16,17-decahydro-
6H-cyclopenta[a]phenanthren-17-d)(



Brick red solid (71%); mp 142°C; IR (KBr) 3416, 211611, 1564, 1517, 1466, 1345, 1263,
1091, 899, 759 cih *H NMR (600 MHz, ¢-DMSO)§ 0.66 (s, 3H, H-18), 1.28 (m, 7H, H-7, H-
14, 15,16), 1.59 (m, 1H, H-8), 1.85 (m, 3H, H-9 &IH), 2.11 (m, 1H, H-17), 2.20 (s, 6H, ¥:3
2.62 (t,J = 5.70 Hz, 2H, H-12), 2.84 (m, 2H, H)23.52 (t,J = 8.64 Hz, 2H, H-6), 4.17 (m, 2H,
H-1'), 4.50 (broad s, 1H, OH), 7.05 (s, 1H, H-4), 7(691H, H-1):**C NMR (150 MHz, &
DMSO0) § 11.13 (C-18), 22.66 (C-15), 25.67 (C-11), 26.247(C29.22 (C-6), 29.84 (C-16),
36.29 (C-12), 37.88 (C-8), 42.70 (C-9), 42.91 (G;15.55 (C-14,), 49.38 (2C)357.31 (C-2),
67.82 (C-1), 79.90 (C-17), 114.92 (C-4), 121.73 (C-1), 13@910), 137.24 (C-2), 144.36 (C-
5), 149.21 (C-3). Anal. Calcd for.&H3,N-0O,4: C, 68.01; H, 8.30; N, 7.21. Found: C, 67.86; H,
8.17; N, 7.16.

4.3b. 3-(2-(Dimethylamino)ethoxy)-13-methyl-4-nitro-79811,12,13,14,15,16,17-decahydro-
6H-cyclopenta[a]phenanthren-17-@)(

Reddish yellow solid (65%); mp 133°C; IR (KBr) 3242047, 1618, 1571, 1529, 1462, 1372,
1290, 1232, 1079, 1017, 814, 790, 669 't NMR (600 MHz, @-DMSO0)§ 0.67 (s, 3H, H-
18), 1.26 (m, 6H, H-7,12,16), 1.57 (m, 1H, , H-1889 (m, 3H, H-8, H-11), 2.10 (m, 3H, H-9,
H-15), 2.18 (s, 6H, H‘} 2.31 (m, 2H, H-6b, H-17), 2.62 (m, 2H, H;23.52 (distorted tJ =
8.40 Hz, 1H, H-6a), 4.15 (m, 2H, H}14.51 (broad s, 1H, OH), 7.13 @z= 8.82 Hz, 1H, H-2),
7.44 (d,J = 8.82 Hz, 1H, H-1)**C NMR (150 MHz, ¢-DMS0) 5 11.13 (C-18), 22.63 (C-15),
23.41 (C-11), 25.52 (C-7), 25.88 (C-6), 29.82 (§:135.36 (C-12), 37.55 (C-8), 42.67 (C-9),
43.22 (C-13), 45.38 (C-14), 49.21 (20:%7.15 (C-2, 67.55 (C-1), 79.92 (C-17), 111.51 (C-
2), 128.03 (C-5), 131.51 (C-1), 133.68 (C-10), 281(C-4), 146.97 (C-3). Anal. Calcd for
CoH3N2O4: C, 68.01; H, 8.30; N, 7.21. Found: C, 67.91; H33N, 7.27.

4.3c. 13-Methyl-3-(2-morpholinoethoxy)-2-nitro-7,8,9,12,13,14,15,16,17-decahydrét6
cyclopenta[a]phenanthren-17-8)(

Deep yellow solid (74%); mp 104 °C; IR (KBr) 3242926, 1616, 1541, 1476, 1419, 1245,
1179, 1048, 911, 833, 747 &mH NMR (600 MHz, ¢-DMSO0) § 0.66 (s, 3H, H-18), 1.26 (m,
7H, H-7,12,14,16), 1.47 (distorted)t= 5.58, 11.04 Hz, 2H, H-15), 1.58 (m, 1H, H-8B84(m,
3H, H-9,11), 2.13 (m, 2H, H-6), 2.34 (m, 4H, 1&), 2.58 (m, 4H, H-35"), 2.87 (m, 2H, H-
2), 3.53 (dddJ = 3.78, 5.82, 9.84 Hz, 1H, H-17), 4.18 (dddd; 5.82, 8.94, 13.26, 19.14 Hz,



2H, H-1), 4.54 (d,J = 4.50 Hz, 1H, OH), 7.07 (s, 1H, H-4), 7.69 (s, HH1); °C NMR (150
MHz, ds-DMSO) 6 11.15 (C-18), 22.64 (C-15), 23.91 (C-11), 25.917)C26.10 (C-6), 29.85
(C-16), 36.27 (C-12), 38.05 (C-8), 42.66 (C-9),742(C-13), 46.09 (C-14), 49.30 (C}249.36
(C-2",6"), 53.53 (C-3,5"), 66.17 (C-1), 79.96 (C-17), 117.00 (C-4), 123.05 (C-1), 133(C2
10), 135.28 (C-2), 149.59 (C-5), 157.54 (C-3). Ar@lcd for G4H34N.Os: C, 66.95; H, 7.96;
N, 6.51. Found: C, 67.06; H, 8.00; N, 6.43.

4.3d. 13-Methyl-2-nitro-3-(2-(piperidin-1-yl)ethoxy)-7,8,11,12,13,14,15,16,17-decahydid-6
cyclopenta[a]phenanthren-17-d)) (

Brownish yellow solid (62%); mp 146°C; IR (KBr) 3842991, 1617, 1516, 1458, 1350, 1275,
1115, 1068, 944 cth *H NMR (600 MHz, ¢-DMSO) 5 0.66 (s, 3H, H-18), 1.23 (m, 10H, H-
3"5".7,12,16), 1.46 (m, 3H, H-14,15), 1.58 (m, 1H, H-B)L1 (m, 3H, H-9,11), 2.25 (distorted
d, 2H, H-4), 2.42 (m, 4H, H-26"), 2.65 (t,J = 5.82 Hz, 2H, H-6), 2.85 (m, 2H, H)23.52 (t, J
=8.10 Hz, 1H, H-17), 4.18 (dddd = 5.76, 8.64, 12.96, 18.78 Hz, 2H, 1J; 4.52 (broad s, 1H,
OH), 7.07 (s, 1H, H-4), 7.69 (s, 1H, H-1JC NMR (150 MHz, ¢-DMS0)§ 11.13 (C-18), 22.66
(C-15), 23.81 (C-11), 25.56 (C-3"), 25.69 (C-7), 26.24 (C4, 29.21 (C-6), 29.82 (C-16),
36.28 (C-12), 37.90 (C-8), 42.71 (C-9), 42.92 (G;14®.37 (C-14), 54.28 (C-')2 56.97 (C-
2",6"), 67.69 (C-1), 79.91 (C-17), 115.17 (C-4), 121.69 (C-1), 132(B410), 137.31 (C-2),
144.35 (C-5), 149.26 (C-3). Anal. Calcd foss836N204: C, 70.06; H, 8.47; N, 6.54. Found: C,
69.91; H, 8.39; N, 6.43.

4.3e. 13-Methyl-2-nitro-7,8,9,11,12,13,14,15,16,17-dgehb-6H-cyclopenta[a]phenanthren-
3,17-diol §).

Bright yellow solid (75%, Entry 9, Table 1); mp & IR (KBr) 3363, 2929, 2360, 1631, 1577,
1525, 1480, 1432, 1312, 1266, 1052, 762, 656;cid NMR (600 MHz, ¢-DMSO) § 0.66 (s,
3H, H-18), 1.11 (m, 1H, H-14), 1.20 (m, 3H, H-7,15b.26 (m, 2H, H-12), 1.35 (m, 1H, H-16b),
1.57 (m, 1H, H-8), 1.79 (m, 1H, H-15a), 1.87 (m,, H11), 2.09 (m, 1H, H-16a), 2.24 (m, 1H,
H-9), 2.78 (m, 2H, H-6), 3.52 (§,= 8.16 Hz, 1H, H-17), 4.51 (s, 1H, 17-OH), 6.811(d, H-4),
7.74 (s, 1H, H-1), 10.52 (s, 1H, 3-OHC NMR (150 MHz, ¢DMSO0) § 11.11 (C-18), 22.67
(C-15), 25.69 (C-11), 26.21 (C-7), 28.88 (C-6) ,829(C-16), 36.25 (C-12), 37.87 (C-8), 42.68
(C-9), 42.81 (C-13), 49.42 (C-14), 79.91 (C-17)845b (C-4), 121.41 (C-1), 132.18 (C-2),



133.97 (C-10), 146.06 (C-5), 150.22 (C-3). Anallo@aor CisH2sNOs: C, 68.12; H, 7.30; N,
4.41. Found: C, 67.99; H, 7.21; N, 4.35.

4.3f. 13-Methyl-4-nitro-7,8,9,11,12,13,14,15,16,17-dgahb-6H-cyclopentala]phenanthren-
3,17-diol ). Brownish yellow solid (48%, Entry 24, Table ip 224°C; IR (KBr) 3184, 2925,
1570, 1527, 1497, 1348, 1294, 1046, 794'ctil NMR (600 MHz, @-DMSO)& 0.66 (s, 3H, H-
18), 1.15 (m, 1H, H-14), 1.26 (m, 8H, H-7,8,12,16p), 1.86 (m, 2H, H-11), 2.09 (m, 1H, H-
16a), 2.25 (m, 1H, H-9), 2.62 (m, 2H, H-6), 3.52 (@Hl, H-17), 4.50 (broad s, 1H, 17-OH), 6.85
(d,J = 8.70 Hz, 1H, H-2), 7.28 (d,= 8.70 Hz, 1H, H-1), 10.49 (s, 1H, 3-OHJ¥C NMR (150
MHz, ds-DMSOQ) 6 11.23 (C-18), 22.76 (C-15), 26.06 (C-11), 26.937§C29.13 (C-6), 29.89
(C-16), 36.58 (C-12), 38.68 (C-8), 42.78 (C-9),543(C-13), 49.52 (C-14), 80.04 (C-17), 114.89
(C-2), 125.96 (C-5), 128.28 (C-1), 130.40 (C-17.08 (C-4), 154.86 (C-3). Anal. Calcd for
Ci1gH23NOy: C, 68.12; H, 7.30; N, 4.41. Found: C, 67.96; 267 N, 4.32.

4.4. Mammalian cell culture

HepG2, Hepal-6, Hep3B, MCF-7 (less than 100 pas$3afCF-7L (over 500 passages), MDA-
MB-453 and Hela cells were cultured in Dulbecco’®dilied Eagle’s Medium (DMEM)
(Invitrogen, Carlsbad, CA) containing 10% Fetal BavSerum (FBS, Invitrogen), and HT-29
cells were cultured in McCoy’s media (Invitrogemntaining 10% FBS. SKOV3, and SKOV3-
MDR1-M6/6 cells were grown in Basal Medium EagleMB) media containing 10% FBS. All
cell lines were purchased from American Type Celt@ollection (ATCC, Manassas, VA)
except MCF-7L, MDA-MB-453, SKOV3, and SKOV3-MDR1-M& MCF-7L and MDA-
MBA453 cells were a provided by Dr. R.K. Dearth, \$KOV3 and SKOV3-MDR1-M6/6 cells
were provided by Dr. Susan Mooberry (UTHSCSA). édlls were incubated at 37 with 5%

CO..

45. Mammalian cell viability assays

Cells were plated (5,000 cells/well) onto a 96-witlh and incubated overnight at 37. The
following day, cells were treated with increasirmgdges (0.1M to 100uM) of each estradiol
derivative, which had been dissolved in DMSO. ThHd3®D concentration of treatments was
limited to 0.25%, and cells were treated with DM&@ne (0.25%) or 1M cisplatin as



negative and positive controls for cytotoxicityspectively. For breast cancer cell lines, estradiol
derivatives were compared with 4-hydroxytamoxifdaHT). After 48 hours, cells were fixed
and cell viability was analyzed using the Sulforlimghe B colorimetric assay as described
previously [49]. Absorbance of SRB was measureliziny a SpextraMaxM5 plate reader and
absorbance values were normalized to non-treatdld. ddormalized cell viabilities, with
increasing drug doses, were plotted on a 4-paranteggstical curve, and the kg of each
compound in each cell line was calculated usingn@ilot software (Systat Software, Inc.).
Each compound was used in two independent cellilfjalassays. The mean ig with the
corresponding standard deviation, of the two indepat treatments was then calculated. For
time-courses, viability was assessed after tredti@gG2 cells (5,000cells/well) with compounds
at twice the 1G, concentrations for 24, 48, and 72 hrs. After trestt, cells were fixed and cell
viability was analyzed using SRB assay as desciibede.
4.6. Estradiol-induced cell proliferation

MCF-7 cells were plated onto 12-well dishes aeasity of 1.0x10cells/well. The following
day, cells were placed into phenol red-free, seina®m-Improved MEM (IMEM: Mediatech,
Manasses, VA) containing 10-mM HEPES, 1-ug/mL apwferrin, and 1-pg/mL fibronectin for
24 hours. Cells were then treated with 10-n\3-Eétradiol (E) in the absence or presence of 4-
HT or 3 (compounds were used at either 250 nM or 500 nkpeaetively). Media and treatments
were changed and repeated, respectively, everyodBhand cells were counted on Day 3 and
Day 5 of treatments using a cellometer Vision awtt@d cell counter (Nexcelom Bioscience,
Lawrence, MA). Both Eand 4-HT were dissolved in ethanol (EtOH), &wlas dissolved using
DMSO. Cells were treated with the vehicle for 4-kHtOH) or the vehicle foB (DMSO) in
combination with 10nM Eand neither vehicle affected-thduced cell proliferation. Statistical
analyses were performed using SigmaPlot softwayst&6 Software, Inc.), an values were

calculated using a Mann-Whitney U test.

4.7. Membrane Blebbing

To detect membrane blebbing, HelLa cells were glatgo 6-well dishes at a density of 1.5-
2.0x10 cells/well. Cells were then treated with the compb8 (16 pM) or4 (10 pM) and
visualized every 3 hours using an Olympus CKX3uwel microscope (Olympus Corp., Tokyo,

Japan). Images were captured using a Nikon Co&p85 eyepiece camera (Nikon, Japan).



Acknowledgements

The authors would like to thank Drs. Susan Moobang April Risinger (UTHSCSA) for
providing ovarian cancer cell lines and Drs. JoaRampersad and David Ammons for
providing the Nikon eyepiece camera. We gratefatignowledge the funding support from
Kleberg Foundation of Texas.

Conflict of Interest

The authors declare no competing financial interest



References and notes

[1] World Health Organization: http://www.who.intédiacentre/factsheets/fs297/en/. March 11,
2014).

[2] GLOBOCAN: http://globocan.iarc.fr/factsheetspudations/factsheet.asp?uno=900#BOTH.
March 11, 2014).

[3] K.A. Burns; K.S. Korach, Estrogen receptors dmuoinan disease: an updaéech. Toxicol.
(2012)1-14.

[4] D.A. Gibson, P.T.K. Saunders, Estrogen depenhdigmaling in reproductive tissues - A role
for estrogen receptors and estrogen related resepol. Cell. Endocrinol. 348(2012)361-372.

[5] E.K. Shanle, W. Xu, Selectively targeting egea receptors for cancer treatmeidy. Drug
Déliv. Rev. 62(2010)1265-1276.

[6] C. Rivera-Guevara, J. Camacho, Tamoxifen asdngw derivatives in cancer research.
Recent. Pat. Anticancer Drug Discov. 6 (2011)237-245.

[7] J.R. Pasqualini, The selective estrogen enzynaelulators in breast cancer: A review.
Biochim. Biophys. Acta Rev. Cancer 1654(2004)123-143.

[8] J. Rozhin, J.D. Corombos, J.P. Horwitz, S.Codks, Endocrine steroid sulfotransferases:
Steroid alcohol sulfotransferase from human breastinoma cell line MCF-7J. Seroid
Biochem. 25 (1986)973-979.

[9] C. Phan, Y. Liu, B. Kim, Y. Mostafa, S.D. Taylanhibition of steroid sulfatase with 4-
substituted estrone and estradiol derivatiBesorg. Med. Chem. 19 (2011)5999-6005.

[10] D. Bandyopadhyay, J.C. Granados, J.D. ShoK, Banik, Polycyclic aromatic compounds
as anticancer agents: Evaluation of synthesidmawdro cytotoxicity. Oncol. Lett. 3 (2012)45-
49.



[11] D. Bandyopadhyay, S. Mukherjee, J.C. Granadd, Short, B.K. Banik, Ultrasound-
assisted bismuth nitrate-induced green synthesi®wél pyrrole derivatives and their biological
evaluation as anticancer agerar. J. Med. Chem., 50(2012)209-215.

[12] B.K. Banik, M.K. Basu, F.F. Becker, Novel disiituted chrysene as a potent agent against
colon cancerOncol. Lett., 1(2010)1033-1035.

[13] B.K. Banik, F.F. Becker, Novel 6,12-disubstéd chrysene as potent anticancer agent:
Synthesis, in vitro anih vivo study.Eur. J. Med. Chem., 45(2010)4687-4691.

[14] B.K. Banik, C. Mukhopadhyay, F.F. Becker, Sysis and biological evaluation of novel
dibenzofluorene derivatives as anticancer agénsaol. Lett., 1(2010)309-311.

[15] B.K. Banik, S. Samajdar, F.F. Becker, Asymnoesiynthesis of anticanc@rlactams via
Staudinger reactiomMol. Med. Rep. 3(2010)319-321.

[16] B.K. Banik, F.F. Becker, Selective anticanaetivity of p-lactams derived from
polyaromatic compoundviol Med Rep. 3(2010)315-316.

[17] B.K. Banik, I. Banik, F.F. Becker, Asymmetsgnthesis of anticanc@rlactams via
Staudinger reaction: Utilization of chiral ketemeri carbohydrateEur. J. Med. Chem. 45
(2010)846-848.

[18] B.K. Banik, I. Banik, F.F. Becker, Stereocalked synthesis of anticancp#lactams via the
Staudinger reactioBiorg. Med. Chem. 13(2005)3611-3622.

[19] B.K. Banik, F.F. Becker, I. Banik, Synthesisamticance-lactams: mechanism of action.
Biorg. Med. Chem. 12(2004)2523-2528.

[20] I. Banik, F.F. Becker, B.K. Banik, Stereosdiee synthesis of-lactams with polyaromatic
imines: Entry to new and novel anticancer agehtsled. Chem. 46 (2003)12-15.



[21] F.F. Becker, C. Mukhopadhyay, L. HackfeldBanik, B.K. Banik, Polycyclic aromatic
compounds as anticancer agents: synthesis andylwal@valuation of dibenzofluorene
derivatives Bioorg. Med. Chem. 8 (2000)2693-2699.

[22] F.F. Becker, B.K. Banik, Polycyclic aromaticrapounds as anticancer agents: Synthesis
and biological evaluation of some chrysene denvestiBiorg. Med. Chem. Lett. 8 (1998)2877—
2880.

[23] L. Canales, D. Bandyopadhyay, B.K. Banik, Bigmnitrate pentahydrate-induced novel
nitration of EugenolOrg. Med. Chem. Lett., (2011) 1.9

[24] B.K. Banik, S. Samajdar, I. Banik, S. Ng, &rth, Montmorillonite impregnated with
bismuth nitrate: Microwave-assisted facile nitrataf g-lactams Heterocycles, 61(2003)97—
100.

[25] A. Bose, W.P. Sanjoto, S. Villarreal, H. Agai B.K. Banik, Novel nitration of estrone by
metal nitratesTetrahedron Lett., 48 (2007)3945-3947.

[26] N. Srivastava, B.K. Banik, Bismuth nitrate-algzed versatile Michael reactiond. Org.
Chem. 68(2003)2109-2114.

[27] N. Srivastava, S.K. Dasgupta, B.K. Banik, Angrkable bismuth nitrate-catalyzed
protection of carbonyl compound3etrahedron Lett., 44(2003)1191-1193.

[28] B.K. Banik, D. Adler, P. Nguyen, N. Srivastavanew bismuth nitrate-induced
stereospecific glycosylation of alcoholseterocycles, 61(2003)101-104.

[29] S. Rivera, D. Bandyopadhyay, B.K. Banik, Fadlnthesis dN-substituted pyrroles via
microwave-induced bismuth nitrate-catalyzed reactioder solventless conditiornigtrahedron
Lett. 50(2009)5445-5448.



[30] D. Bandyopadhyay, R.S. Fonseca, B.K. Banik;righvave-induced bismuth nitrate-
mediated selective hydrolysis of amitheterocycl. Lett., 1 (special issue, July2011)75-77.

[31] L. Iglesias, C. Aguilar, D. Bandyopadhyay, BBanik, A new bismuth nitrate-catalyzed
electrophilic substitution of indoles with carborrgmpounds under solventless conditions.
Synth. Commun. 40(2010)3678-3682.

[32] S. Rivera, D. Bandyopadhyay, B.K. Banik, Mias@ve-induced bismuth nitrate-catalyzed
electrophilic substitution of 7-aza indole withigated carbonyl compound under solvent-free
conditions Heterocycl. Lett., 1 (special issue, July2011)43-46.

[33] A. Banik, S. Bhatta, D. Bandyopadhyay, B.Knda A highly efficient bismuth salts-
catalyzed route for the synthesisssdminophosphonateblolecules, 15(2010)8205-8213.

[34] B.K. Banik, A.T. Reddy, A. Datta, C. Mukhopagty, Microwave-induced bismuth nitrate-
catalyzed synthesis of dihydropyrimidones via Bédlircondensation under solventless
conditions.Tetrahedron Lett., 48(2007)7392-7394.

[35] D. Bandyopadhyay, S. Maldonado, B.K. Banikchdiwave-assisted bismuth nitrate-
catalyzed unique route toward 1,4-dihydropyridivesecules, 17(2012)2643—-2662.

[36] A.L. Risinger, E.M. Jackson, L.A. Polin, G.Helms, D.A. LeBoeuf, P.A. Joe, E. Hopper-
Borge, R.F. Luduefia, G.D. Kruh, S.L. Mooberry, Tthecalonolides: Microtubule stabilizers
that circumvent clinically relevant taxane resis@mechanismsCancer Res. 68 (2008) 8881-
8888.

[37] D. Sadava, A. Coleman, S.E. Kane, Liposomaindaubicin overcomes drug resistance in

human breast, ovarian and lung carcinoma c&llsposome Res. 12 (2002)301-3009.

[38] T.L. Patton, Synthesis of nitro estradidlsOrg. Chem., 24(1959)1795-1796



[39] H. Werbin, Partial degradation of the benzeng of 1B-estradiol.J. Org. Chem. 21
(1956)1532-1533.

[40] A. Pezzella, P. Manini, P. Di Donato, R. Bofi Napolitano, A. Palumbo, M. D'Ischia,
17B-Estradiol nitration by peroxidase/8,/NO,: A chemical assessmei@ioorg. Med. Chem.
12(2004)2927-2936.

[41] Q. Gong, E. Liu, R. Xin, X. Huang, N. Gao, 2MiAd 20HE2 exhibit growth inhibitory
effects and cell cycle arrest at G2/M in RL95-2 lammendometrial cancer cells through
activation of p53 and ChkMol. Cell. Biochem. 352(2011)221-230.

[42] N.J. Lakhani, M.A. Sarkar, J. Venitz, W.D. Big2-methoxyestradiol, a promising
anticancer agenPharmacotherapy 23 (2003)165-172.

[43] J. Yoo, T. Lessor, A.W. Hamburger, Inhibitiah cell proliferation by 1B-estradiol and
heregulinl in estrogen receptor negative human breast canarcell linesBreast Cancer Res.
Treat. 51(1998)71-81.

[44] C. Ferlini, G. Scambia, M. Marone, M. DistetarC. Gaggini, G. Ferrandina, A. Fattorossi,
G. Isola, P.B. Panici, S. Mancuso, Tamoxifen induzedative stress and apoptosis in oestrogen

receptor-negative human cancer cell lirgrs.J. Cancer 79(1999)257-263.

[45] J. Kim, Y.S. Kang, M. Jung, S.H. Lee, Y.S. Ldevolvement of Ca 2+ influx in the
mechanism of tamoxifen-induced apoptosis in Hep@G2dn hepatoblastoma celSancer Lett.
147(1999)115-123.

[46] A. Kallio, A. Zheng, J. Dahllund, K.M. Heiskan, P. Harkénen, Role of mitochondria in
tamoxifen-induced rapid death of MCF-7 breast cane#s.Apoptosis 10 (2005)1395-1410.

[47] H. Ohvo-Rekild, B. Ramstedt, P. LeppiméakiPé&ter Slotte, Cholesterol interactions with
phospholipids in membraneRrog. Lipid Res. 41 (2002)66-97.

[48] Z. Chen, A.K. Tiwari, Multidrug resistance pems (MRPs/ABCCs) in cancer
chemotherapy and genetic diseas@&BSJ. 278(2011)3226-3245.



[49] V. Vichai, K. Kirtikara, Sulforhodamine B cdiionetric assay for cytotoxicity screening.
Nat. Protoc. 1 (2006)1112-1116.



Figure Legends
Scheme 1Reaction wherebf-estradiol is nitrated with metal nitrate on a ddurface.

Scheme 2 Reactions and end products in which differené sidains with basic terminal moieties were

added to nitroestradiols.

Figure 1. The effect of compound on estradiol-induced cell proliferation in MCF-7llseMCF-7 cells
were treated with 173 Estradiol in the absence or presence of sub-letbsés of 4-HT or compoursi
(dosages are indicated) for 3 days) (or 5 days B) as described in Materials and Methods. After
treatment, cells were counted and compared statiistiusing the Mann Whitney U test. A represertati
experiment is shown, and each data point repregbetsmean * standard deviation value of four
replicates.®Statistically significant (p<0.05) when comparedthwtells grown in serum free media.

PStatistically significant (p<0.05) when comparedhniehicle-treated cells.

Figure 2. The effect of Paclitaxel, 4-HT, or compourdon viability of ovarian cancer cells that
overexpress P-glycoprotein. SKOV3 cells (left pahelr SKOV3-MDR1-M6/6 cells (right panels) were
treated with increasing concentrations of Paclitd®g, 4-HT B), or compound3 (C) for 48 hrs, and

then cell viability was analyzed using SRB assdye dose curve for each compound in each cell lag w
plotted, and the calculatedds@ralue for each compound is indicated in the tghtrcorner of each graph.

A representative experiment is showr>(R).

Figure 3. The effect of2, 3, or 4 on HepG2 cell viability over the course of timeep&2 cells were
treated with compounds, 3, and4 at 2X 1G, concentrations for 24, 48, or 72 hrs, and thehvighility
was analyzed using SRB assay. A representativeriengr of two independent experiments performed

in duplicates is shown. Each data point repregbetsean + standard deviation value.

Figure 4. The effects o8 or 4 on cell morphology. HelLa cells were treated with ithdicated compounds
(3: 16 LM; 4: 10 OM) for 24 hours. After treatment, cells were obserwusing bright-filed microscopy
and photographed every 3 hours. Arrows indicatis eshibiting membrane blebbing.
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Table 1. Nitration of B-estradiol with metal nitrate on solid surface stdaeme shown in Scheme 1.

Metal . Product ratio Yield
Entry nitrate Solid surface Method/Solvent nitro:2-nitro) (%)
1 Bi(NO3)3 Florisil Dean Stark/Benzene 1:4 50
2 Bi(NO3)3 Silica gel Dean Stark/Benzene 3:1 65
) Molecular
3 Bi(NO3)3 _ Dean Stark/Benzene 0:1 50
sieves 4A
4 Bi(NO3)3 KSF clay Dean Stark/Benzene 1:5 80
5 Bi(NO3)3 Alumina Dean Stark/Benzene 1:3 40
6 Bi(NO3)3 Florisil Dean Stark/DCM 1:10 20
7 Bi(NO3)3 Silica gel Dean Stark/DCM 1:4 45
) Molecular
8 Bi(NO3)3 _ Dean Stark/DCM 1:6 60
sieves 4A
9 Bi(NO3)3 KSF clay Dean Stark/DCM 0:1 75
10 Bi(NO3)3 Alumina Dean Stark/DCM 0:1 40
11 Bi(NO3)3 Florisil Dry No reaction —
12 Bi(NO3)3 Silica gel Dry No reaction —
) Molecular _
13 Bi(NO3)3 _ Dry No reaction —
sieves 4A
14 Bi(NO3)3 KSF clay Dry No reaction —
15 Bi(NO3)3 Alumina Dry No reaction —
) N Microwave/Solvent-
16 Bi(NO3)3 Florisil 2:1 35
free
) ) Microwave/Solvent-
17 Bi(NO3)3 Silica gel 2:1 20
free
) Molecular Microwave/Solvent-
18 Bi(NO3)3 _ 1;1 75
sieves 4A free
) Microwave/Solvent-
19 Bi(NO3)3 KSF clay 2:1 70
free
) _ Microwave/Solvent-
20 Bi(NO3)3 Alumina 1:1 25

free




21 Bi(NO3)3 Florisil Reflux/Benzene 1:4 60
22 Bi(NO3)3 Silica gel Reflux/Benzene 2:1 40
23 Bi(NO3)3 Molecular Reflux/Benzene 1:6 45
sieves 4A

24 Bi(NO3)3 KSF clay Reflux/Benzene 1:1 95
25 Bi(NO3)3 Alumina Reflux/Benzene 1:1 80
26 CAN KSF clay Dean Stark/Benzene No reaction —

27 Zn(NGs) KSF clay Dean Stark/Benzene 15 50
28 Ca(NG), KSF clay Dean Stark/Benzene 1.3 25
29 LaNO3 KSF clay Dean Stark/Benzene No reaction —

30 NaNG; KSF clay Dean Stark/Benzene No reaction —

31 Cu(NGg), KSF clay Dean Stark/Benzene 1.1 60

4solated yield



Table 2 Estimated IG, values (uM) for compound4-6) in breast cancer cell lines. JGralues (mean *

standard error) were calculated as described irilidds and Methods.

Cell lines MDA-MB-453
MCE-7L (ER+) MCE-7 (ER+) AU565(ER-)
Compoun ER+

4-OH-tamoxifen 5.4+3.8 6.315.1 9.2 6.2+0.6
1 23.915.7 28.3x14 .4 ND ND
2 7.1+2.0 11.5£2.5 ND ND
3 3.5+0.6 2.7£1.2 0.6+0.1 2.310.1
4 8.8£3.0 7.7£3.4 4.6+0.3 3.6+0.3
5 14.616.4 18.6+£14.6 ND ND
6 >50 >50 ND ND

%Cso was generated from one independent experiment.



Table 3.Estimated IG, values (uM) for compound4-+g) in a small panel of mammalian cell linessdC

values (mean * standard error) were calculate@serihed in Materials and Methods.

Cell lines

HepG2 Hepal-6 Hep3B HelLa HT-29
1 8.2+0.f 7.7+£2.( 12.7° 12.2+41.c 11.0+3.
2 4.9+0.] 3.1+0.] 5.0+0.] 6.3+2.: 4.3+1.%
3 5.9+1.7 0.3+0.] 4.524.( 5.412.( 0.17+0.0!
4 4.920.] 3.210.¢ 3.7£1.¢ 7.6£0.¢ 3.20.2
5 19.046.¢ 10.510.: 12.3£3.¢ 3.620.: 6.2°
6 >5C ND" >5C 30.2+2.: 28.8+4.¢
Cisplatin 7.C 4.cC ND 11.7 16.€

®Single dose curve & 1§

®Min > 50% Viability
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