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The chiral pool amino acids have been utilized for the construction of steroidal and non-steroidal architectures in the quest for steroidomimetics. Chirality derived from amino acid-based architectures
provides new and easy to incorporate chiral chemical space, which is otherwise very difﬁcult to introduce and comprised of several synthetic steps for asymmetric steroids. The different and exciting ligandreceptor interactions may arise from the use of each amino acid enantiomer that was introduced into the
chiral steroidal backbone. The A and D rings of steroidal architectures can be mimicked by the phenyl
group of the amino acid tyrosine. The Mitsunobu reaction, nucleophilic substitution and elimination, etc.
were utilized for constructing diverse tri- and tetracyclic steroidal skeletons as well as benzofused secosteroids from amino acids. These benzofused, amino acid-derived steroidal and nonsteroidal molecules
had promising biological activity in hormonal related disorders.
© 2017 Elsevier Masson SAS. All rights reserved.
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1. Introduction
Steroids belong to a class of natural and synthetic organic
compounds characterized by a rigid framework of 17 carbon atoms
formed from four fused rings with varying levels of functionalization. The rings characteristically are three six-membered rings and
one ﬁve membered ring arranged in 6-6-6-5 manner and the rings
are identiﬁed by capital letters and the numbering of carbon atoms
are shown in Fig. 1 [1]. Steroids are widely distributed in nature,
having diversity in the structures and possess a broad biological
activity proﬁle due to their ability to penetrate cell membranes and
bind to nuclear and membrane receptors. The most signiﬁcant
steroidal compounds are a) sex hormones [2e4], including
androstane, pregnane and estrane series, which exhibit various
hormonal activities; b) bile acids [5] responsible for lipid digestion
and absorption; c) corticosteroids [6] involved in several physiological processes such as regulation of inﬂammation, carbohydrate
metabolism, protein catabolism and blood electrolyte level; d)
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cardiac glycosides [7] used for heart failure treatment; e) sterols [8]
as important constituents of cell membranes having a signiﬁcant
role in their stability, cell growth, proliferation as well as precursor
of bile acids and hormonal steroids (Fig. 1). The diverse action and
wide spectrum of biological activities of steroids have not only
inspired biochemists and endocrinologists, but also encouraged
organic chemist to develop synthetic strategies for partial and total
synthesis of steroids. In recent years the structurally modiﬁed
steroids have attracted much attention owing to the increasing
challenges in the development of new therapeutic agents with
minimum side effects and for the speciﬁc, selective physiological
activity.
Hydrophobic steroids have wide occurrence, rigid framework
with diverse functionalization, extensive biological activity proﬁle
and ability to penetrate cell membranes and bind to speciﬁc hormonal receptors and thus steroids are considered as promising
scaffold for further modiﬁcations either through alteration of ring
or changes at the periphery [9]. The steroidal skeletons are usually
altered by partial cleavage followed by reconstruction through
simultaneous incorporation of heteroatoms or other structural
moieties. Based on the type of alteration performed on the steroidal
skeleton, the modiﬁed steroids can be divided into different categories: a) heterosteroids [10e12] as the replacement of one or more
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Fig. 1. Steroid skeleton and the structures of most signiﬁcant steroids.

carbon atoms of a steroid molecule with heteroatoms, affecting the
chemical properties of a steroid and having examples like azasteroids, oxasteroids and thiasteroids; b) homosteroids [13,14] with
expansion of one or more carbon atoms to the ring skeleton in any
of the four rings; c) steroidal hybrids/conjugates [15] by integration
and/or linkage of steroids with other biomolecules such as amino
acids, polyamines and carbohydrates, drugs and other functional
molecules; d) steroidal architectures containing new ring fused to
ring A, ring D or bridging rings A and B [16]. Most of these steroidal
skeletons have proven to be promising candidates in pharmaceuticals; several of them are currently in the market as antiinﬂammatory, immuno depressant and anti-cancer agents. However, in the therapeutic application steroids are associated with
several deﬁciencies due to their poor bioavailability and side effects
due to hormonal imbalance. Additionally, the chemical structures
of steroids are very complex which makes it difﬁcult to synthesize
and thus being expensive. Therefore the medicinal chemist's
thought was to develop more potential therapeutic agents for the
hormonal related disorders with minimum side effect as well as
cost effective. This led to the discovery of highly effective and selective non-steroidal molecules, deprived of steroidal framework
and with minimum side effects.
A number of tailored steroid molecules have been synthesized
as potent inhibitors of speciﬁc enzymes such as aromatase, sulfatase and P450 etc. for the treatment of hormone dependent cancer
[17e20]. During the past few years for the treatment of hormoneresistant cancers, the development of steroidal derivatives, which
inhibit the angiogenesis, tubulin polymerization and the up regulation of apoptotic pathways through complex signal transduction
mechanisms, has attained much attention [21]. The new steroidal
scaffolds with reduced undesirable hormonal activity were developed through various synthetic ways, such as: elimination or

modiﬁcation of functional groups responsible for binding to the
hormone receptor, reducing the substrate-receptor interactions by
introducing the chemical substituents near the original group to
increase the steric hindrance, varying the number of ring members
or primary stereo structure or designing the heterocyclic derivatives not recognized by the receptor protein due to the difference with the natural hormone in speciﬁc structure or geometry
[22e26].
While going through the vast literature of steroidomimetics
leading to steroidal and nonsteroidal molecules, it appears to us
amino acids as chiron were not utilized to mimic the skeleton of
steroids to evaluate their possible properties. The importance of
chirally pure a-amino acids in asymmetric synthesis of structurally
complex or simple drug or drug-like molecules is well documented
[27]. The easy availability of amino acids in enantiomerically
enriched form and possibility of functional group transformation
made it an important scaffold for the pharma industries, and this
leads to the synthesis of several molecules for various therapeutic
areas such as antimicrobials, infectious diseases, cardiovascular and
nervous system disorders, genital tract diseases, estrogen-related
disorders and bone remodeling. The molecules derived from
amino acids are very much like natural ligands with high level of
biocompatibility, water solubility and enhanced resistance to proteolysis. The promising biological activity proﬁle and scope of
structural modiﬁcation of the steroid and amino acids scaffold
encouraged us to utilize the amino acids as a chiral pool to develop
novel steroidomimetics with potent therapeutic activity. We
designed initially asymmetric heterosteroids with synthetic possibility from chiral amino acids and later we shifted our attention
towards the synthesis of amino acid derived non-steroidal structures having structural similarities of steroidal framework. In this
case study, we have compiled the amino acid derived steroidal and
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non-steroidal architectures in the last decade from our group. The
focus of this article is to make the reader acquainted with the
synthetic methodologies towards steroidomimetics along with
their biological signiﬁcance from amino acids. The study is divided
into two sections: the ﬁrst section deals with the chiral amino acid
derived steroidal architectures and the later section involves the
amino acid derived non-steroidal architectures.
2. Amino acids derived steroidal architectures
2.1. Amino acids derived tetracyclic structures
The heterocyclic azasteroids are steroidal systems bearing single
nitrogen or several nitrogen atoms at different positions in the
cyclopentanophenanthrene skeleton. The D-ring modiﬁed steroid
derivatives obtained by ring expansion or by replacement of one or
more carbon atoms by heteroatom affect the chemical properties of
steroids and thus play an important role towards new active
pharmaceuticals [28e31]. The D-ring modiﬁed aza steroids are
reported not only as non-estrogenic, steroidal sulfatase inhibitors
for the treatment of hormone dependent breast cancer, but also act
as antifungal, anti-inﬂammatory and antiallergic agents [32e36].
Additionally the steroidal D-lactones are known to have anti-aromatase and anti-hypercholesterolemic activities [37,38].
Considering the signiﬁcance of D-ring modiﬁed steroids, in 2006
we designed and synthesized a new type of tetracyclic heterosteroid through incorporation of chiral amino acids into the D-ring
of steroidal skeleton [39]. Until 2006 only one example of 9membered D-ring on steroid nucleus was reported and thus it
was anticipated that modiﬁcation of D-ring of steroidal framework
into constrained 9 membered D-ring with hetero atoms will provide highly efﬁcient synthetic route to novel heterosteroid. For the
synthesis of target molecule 1, the benzylated estriol 2, synthesized
from benzylated estrone was used as starting material. The treatment of vicinal hydroxyl groups of 2 with NaIO4 afforded the dialdehyde which on further reduction with LAH provided the diol 3.
The C-16 hydroxy group of diol 3 was protected selectively with
TBDMS to afford D-secoestrone alcohol 4. The oxidation of the C-17
hydroxyl group provided the required D-secoestrone aldehyde 5.
The aldehyde 5 was reacted with amino acid methyl ester hydrochloride to give imine which on further reduction afforded the
amines 6. The conversion of secondary amine of 6 to tertiary amine,
deprotection of the C-16 hydroxy group followed by hydrolysis of
methyl ester provided the hydroxy acid 7. The macrolactonization
reaction using Yamaguchi coupling of hydroxy acid 7 provided the
corresponding lactones 8, which could be converted to target
molecules 1 through deprotection of benzyl group (Scheme 1). The
compounds were evaluated for anti-breast cancer activity using
ER þ ve and -ve cell lines; but they showed moderate activity.
However, the successful incorporation of amino acids into the
steroidal skeleton encouraged us to work further in this direction.
Keeping in view the importance of azasteroids [40,41] in the
ﬁeld of enzyme inhibition [42e45] as they block the biosynthesis of
physiologically undesirable steroids, we were encouraged to
develop efﬁcient and convergent methodologies towards the
asymmetric synthesis of azasteroids using amino acids as chiron.
We noticed that there are no reports on the asymmetric synthesis
of steroidal systems with nitrogen at 14-position. Therefore, we had
decided to use proline and its derivatives as chiral synthon for the
introduction of nitrogen at the desired 14-position and to induce
speciﬁc stereo orientation in the steroidal system. Thus, in 2013, we
designed and synthesized nitrogenous steroidal core 9 bearing nitrogen at 14-position and unsaturation at D9(11) position [46].
The starting materials used in the synthesis of azasteroid 9 i.e
bromo derivative 10 and aldehyde 11 was obtained in good yield
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using the literature procedure [47]. The lithiated derivative of the
substrate 10 was prepared using n-BuLi and was reacted with
aldehyde 11 to afford the intermediate carbinols 12a and 12a'as
diastereomeric mixture, and which were used in the next step
without any separation as newly generated stereo center is lost at
the cyclization stage. Finally the NHBoc group deprotection in
carbinol 12a and 12a’ followed by 6-endo trig cyclization using Et3N
as base provided the separable mixture of unsaturated D9(11) 14azasteroid 9a and 9a’ in 1.2: 1 ratio (Scheme 2). The cyclization
worked through intramolecular SN20 reaction involving the attack
of proline derived pyrrolidine nitrogen atom onto a tetralone
derived allylic alcohol. It's our believe that the library of azasteroids
can be easily synthesized from readily available D and L amino acids
and by exploring the double bond at D9(11) of 14-azasteroids. The
proline derived novel azasteroids were also evaluated in human
breast cancer cells MCF-7 and MDA-MB-231, and human prostate
cancer cell lines PC-3 and DU-145. These compounds showed signiﬁcant activity and speciﬁcity towards breast cancer and caused a
notable decrease in progesterone, its metabolite 5-a preganene and
steroid 5-a reductase in MCF-7 cells. The binding modes of these
azasteroids were studied with the homology model of 5a-reductase
and the results revealed that p-systems of the azasteroid scaffold
and the aromatic residues are involved in the formation of noncovalent interactions such as cation-p and p-p leading to tight
binding. The series of azasteroids showed promising results and the
lead compound could serve as a base for the development of new
groups of effective breast cancer therapeutics. We are in process to
compile the detail biological activity as well as binding studies of
these synthesized azasteroids [48].
2.2. Amino acids derived tri and tetracyclic miscellaneous
structures
The chroman core is abundant in numerous natural products
and also present in several pharmaceutically important molecules
with a wide range of biological activities especially as selective
estrogen receptor modulators (SERMs), NF-kB inhibitors and anti
HIV agents. Furthermore synthetic and natural products bearing
oxazepinone skeleton are well known to exhibit anti HIV and
antimalarial properties. Thus encouraged by the pharmaceutical
applications of chroman and oxazepinone core, we thought to
design and synthesize a new type of steroidal scaffold 13 by
combining the chroman ring with chiral oxazepinone ring having
contiguous quaternary and tertiary stereocenters from the amino
acid L-proline. We believed that tetracyclic scaffold 13 is a new
example of steroidomimetics and the synthesis could be easily
accomplished from chiral amino acid and chroman moiety [49].
The starting material tetrahydropyrrolo[1,2-c]oxazol-3(1H)-one
derivative 15 was prepared in ﬁve steps from L-Proline and bromo
chromanone derivative 14 was accessed following the known
procedure [50e52]. The bromo chromanone derivative 14 was
reacted with n-BuLi to generate anions which on reaction with 15
afforded the conjugated product 16 through oxazolone ring opening. Finally the treatment of 16 with sodium hydroxide and
hydrogen peroxide in ethanol provided the desired product 13 in
low yields via epoxide formation, followed by intramolecular
nucleophilic substitution (Scheme 3). We developed the route for
the one pot synthesis of a new class of chroman fused S-proline
derived chiral oxazepinones from the amino acid L-proline and
chroman which worked through efﬁcient cascade reactions;
installing contiguous chiral quaternary and tertiary stereo centers.
We anticipated that several natural products and pharmaceutically
important molecules having tetracyclic skeleton or resemblance
with steroidal framework could be further synthesized using the
developed synthetic procedures.

142

Shagufta et al. / European Journal of Medicinal Chemistry 133 (2017) 139e151

Scheme 1. Reagents and Conditions: (a) NaI4, Methanol, H2O, 0  C; (b) LAH, THF, 0  C; (c) TBDMSCl, Imidazole, DCM, 0  C-rt. (d) TPAP, NMMO, MS 4A, DCM, rt; (e) amino acid methyl
ester hydrochloride, TEA, Methanol:THF (4:1), reﬂux-rt; (f) NaBH4, Methanol, 0e5  C; (g) MeI, K2CO3, Acetone, rt; (h) AcOH:H2O:THF (3:1:1), 60  C; (i) 1N NaOH, Dioxane, 60  C; (j)
2,4,6-Cl3C6H2COCl, Et3N, THF, rt, then DMAP, PhMe, reﬂux.

Scheme 2. Reagents and conditions: (a) i) n-BuLi, dry THF, 78  C; ii) 11, 78  C to rt (b) 4M HCl in dioxane, 0  C-rt; (c) Et3N, rt.

Scheme 3. Reagents and Conditions: (a) i) n-BuLi, THF, 78  C; ii) 15, 78  C to rt; (b) H2O2, NaOH, EtOH, 0  C.

Next our focus was on biologically important nitrogencontaining benzofused steroidal tricycles i.e. pyrazino[1,2-a]quinoxalines (17) which may be elaborated into typical steroidal tetracyclic skeletons. Prior to our synthesis of pyrazino[1,2-a]
quinoxalines from amino acids [53], only two synthetic approaches
were reported [54,55]. We started the synthesis of 17 by reacting 1ﬂuoro-2-nitrobenzene 18 with S-amino acid 19. Both the reactants
were reacted in the presence of K2CO3 and then treated with SOCl2
and MeOH to produce methyl esters 20. The hydroxyl group protection using TBDMSCl followed by ester group hydrolysis and then
reaction with different N-tosyl protected amino acid methyl esters
under Mitsunobu condition furnished 21 in good yields. Next, the
desilylation, reduction of aromatic nitro group followed by its
protection with tosyl group provided derivative 22 which under
Mitsunobu condition furnished the enantiomerically pure

substituted 1,2,3,4-tetrahydroquinoxalines 23. The reduction of
ester group followed by 6-exo-tet cyclization using PPh3/I2/imidazole afforded the ﬁnal product pyrazino[1,2-a]quinoxalines
(Scheme 4).
Following the similar approach of synthesizing other tetracyclic
compounds using amino acid, we further targeted the synthesis of
tetrahydro-5H-isoquinolino[2,3-a]quinoxaline (24), a tetracyclic
steroidal compound [56]. The compound 25 was used as starting
material for the synthesis of the target molecule, and it was prepared from S-Amino acid and 1-ﬂuoro-2-nitrobenzene by following
the same steps as described previously for the synthesis of 20. The
reduction of ester group and nitro group of 25, followed by boc
protection furnished 26. Further Swern oxidation of alcohol 26 to
aldehyde followed by Wittig reaction afforded 27. Finally to obtain
the required target compound, the 27 were subjected to
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Scheme 4. Reagents and Conditions: (a) anhy. K2CO3, DMF, 80  C; (b) SOCl2. MeOH, 0  C-rt; (c) TBDMSOTf, 2,6-lutidine, DCM, 78  C (d) LiBH4 (2M), THF, 0  C-rt; (e) PPh3, DEAD, Ntosyl protected amino acid methyl esters, 0  C-rt; (f) Acetic acid: THF: water (3:1:1), 120  C; (g) Pd-C (10%), H2 50 psi, rt; (h) Py, TsCl, 0  C-rt; (i) PPh3, DEAD, 0  C; (j) LiBH4 (2M), dry
THF, 0  C-rt; (k) PPh3, I2, imidazole, 40  C.

deprotection followed by reaction with substituted benzaldehyde
and it was anticipated that through intermediate 28 followed by
electron demand inverse Diels-Alder reaction tetrahydro-5H-isoquinolino[2,3-a]quinoxaline (24) will be produced. However,
instead of target compound 24 we obtained dihydrobenzodiazepine 29 and its structure was conﬁrmed through
different NMR analytical techniques (Scheme 5).
3. Amino acids derived non-steroidal benzofused secosteroid like architectures
The rate of recognition and binding of steroids to their related
receptors or metabolizing enzymes depends on its structure and
conformation and thus the compounds which mimic steroidal
conformation i.e steroidomimetics can easily bind to these cellular
targets [57]. Steroidomimetics deprived of the steroidal cyclopentanoperhydrophenanthrene nucleus are characterized as nonsteroidal compounds. These non-steroidal compounds can increase or decrease the steroidal activity and therefore provide the
basis of various pharmaceuticals to treat hormone related diseases.
The main biological targets for non-steroidal compounds are

steroid receptors or enzymes, which are involved in steroid
biosynthesis and metabolism. The non-steroidal compounds act as
potent inhibitors of several enzymes such as human 17a-hydroxylase-17,20-lyase (CYP 17), 17b-hydroxysteroid dehydrogenase type
I and II (17b-HSD1 and 17b-HSD1), 5a-reductase type I and II, and
oxidosqualene cyclase and are mainly used for the treatment of
osteoporosis, cancer, benign prostatic hyperplasia (BPH) and cardiovascular diseases [58e65]. The advantages of using nonsteroidal drugs over steroidal drugs are due to enhanced receptor
selectivity, improved pharmacokinetic properties, such as oral
bioavailability and hepatic metabolism. Due to these properties
nonsteroidal compounds are considered as attractive targets for
novel drug discovery. The non-steroidal molecules developed to
mimic steroids and used clinically in treating different diseases
[66e69] are shown in Fig. 2. Tamoxifen is a nonsteroidal drug,
widely used in breast cancer treatment and is currently the world's
largest selling breast cancer drug. Tamoxifen was synthesized and
developed by the former ICI (now AstraZeneca) [70] and is sold
under the brand names Nolvadex, Istubal, and Valodex. Tamoxifen
works as an antagonist in breast tissue, is agonist on bone in post
menopausal women but displays some estrogen like effects in the

Scheme 5. Reagents and Conditions: (a) LiBH4 (2M), anhyd. THF, 0  C-rt; (b) H2, Pd-C, MeOH, 50 Psi, rt; (c) Boc2O, NaHCO3, EtOH, RT; (d) (COCl)2, DMSO, Et3N, dry DCM, 78  C; (e)
Ph3PþCH3I, KHMDS, dry THF, 78  C; (f) i) TFA, dry DCM, 0  C-rt; ii) Substituted benzaldehyde, rt.
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Fig. 2. Non-steroidal drugs available in the market.

uterus [71]. Raloxifene synthesized by Eli Lilly Pharmaceuticals and
used for the treatment of osteoporosis and is sold under the brand
name Evista. It acts as an antagonist in both breast and uterine
tissue, but is an agonist in bone [72]. Centchroman was the ﬁrst
non-steroidal oral contraceptive that is developed by the Central
Drug Research Institute in India [73]. It is the ﬁrst nonsteroidal oral
contraceptive, which shows the antagonist proﬁle in breast and
uterus, but is an agonist in bone. Clomiphene is the ﬁrst triarylethylene to enter the drug market. It is used as a profertility drug
for the induction of ovulation [74]. Letrozole containing 1,2,4 triazole ring is very potent and selective aromatase inhibitors having
99% aromatase inhibition and are well tolerated by patients [75].
667-COUMATE is a tricyclic coumarin based most potent sulfatase
inhibitor which is non-estrogenic, orally active [76].
From the last one decade the research of our group is mainly
focused on two major areas: a) to develop new pharmacophores as
anti-breast cancer agents and in this respect we have reported the
phenanthrene based compounds containing amino alkyl chains
with promising activity; b) to develop new and efﬁcient strategies
for the syntheses of amino acid based molecules in quest for steroidomimetics [77e83]. The pharmacological importance of benzoxazepines in medicinal chemistry encouraged us to work on this
scaffold and thus we designed and synthesized benzoxazepines 30
from building blocks, substituted benzene derivatives 31 and SAmino acid derived N-tosyl amino esters 32 and towards accessing
nonsteroidal architectures (Scheme 6) [84].

For the synthesis of benzoxazepines, Mitsunobu reaction of Samino acid derivative 32 with benzene derivative 31 provided the
compound 33 which on reduction with LAH followed by debenzylation afforded 34 bearing the free alcoholic and phenolic hydroxyl groups. The compound 34 was subjected to Mitsunobu
reaction conditions to provide the desired enantiomerically pure
benzoxazepine derivatives 30. The synthesized compounds were
evaluated for anti-tumor activity in human breast cancer cells and
xenograft model. The biological result of the S-amino acid derived
benzoxazepines showed the compound bearing benzene ring in
side chain exhibiting better activity and the compound derived
from tyrosine was the most potent.
It is well known that the compounds with promising antiestrogenic activity in breast cancer cells mostly bear at least one of
the following characteristic feature: a) strategically placed hydroxy
or methoxy groups b) alkyl amino ethyl chain [85]. Based on the
above mentioned reports, we believed that our synthesized benzoxazepines derived from the amino acid tyrosine are nonsteroidal
steroidomimetic where benzene/substituted benzene of benzoxazepine core is mimicking the A and B rings of steroids respectively
and benzene ring acquired from amino acid tyrosine, is resembling
the D ring of steroidal skeleton. To further study the effect of alkyl
amino ethyl chain on the anti-tumor activity of tyrosine-based
benzoxazepine 35, we incorporated the various amino alkyl
chains on tyrosine benzene and prepared 36 (Scheme 7) [86].
The new benzoxazepines particularly works to inhibit growth of

Scheme 6. Reagents and Conditions: (a) DEAD, PPh3, THF, 0  C to rt, N2; (b) LAH, THF, 0  C; (c) H2, 10% Pd/C, MeOH, rt, 50 psi, RT; (d) DEAD, PPh3, THF, 0  C to rt, N2.
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Scheme 7. Reagents and Conditions: (a) anhyd K2CO3, R1Cl, dry acetone, reﬂux.

breast cancer cell lines, MCF-7 and MDA-MB-231, but lack cytotoxicity to normal HEK-293 cells. The most active compound of the
series was 36a and 36b bearing piperidine ethyl and azepane ethyl
group, respectively and inhibit growth of MCF-7 and MDA-MB231 cells at IC50 in the micromolar range (Table 1).
The inhibition of cell growth induced by the active compounds
was because of cell cycle arrest at G0/G1 phase. The efﬁcacy of 36a
and 36b for inducing apoptosis rather than necrosis was established by assessing cellular processes associated with apoptosis
such as: phosphatidylserine exposure (Annexin V-PI; Flow cytometry), DNA fragmentation and PRP Cleavage. 36a at the concentration of 5 mM and 10 mM considerably increases Annexin-V positive
and PI negative cell population indicating induction of apoptosis

compared with untreated control (Fig. 3). The compound 36b
concentration dependently increased phosphatidylserine exposure, induced PARP cleavage and DNA fragmentation (Fig. 4).
Moreover, 36b activated the apoptosis through activation of
caspase-8 and -9, mitochondrial membrane depolarization and
increase in Bax/Bc12 ratio. Through the use of selective caspase
inhibitors, it was proved that the major contributor to 36b induced
apoptosis is caspase-8-dependent pathway. 36a and 36b caused
signiﬁcant reduction in tumor volume of MCF-7 xenograft tumor in
nude mice model. 36a at the dose of 16 mg kg1 day1 displayed
signiﬁcantly higher relative tumor volume regression than the
control group and its activity was comparable to that of tamoxifen
citrate at 30 days of treatment (Fig. 5). Similarly the treatment of

Table 1
IC50 (mM) value of benzoxazepine derivatives (36a-b and 37a-c) in breast cancer cell lines using MTT assay after 24 h treatment.
Compound No

MCF- 7

MDA-MB-231

36a

Structure

9.62

10.2

36b

6.78

7.2

37a

10.34

13.21

37b

14.5

18.6

37c

12.45

15.67

Results were calculated from three independent experiments with triplicate of each observation.
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Fig. 3. Negative cell population at 5 mM and 10 mM of 36a; After 24 h, the cells were harvested, stained with Annexin-V and propidium iodide, and analyzed by ﬂow cytometry. Data
are expressed as % of total cell Count. Reprinted with permission from Samanta et al. [84].

Fig. 4. 36b induces Apoptosis in MCF-7 cells A)- 36b increases phosphatidylserine exposure- MCF-7 cells were treated either with vehicle (V) or indicated concentrations of 36b for
24 h and phosphatidylserine exposure was measured by ﬂow cytometry using FITC labelled Annexin V & PI staining. Representative dot plots and relative apoptotic cells are shown.
B) Effect of 36b treatment on PARP Cleavage e36b treated MCF-7 cell lysates were immunoblotted against PARP, Densitometry data of cleaved PARP is plotted. C) Effect of 36b
treatment on DNA Fragmentation - cells were treated with 36b and 4 OHT as indicated and DNA Fragmentation after 24 h of treatment was quantiﬁed. Graph represents relative
DNA fragmentation taking þ ve control (PC) as 100% (#). Data represent mean ± SEM from three independent experiments; *P < 0.05, **P < 0.01, and ***P < 0.001 compared to V.
Reprinted with permission from Dwivedi et al. [86].

36b (16 mg kg1 day1) to these mice for 21 days resulted in nearly
50% reduction in relative tumor volume (Fig. 6A). However, when
compared with vehicle-treated controls no signiﬁcant differences
in the initial and ﬁnal body weights were observed (Fig. 6B).
Further biological activity results of tyrosine-based benzoxazepine derivatives bearing various amino alkyl chains on benzene
of the amino acid tyrosine and literature reports of the 7a
substituted estradiol derivatives, especially ICI 164 182, 384 780,
and EM-139 exhibiting antiestrogenic activity on breast cancer cells
[87e93] encouraged us to design and synthesize a new type of
tyrosine based benzoxazepine derivatives 37 bearing alkyl amino
ethyl chains on benzene ring, which is present on nitrogen atom of
benzoxazepine skeleton [86]. We anticipated that benzene ring
bearing alkyl amino ethyl chain substituent on nitrogen might act
as 7a substituent as in compounds mentioned in Fig. 7 and thus will
exert antiestrogenic effect on breast cancer cells.
The synthesis of benzoxazepines derivatives 37 was done in

several steps. The bromo derivative 39 obtained from benzyl
alcohol 38 was reacted with tyrosine derivative 40 to afford amine
41. The Boc protection of secondary amine, reduction of methyl
ester followed by debenzylation reaction provided alcohol 42. Under the Mitsunobu reaction condition compound 42 after cyclization afforded benzoxazepane derivative 43. The boc group
deprotection followed by reaction with (4-(bromomethyl)phenoxy)(tert-butyl)dimethylsilane (44) produced compound 45. Finally
different kinds of amino alkyl chain were incorporated on hydroxyl
group of 45 to produce compound 37 (Scheme 8). The newly synthesized compounds were evaluated for anti-proliferative activity
in both MCF-7 (ER þ ve) and MDA-MB-231 (ER-ve) cells using MTT
assay. Several compounds of this series (37a, 37b, 37c) were found
to inhibit growth of MCF-7 and MDA-MB-231 cells at IC50 of less
than 20.0 mM (Table 1).
Later detailed biological studies were conducted to ﬁnd out
in vitro and in vivo effects of a tyrosine based benzoxazepine, (4-[4-

Shagufta et al. / European Journal of Medicinal Chemistry 133 (2017) 139e151

147

Fig. 5. Regression in mean relative tumor volume in human breast cancer cell (MCF-7) xenograft model. Animals were treated with 36a at the dose of 8 mgkg1 day1 and
16 mg kg1 day1 after tumor induction for 30 days. The data presented are average of relative tumor volume (n ¼ 10 animals/group). Reprinted with permission from Samanta et al.
[84].

Fig. 6. 36b inhibits growth of MCF-7 cancer cell xenograft in athymic nude mice. (A) Increase in relative tumor volume and (B) Average body weight over time in control and 36b
treatment groups indicated. N ¼ 10 mice/group; data represent mean ± SEM. *P < 0.05 and **P < 0.01 compared to control. Reprinted with permission from Dwivedi et al. [86].

Fig. 7. 7a-substituted antiestrogens.

(toluene-4-sulfonyl)-2,3,4,5-tetrahydro-benzo[f][1,4]oxazepin-3ylmethyl]-phenol) [THBP, 35a] in human breast cancer cells, with
an objective of examining its target [94]. Treatment of MCF-7 and

MDA-MB231 with 35a for 24 h gave concentration-dependent loss
of viability with IC50 of ~20 mM and ~30 mM, respectively. In molecular docking studies, THBP positioned in the ATP binding pocket
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Scheme 8. Reagents and conditions: (a) PPh3, CBr4, DCM, 0  C-rt; (b) K2CO3, DMF, RT; (c) NaHCO3, Boc2O, EtOH, RT; (d) LiBH4, THF, RT; (e) H2, 10% Pd-C, 50 psi, 0  C; (f) PPh3, DEAD,
0  C-rt (g) 6N HCl, MeOH, 70  C; (h) K2CO3, DMF, 44, RT; (i) R2Cl, K2CO3, acetone, 60  C.

of IGF-1 receptor (IGF-1R) and selectively abrogated increased
viability of MCF-7 cells by insulin-like growth factor 1 (IGF-1). In
MCF-7 cells, THBP inhibited IGF-1-induced phosphorylation of IGF1R and insulin receptor substrate-1 (IRS-1) without inhibiting insulin signaling. In athymic nude mice, compared with vehicle, the
growth of MCF-7 xenograft tumors was decreased signiﬁcantly
with treatment of 35a because of inhibition of cancer cell proliferation as well as promotion of cell death that correlated with
reduced phospho-IGF-1R levels. Thus THBP 35a is a an orally efﬁcacious suppressor of ER-positive human breast cancers by selective abrogation of IGF-1R signaling. Further efforts are going on to
study the THBP effect on drug-resistant tumors, its distribution and
possible host toxicity. We are anticipating that the result of our
current study will support to the design of a new and efﬁcient class
of IGF-1R inhibitors for future preclinical and clinical trials.

reaction on substituted 2-(2-bromophenylthio)-ethanamines, prepared by the nucleophilic substitution reaction of 2bromobenzenethiol with Boc-protected amino alcohol derivatives. d) Enantiomerically enriched indolines (53) and tetrahydroisoquinolines (54) were synthesized from easily accessible (S)amino acids derived chiral carbocations. Here Friedel-Crafts reaction promoted by Lewis acid (AlCl3) offered trans-diastereoselectivity. The rate of the reaction and diastereoselectivity of the
product is signiﬁcantly inﬂuenced by steric hindrance of substituents of amino acids and the nature of the aryl groups. e) The
substituted 1,2,3,4-tetrahydroquinoxaline (55), benzo-annulated
unsymmetrical chiral [9]-N3 peraza and [12]-N4 perazamacrocycles (56 and 57) were prepared using inter- and intramolecular Mitsunobu reaction from S-amino acids.
5. Conclusion

4. Miscellaneous section of benzofused secosteroids
Following the same strategy of utilizing the amino acid for the
synthesis of heterocyclic compounds mimicking the steroidal
skeleton we synthesized several benzo fused derivatives and
evaluated them for biological activities related to estrogen related
disorders. All these molecules were designed as C-seco steroids and
we believed that benzene ring mimic the A ring of steroid, B ring is
in the modiﬁed form and if R substituent is CH2Ph, then Phenyl
group mimics the D-ring of the steroid skeleton. The molecules
were synthesized and evaluated for biological activity. The biological proﬁle of the synthesized benzo fused seco-steroids/C-seco
steroids were encouraging and thus the synthetic strategies for
these compounds supports the goal i.e. development of new
chemical entities for estrogen related activities. The benzo fused
secosteroids derivatives synthesized by our group using amino
acids are (Fig. 8) [95e101]: a) chiral 3-substituted-1,4benzodiazepin-2-ones (46) synthesized by coupling of 2nitrobenzyl bromide with a series of amino acids followed by diazepine ring formation with Fe/AcOH; b) bicyclic amino acidannulated seven and eight membered ring heterocycles i.e. benzo
[1,4]oxazepines (47), benzo[1,4]diazepines (48), benzo[1,4]thiazepine (49), benzo[1,4]diazocines (50) and benzo[1,4]oxazocines (51)
synthesized in chiral form derived from naturally abundant Samino acids; c) 3,4-dihydro-2H-benzo[b][1,4]thiazines (52) synthesized via-a copper-catalyzed intramolecular N-aryl amination

We have established that chiral amino acids could be efﬁciently
used in the development of steroidal and nonsteroidal steroidomimetics. The amino acid-derived tetracyclic and tricyclic
structures, non-steroidal benzofused seco-steroids, and miscellaneous heterocycles were prepared from chiral amino acids.
Chirality derived from amino acid-based architectures gives a
convenient way to incorporate chiral chemical space within the
steroidal skeleton, which is otherwise very difﬁcult to introduce
with multiple synthetic steps. The different and interesting ligandreceptor interactions may originate with the use of each amino acid
enantiomer that has been used to construct an asymmetric steroidal backbone. Also, it has been revealed that a few of these
compounds have signiﬁcant biological activity against breast cancer. Considering the importance of new chemical entities in drug
industry, this strategy will be of interest to organic and medicinal
chemists. Our amino acid-derived steroidomimetics strategy provides a scope for the development of amino acid-derived scaffolds
for other therapeutic targets; future research in this area could
provide encouraging results.
Moreover, the advantages of using non-steroidal drugs over
steroidal drugs are due to their enhanced receptor selectivity, while
their improved pharmacokinetic properties give a platform to the
design and synthesis of amino acid-derived nonsteroidal compounds as attractive targets for novel drug discovery. The A and D
rings of steroidal architectures can be mimicked with the phenyl
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Fig. 8. Miscellaneous benzofused seco-steroids derived from amino acids.

group of the amino acid tyrosine. Strategically placed hydroxy or
methoxy groups from tyrosine and an alkyl amino ethyl chain will
provide a range of new amino acid-derived nonsteroidals with a
probable anti-estrogenic proﬁle. Among all the compounds synthesized and evaluated, non-steroidal benzoxazepines derived
from tyrosine gave promising results. We are expecting that this
article will update researchers with the synthetic strategies
involved in the synthesis of amino acid-derived steroidomimetics
and thus encourage them to design and synthesize promising
steroidomimetics and other organic scaffolds with signiﬁcant
medical properties using chiral amino acids.
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