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Abstract: The acid-catalyzed cyclization of benzylidenes based on 16-dehydropregnenolone acetate
(16-DPA) was studied. It was found that these compounds readily undergo regioselective interrupted
Nazarov cyclization with trapping chloride ion and an efficient method of the synthesis of p-annulated
pentacyclic steroids based on this reaction was proposed. The structures of the synthesized pentacyclic
steroids were determined by NMR and X-ray diffraction. It was found that the reaction affords a
single diastereomer, but the latter can crystallize as two conformers depending on the structure.
Antiproliferative activity of synthesized compounds was evaluated against two breast cancer cell lines:
MCF-7 and MDA-MB-231. All tested compounds showed relatively high antiproliferative activity.
The synthetic potential of the protocol developed was illustrated by the gram-scale experiment.

Keywords: interrupted Nazarov cyclization; pentacyclic steroids; antiproliferative activity;
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1. Introduction

Steroids are an important class of both natural and synthetic products exhibiting various biological
activities [1-11]. In the past decades, great efforts were made to accomplish further modification to
synthesize structurally new and biologically interesting compounds [12-17]. The chemical modification
of steroids is among the most efficient and attractive approaches to the design of new biologically active
compounds, including pharmaceuticals [1,2,18,19]. An important application of chemical modification
of steroid molecules is to synthesize compounds containing an additional fused ring. Steroids bearing
an additional fused ring are common skeletons involved in many natural products [20-24] and
pharmaceuticals [25-27]. It should be noted that some of these compounds exhibit no significant
hormonal activity [28-31]. Both heterocyclic analogs I [32-39] and carbocyclic analogs II [40,41] of
pentacyclic steroids have attracted considerable attention (Scheme 1).
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Scheme 1. Pentacyclic steroids.

Steroids bearing an additional carbocycle annulated at the 16 and 17 positions of the ring D (III) are
characterized by unique biological activity [42-45]. Most of the known D-annulated pentacyclic steroids
contain the cyclohexane or cyclopentane moiety as an additional ring. A number of synthetic strategies
can be used to construct pentacyclic steroids, including Diels—Alder reactions and intermolecular
condensation [40,41,46-49]. Commercially available 16-dehydropregnenolone acetate (16-DPA), which
is a versatile building block for the preparation of various semi-synthetic steroidal drugs [50,51],
is commonly utilized in the synthesis of D-annulated steroids. However, despite the availability of
16-DPA, most of the known methods for the construction of an additional carbocycle based on 16-DPA
cannot be applied on a preparative scale and often suffer from drawbacks such as low yields, the lack
of atom-economy or step efficiency, a narrow field of application, etc.

In a continuation of our research on the synthesis of semi-synthetic steroid derivatives and
evaluation of their antitumor activity [36,37,52,53], we focused on the development of a convenient
method for the synthesis of D-annulated pentacyclic steroid of the progesterone series IV bearing
the cyclopentanone moiety as an additional ring. The Nazarov cyclization reaction represents one of
the most effective methods for the construction of five-membered carbocyclic rings, and it has been
applied in the total synthesis of many useful natural products. Due to high stereoselectivity, high yields,
and readily available starting compounds, this reaction is widely used in organic synthesis for the
preparation of diverse biologically active substances [54-72]. However, to the best of our knowledge,
this reaction was not applied for the annulation of an additional cyclopentanone ring onto the steroid
skeleton. Another important issue, which prompted us to perform this study, is that the starting
benzylidenes 1 are readily available by the method proposed in our recent work [52,53]. Besides,
the synthesized benzylidenes exhibited relatively high antiproliferative activity. Since the structure
of the starting dienone does not undergo significant changes in the course of Nazarov cyclization,
this modification would be expected to improve useful properties.

Despite the absence of data on the synthesis of pentacyclic steroids by the Nazarov reaction,
several examples of the application of this transformation both in the synthesis and modification of
steroids were reported [73-77]. However, since the pathway of the Nazarov reaction and the yields
of the target products strongly depend on the nature of substituents and the catalyst, we analyzed
the cyclization of compounds structurally similar to benzylidenes 1, such as dienones, in which one
vinyl moiety is involved in the carbocycle, while another vinyl moiety contains an aryl group at
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the B-position (compound V, Scheme 2A). Literature data analysis showed that there are only a few
examples of cyclization of structurally related dienones (Scheme 2).

Classical Nazarov reaction Interrupted Nazarov cyclization
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Scheme 2. Nazarov reaction of dienones in the presence of various catalysts (A—GaCl; or TosOH,
B—Cu(OTf),, C—TiCly)

The cyclization of dienones in the presence of various Lewis acids (SnCly, TiCly, AlCl3, GaCls,
BF;*Et,0) and TsOH was studied [78]. It was found that despite the absence of the second «-substituent,
the cyclization affords a classical Nazarov reaction product (Scheme 2A). The best yields were achieved
using gallium chloride, which gave the minimum amount of the second isomer (5%). The use of
p-toluenesulfonic acid as the catalyst leads to an increase in the amount of the minor isomer. It is worth
noting that, despite the absence of the second «-substituent, the formation of interrupted Nazarov
cyclization products was not observed. Dienone VIII (R = CO,Et) also underwent classical Nazarov
cyclization in the presence of copper (II) triflate (Scheme 2B) [79]. This reaction also produced two
isomers. Under similar conditions, the cyclization of «-unsubstituted substrate VIII (R = H) affords a
difficult-to-separate mixture. Interesting results were obtained in the study of the cyclization of camphor-
and nopinone-derived dienones X [80]. The interrupted Nazarov cyclization via nucleophilic halide
trapping was found to occur in the presence of halogen-contained Lewis acids (TiCls). The nucleophilic
halide trapping was observed not only in the presence of titanium chloride but also in the presence of
bulky bromide and iodide anions (TiBrs and Tily); the exception was the fluoride anion. The interrupted
Nazarov cyclization proceeds with x-unsubstituted compounds. The introduction of the methyl group
at this position facilitates the competitive classical Nazarov reaction, resulting in the formation of a
mixture of products in moderate yields. It is worth noting that this is one of a few studies on the
Nazarov reaction, in which halide trapping in the presence of Lewis acids took place [81,82].

Such transformations are also known for other cationic rearrangements [83-87]. Therefore,
the analysis of the literature data shows that the pathway of the cyclization of such dienones strongly
depends on both their structure and the nature of the catalyst. Since camphor-derived dienones X
(R = Me) are structurally most similar to benzylidenes 1, we decided to study the cyclization of these
steroids under similar conditions.

2. Results and Discussion

2.1. Synthesis

We started our research by studying a series of Lewis acids (TiCly, SnCly, AlCl;, FeCl3) and
hydrogen chloride (HCI). 4-Chlorophenyl-substituted dienone 1c was used as a model substrate and
dichloromethane, dichloroethane, and benzene as the solvents. In all cases, except for titanium (IV)
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chloride, the reaction was very slow or gave an unidentified mixture that is difficult to separate. Thus,
the reaction in the presence of aluminum and iron chlorides was very slow at room temperature
and gave a multicomponent mixture of products at elevated temperatures (the monitoring of the
reaction in the presence of AlClj is given in the SM, Figure S6). The reaction using tin (IV) chloride
and hydrogen chloride affords a difficult-to-separate mixture of products even at 0 °C; a decrease
in the temperature leads to a decrease in the reaction rate but does not improve the selectivity (see
Table S1 in the Supplementary Materials (SM). Apparently, this is due to the low solubility of the
steroid studied in dichloromethane at low temperatures (<—10 °C). Good results were obtained in the
cyclization of benzylidenes in the presence of titanium (IV) chloride giving a single reaction product.
The spectral analysis (mass spectrometry, 'H and 3C-NMR spectroscopy) of this product showed that
it does not have a double bond but contains a chlorine atom. We suggested that, like the cyclization of
camphor derived dienones [80], this reaction proceeds via interrupted Nazarov cyclization to form
chloro-substituted pentacyclic steroid 2. The optimization of the reaction conditions allowed us to
synthesize products based on other benzylidenes in high yields (Scheme 3, Table 1). The reaction was
performed in dichloromethane in the presence of freshly distilled titanium (IV) chloride as the catalyst
under an inert atmosphere (argon) at a temperature from —5 °C to 20 °C (the catalyst was added at -5
to 0 °C). It should be noted that the use of freshly distilled TiCly is a necessary condition to achieve
high yields. Besides, the solvent and the substrate should be thoroughly dried because the presence of
even traces of moisture leads to a significant decrease in the yield of the desired products.

Ticl,

D — e

CH,Cl,, 0°C

1a-n

Scheme 3. Synthesis of pentacyclic steroids 2a-m by the interrupted Nazarov cyclization.

Table 1. Yields of benzylidene cyclization products 2a-n.

Entry Codes Ar Yields
NMR * Isolated
1 a Ph 80 63
2 b 4-Cl-C¢Hy 95 78
3 C 4-Br-CgHy 95 70
4 d 3-BI‘—C6 H4 88 60
5 e 2-F-CcHy 71 40
6 f 4-F-C¢Hy 80 41
7 g 2,4-C12C6H3 92 73
8 h 2-Cl-6-F-C¢H3 80 58
9 i 4-MeO-CgHy 78 55
10 j 3-MeO-CHy 76 44
11 k 3,4-(MeO),-C¢H3 91 43
12 1 3,4,5-(MeO);C¢H, 70 47
13 m 2-Thienyl 92 64
14 n 2-Furyl 35 0

* TMS is used as internal standard.
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As can be seen in Table 1, the cyclization of benzylidenes was efficient and gave products
in high yields, as evidenced by 'H-NMR analysis of the reaction mixture after the completion
of the reaction (Table 1). The highest yields were obtained for halogen-substituted benzylidenes,
the cyclization of which proceeds smoothly and with minimal side processes. The modest average
yields of methoxy-substituted benzylidenes can be explained by the partial hydrolysis of methoxy
groups promoted by a strong Lewis acid. Only the furan derivative was obtained in a low yield (35%)
(Entry 14, Table 1). We failed to isolate this compound and characterize it as an individual product.
Apparently, this is due to the high sensitivity of the furan derivative to Lewis acids, in particular, to
titanium (IV) chloride, although the reaction of thiophenebenzylidene proved to be efficient and gave
the target product in 64% yield. Despite high yields determined from the 'H NMR data, the isolated
yields were moderate (Table 1). Significant losses during the purification by column chromatography
are apparently due to the sensitivity of labile functional groups (tertiary alkyl chlorides, carbonyl
groups, and activated methylene moiety) to silica gel. It is worth noting that the utilization of neutral
alumina instead of silica gel did not lead to a significant improvement in the outcome. The efficiency
of this process and the absence of by-products were also demonstrated by NMR monitoring of the
cyclization of benzylidene 1c (Figure 1).

1. Before addition TiCl, (2,2 eq. ] |
0
Moo .
1c

2. 1 min. after addition TiCl, (2,2 eq.)

D N NN ¥

3. 120 min. after addition TiCl, (2,2 eq.)

D N NNy

4. 240 min. after addition TiCl, (2,2 eq.)

5. Isolated product 2¢

7.0 6.5 6.0 55 3.0 25 2.0 1.5 1.0 05
ppm

Figure 1. 'H-NMR monitoring of the cyclization of benzylidene 1c.

As can be seen in Figure 1, the reaction is not accompanied by side processes and gives a single
isomer, although we initially expected that this reaction would afford two isomers structurally similar
to the exo and endo isomers prepared by the cyclization of camphor-derived dienones [80]. (The absence
of any other by-products is evidenced by the presence of a single pair of signals both in the aromatic
region and for methyl groups; for more information see Figure S4 in the SM). An analysis of the
'H and '3C-NMR spectra showed that the second isomer was absent in all other reactions as well
(see copies of the 'H and '3C-NMR spectra of the synthesized pentacyclic steroids in the SM). We
performed additional NMR studies, which confirmed the formation of a single conformer in solution
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(the 'H-NMR spectra were recorded in a wide temperature range from 20 to 100 °C, see Figure S5
in the SM). The heating of a solution of pentacyclic steroid 2m in acetonitrile under reflux for 10 h
also did not lead to any changes in the 'H NMR spectrum. The formation of a single conformer is
confirmed by the 'H NMR spectrum of the crude mixture (see Figures S7 and S8 in the SM). The
formation of one diastereomer can be explained by the rigidity of the steroid backbone, in which case
the nucleophile always attacks with the formation of an anti-diastereomer. Similarly, the formation of a
single diastereomer was observed in the case of bicyclic camphor and nopione structures [80].

2.2. Gram-Scale Synthesis of Pentacyclic Steroid 2g

To demonstrate the scalability and application potential of the method for the synthesis of
pentacyclic steroids, we performed a 5 mmol scale experiment for lead compound 2g. The gram-scale
synthetic protocol was carried out under the normal laboratory setup starting from commercially
available 16-DPA under the optimized reaction conditions (Scheme 4).

( Gram-scale synthesis )

5.7 mmol
Cl 109

1. t-BuOK/t-BuOH
2. Al(i-PrO),/
cyclohexanone

16-DPA 1g 2g
5mmol 1.78 g 74%1.74 g 71%1.32¢9g

Scheme 4. Gram-scale synthesis of pentacyclic steroid 2g.

To our delight, pentacyclic steroid 2g was obtained without a significant decrease in yield (total 3
steps yield is 52%), which clearly demonstrates the practical applicability of our proposed method.
(Benzylidene 1g was obtained according to a previously developed method [53]).

2.3. X-ray Diffraction Study and Structure Optimization

The crystal structures of products 2 were determined by X-ray diffraction study of compounds 2b
and 2g (Figure 2) [88]. Absolute configurations of studied molecules were established by anomalous
X-ray scattering in both cases, which allowed us not only to confirm configurations of unchanged
chiral centers but also to find configurations of two new chiral centers generated during cyclization.
The unit cell of compound 2b comprises two conformers (2’b and 2”b) in a ratio of 1:1 (Figure 2),
whereas compound 2g crystallizes as a single conformer 2’g (Figure 2).
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Figure 2. Crystal structures of 2b (two conformers — 2’b and 2”b) and 2g (a single conformer 2’g).
Two crystallographically independent molecules of 2'b and molecule 2’g are shown in a similar
orientation, with thermal displacement ellipsoids drawn at the 50% probability level.

The new chiral centers at the 16 and 17 positions of the steroid system (the C2 and C6 atoms
in Figure 2) adopt the same configuration in molecules 2’b, 2”b, and 2’g. The geometry of conformer
2’g is similar to that of 2’b. An analysis of the geometry shows that the presence of two conformers of
2b can be nearly entirely attributed to the conformational flexibility of the terminal five-membered
ring. It should be noted that the five-membered ring D and the six-membered rings A—C of the steroid
system in the two conformers (2’b and 2”b) have a very similar geometry. In both conformers, the
terminal five-membered ring adopts an envelope conformation. The C5A atom bound to the phenyl
group deviates from the plane defined by the other four atoms of the ring in 2’b, whereas the C4B atom
located between the carbonyl group and the >CHAr group deviates from the corresponding plane in
2”b. An analysis of the van der Waals contacts in the conformationally different moieties of molecules
2'b and 2”b shows that intramolecular repulsive forces in these molecules are similar in strength (see
Table S6 in the SM). Hence, the conformers should have similar energies. It is worth noting that there
are numerous intermolecular non-valence interactions (H---H, O--H, Cpp---Hpp, Cl---Cl), which can
affect the molecular geometry in the crystal. Intramolecular van der Waals repulsion in molecule 2’g
is somewhat stronger compared to 2’b. Besides, there are short contacts between hydrogen atoms
and the ortho-chlorine atom of the phenyl group (H5---CI2 and H6--C12, Table S6 in the SM) in 2’g.
In all three molecules (2’b, 2”b, and 2’g), the aryl substituents are in a similar orientation to the C4-C5
bond of the five-membered ring; the C4-C5-C22-C27 torsion angles vary in the range of 15.7°-16.7°.
It should be noted that undetected conformer 2”g, which is structurally similar to 2”b should be much
less stable than 2’g due to intramolecular van der Waals contacts (see section IV in the SM).

The relative energies of 2’b and 2”b and the energy of the transition state between these structures
were evaluated by DFT calculations. The geometry optimization and energy calculations for 2’b and
2"”b were performed at the wB97X-D/6-311++G(d,p)//wB97X-D/6-31+G(d,p) level of theory, according
to the literature data [89]. The energy difference between the conformers is rather small (0.2 kcal/mol)
and the energy barrier for conformational transitions is ca. 1.1 kcal/mol (see section V in the SM).
Therefore, a low activation barrier makes it impossible to detect each conformer in solution by NMR
methods even at low temperatures because of fast exchange on the NMR time scale.

Calculated frontier orbitals for conformers 2’b and2”b are shown in Figure 3. It might be noted
that both HOMO and LUMO orbitals are localized, to some extent, at carbon atoms of the newly
formed 5-membered ring and also at chlorine (Cl1), oxygen (O1) atoms bound to atoms C2, C3 of
the ring.
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HOMO LUMO

2'b

2"b

Figure 3. Localization of HOMO (left) and LUMO (right) for 2’b (top) and 2”b (bottom), calculated by
the wB97X-D functional for the gas phase.

Therefore, different parts of this terminal 5-membered ring should be considered as reactive centers
that should be susceptible to an attack by either nucleophilic or, to a lesser extent, electrophilic reagents.
This conclusion will be tested in our further works.

2.4. In Vitro Antiproliferative Activity

Biological assays of the synthesized pentacyclic steroids were performed in the following two
breast cancer cell lines: the most commonly used estrogen-dependent breast cancer cell line MCF-7 [90]
and the triple-negative breast cancer cell line MDA-MB-231. Triple-negative breast cancer (TNBC) does
not express estrogen and progesterone receptors and HER2/neu. Hence, the development of effective
therapeutic agents for the treatment of TNBC is a challenge. Triple-negative breast cancer is generally
characterized by rapid progression and does not respond to hormonal therapy [91]. We evaluated the
antiproliferative activity of 13 synthesized compounds using standard incubation of the cells with the
tested compounds for 72 h (Table 2).
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Table 2. Antiproliferative activity of pentacyclic steroids 2a-m and cisplatin (cell growth for 72 h).

ICs50 2, uM
Entry Compounds MCE-7 MDA-MB-231
1 2a 10.0+£1.5 8.8+0.9
2 2b 6.0+0.8 94 +1.1
3 2¢ 81+09 >25
4 2d 7.5+ 09 >25
5 2e 126 £1.6 19.6 + 2.1
6 2f 71+£09 122 +1.6
7 2¢g 82+09 6307
8 2h 177 £2.1 152+1.6
9 2i 95+12 13.0+15
10 2j 72+038 >25
11 2k 25+22 248 +£2.5
12 21 10.6 £1.3 215+24
13 2m 245+25 >25
14 Cisplatin(CDDP) 6.3 +0.8 132+15

ICs 2 is the concentration that causes 50% inhibition of cell growth.

All steroids caused 50% inhibition of proliferation of MCF-7 cells at concentrations lower than
25 uM. Compounds 2b, 2d, 2f, and 2j exhibited the highest activity with IC5y values below 8 uM.
Antiproliferative effects of these compounds are comparable with that of cisplatin used as the reference
compound. Four other pentacyclic steroids (2a, ¢, g, i) also showed high activity. For these compounds,
the ICsg against MCF-7 cells was lower than 10 uM. The other steroids were less active and showed
IC5p values ranging from 10 to 25 uM. Steroid 2b exhibited the highest activity in the breast cancer
cell line MCF-7. Hence, the compound containing the 4-chlorophenyl moiety (4-Cl-C¢Hy) as the aryl
substituent is the most promising for further assays as an agent against hormone-dependent cancers.

The activity of the tested compounds against triple-negative breast cancer varied in a wide range.
Four pentacyclic steroids (2¢,d,j,m) were inactive and caused 50% inhibition of MDA-MB-231 cell
growth at concentrations below 25 uM. On the contrary, compounds 2a,b,g exhibited high activity
against TNBC with ICsy lower than 10 uM. These steroids were more active than the reference
compound cisplatin. Compounds 2f and 2i showed activity similar to that of cisplatin. Interestingly,
4-chlorophenyl-substituted steroid 2b, which exhibited activity against the hormone-dependent
cancer cell line MCFE-7, showed relatively high activity against MDA-MB-231, but its effects were
much weaker compared to 2g (Table 2). Steroid 2g was selected as the lead compound against
MDA-MB-231. High antiproliferative activity of chlorine-containing steroids was also reported in
the study [92]. The steroidal [17,16-d]pyrimidine derivative containing the 2-chlorophenyl moiety
displayed a significant cytostatic effect in the cell lines HepG2 (human hepatocellular liver carcinoma
cell line) and Huh?7 (human hepatoma cell line) with ICsj values lower than 6 uM. This steroid was
less active in the cell line SGC-7901 (human gastric cancer cell line), where it showed an effect with
ICs¢ of ca. 10 uM. Probable mechanism of action of chlorine-containing steroids is considered in the
study [93]. An androstanopyridine derivative bearing chlorine in the side chain was found to be
an effective activator of the protein p53 in in vitro and in vivo experiments. The protein p53 is a key
tumor suppressor and its directed activation can be considered as an approach to therapy using steroid
derivatives, in particular pentacyclic steroids.

3. Materials and Methods

3.1. General Information

Proton nuclear magnetic resonance spectra (\H-NMR) and carbon nuclear magnetic resonance
spectra (13C-NMR) were recorded in deuterated solvents on a spectrometers (Fourier 300 HD, Bruker
BioSpin AG, Ziirich, Switzerland) working at 300 MHz for 1H, 75 MHz for 13C. Both 1H and 13C
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NMR reported in parts per million (ppm) at 293 K. Data are represented as follows: chemical shift,
multiplicity (s, singlet; d, doublet; m, multiplet; br, broad; q, quartet), coupling constant in hertz (Hz).
Melting points (mp) were recorded using an apparatus and not corrected. Mass spectra were obtained
on a mass spectrometer (70 eV) with direct sample injection into the ion source. High resolution
mass spectra were obtained from a TOF mass spectrometer with an SM source. All chemicals and
anhydrous solvents were purchased from commercial sources and used without further purification.
Silica column chromatography was performed using silica gel 60 (70—230 mesh); TLC analysis was
conducted on silica gel 60 F254 plates. Benzylidines 1a—m were prepared according to the previously
reported method [53].

3.2. Synthesis and Characterization of Pentacyclic Steroids 2a—m

General method: To a stirring solution of benzylidine 1 (0.15 mmol) in abs methylene chloride
(10 mL) at -5 °C the solution of freshly distilled titanium (IV) chloride (0.063 g, 0.33 mmol) in abs
methylene chloride (5 mL) was added dropwise. The reaction mixture was stirred at the same
temperature for 1.5 h and then it was kept at 20 °C until the reaction completion (monitoring by
TLC). Then the reaction mixture was poured into the ice-water mixture (100 mL) and extracted with
CH,Cl, (3 x 20 mL). The combined organic phases were washed with water (2 X 50 mL), dried with
sodium sulfate, and evaporated in a vacuum. The residue was purified by column chromatography by
petroleum ester/ethyl acetate 3:1 and recrystallized from the same mixture.

3.2.1. (6aR,6bS,8aS,8bS,11R,11aS,12a5,12bR)-8b-chloro-6a,8a-dimethyl-11-phenyl-1,6,6a,6b,7,8,8a,8b,
10,11,11a,12,12a,12b-tetradecahydropentaleno[2,1-a]phenanthrene-4,9(2H,5H)-dione (2a)

Yield = 63% (0.041 g), given as a white powder; mp 203-205 °C; 'H-NMR (300 MHz, CDCl3):
5 =10.88-1.00 (m, 1H), 1.07 (s, 3H), 1.09-1.15 (m, 1H), 1.19 (s, 3H), 1.34-1.51 (m, 1H), 1.62-1.94 (m, 8H),
2.01-2.10 (m, 2H), 2.25-2.45 (m, 4H), 2.76 (dd, | = 18.2, 8.8 Hz,1H), 2.97-3.09 (m, 2H), 3.13-3.21 (m, 1H),
5.74 (s, 1H), 7.23-7.37 (m, 5H). 13*C NMR (75 MHz, CDCl3): § = 17.4, 17.5, 20.3, 30.4, 31.7, 32.5, 33.9,
35.4,35.7,36.6,38.5,45.0, 46.4, 48.6, 50.5, 53.1, 56.7, 79.0, 124.1, 126.8, 127.2 (2C), 128.6 (2C), 143.9, 170.1,
199.2, 211.6. HRMS (ESI-TOF) m/z: [M + H]* Calcd for CogH33Cl1O,: 437.2237; Found: 437.2242.

3.2.2. (6aR,6bS,8a5,8bS,11R,11aS5,12aS,12bR)-11-(4-chlorophenyl)-8b-chloro-6a,8a-dimethyl-1,6,6a,
6b,7,8,8a,8b,10,11, 11a,12,12a,12b-tetradecahydropentaleno[2,1-a]phenanthrene-4,9(2H,5H)-dione (2b)

Yield = 78% (0.055 g), given as a light yellow powder; mp 125-127 °C; IH-NMR (300 MHz, CDCl3):
5 =0.89-0.98 (m, 1H), 1.06 (s, 3H), 1.10-1.14 (m,1H), 1.20 (s, 3H), 1.38-1.49 (m, 1H), 1.65-1.91 (m, 8H),
2.00-2.19 (m, 2H), 2.27-2.42 (m, 4H), 2.78 (dd, | = 18.4, 9.0 Hz, 1H), 2.93-3.01 (m, 2H), 3.15-3.19 (m, 1H),
5.74 (s, 1H), 7.23 (d, ] = 9 Hz, 2H), 7.27-7.31 (m, 2H). 3C-NMR (75 MHz, CDCl3): § = 17.4, 17.4,20.3,
30.3,31.7,32.5,33.9,35.4,35.7, 36.6, 38.5,44.8, 45.7, 48.8, 50.6, 53.1, 56.6, 78.9, 124.1, 128.6 (2C), 128.7
(2C), 132.6, 142.4,169.9, 199.2, 211.3. HRMS (ESI-TOF) m/z: [M + H]* Calcd for CogHz,Cl,O5: 471.1844;
Found: 471.1852.

3.2.3. (6aR,6bS,8a5,8bS,11R,11aS5,12aS,12bR)-11-(4-bromophenyl)-8b-chloro-6a,8a-dimethyl-1,6,6a,6b,
7,8,8a,8b,10,11,11a,12,12a,12b-tetradecahydropentaleno[2,1-a]phenanthrene-4,9(2H,5H)-dione (2c)

Yield = 70% (0.046 g), given as a white powder; mp 123-125 °C; IH-NMR (300 MHz, CDCl5):
5 =0.87-1.02 (m, 1H), 1.07 (s, 3H), 1.09-1.15 (m, 1H), 1.19 (s, 3H), 1.32-1.49 (m, 1H), 1.65-1.90 (m, 8H),
2.01-2.08 (m, 2H), 2.27-2.49 (m, 4H), 2.76 (dd, | = 18.5, 8.9 Hz, 1H), 2.99-3.07 (m, 2H), 3.10-3.20 (m,
1H), 5.74 (s, 1H), 7.18 (d, ] = 8.3 Hz, 2H), 7.46 (d, ] = 8.3 Hz, 2H). 13C-NMR (75 MHz, CDCl3): § = 17.4,
17.4,20.3, 30.3, 31.7, 32.5, 33.9, 35.4, 35.7, 36.6, 38.5, 44.7, 45.7, 48.8, 50.6, 53.1, 56.6, 78.9, 120.6, 124.1,
129.0 (2C), 131.7 (2C), 142.9, 170.0, 199.2, 211.4. HRMS (ESI-TOF) m/z: [M + H]* Calcd for CogH33ClO5:
437.2237; Found: 437.2242.
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3.2.4. (6aR,6bS,8aS,8bS,11R,11aS5,12a5,12bR)-11-(3-bromophenyl)-8b-chloro-6a,8a-dimethyl-1,6,6a,
6b,7,8,8a,8b,10,11,11a,12,12a,12b-tetradecahydropentaleno[2,1-a]Jphenanthrene-4,9(2H,5H)-dione (2d)

Yield = 60% (0.046 g), given as a white powder; mp 230-232 °C; IH-NMR (300 MHz, CDCl3):
5 =0.89-1.01 (m, 1H), 1.07 (s, 3H), 1.09-1.12 (m, 1H), 1.20 (s, 3H), 1.26-1.49 (m, 1H), 1.65-1.94 (m, 8H),
2.01-2.07 (m, 2H), 2.28-2.50 (m, 4H), 2.76 (dd, ] = 18.3, 8.7 Hz, 1H), 2.96-3.03 (m, 2H), 3.14-3.20 (m, 1H),
5.74 (s, 1H), 7.18-7.23 (m, 2H), 7.38-7.40 (m, 1H), 7.45(s, 1H). 13C-NMR (75 MHz, CDCl;): 5 = 17.4, 17.5,
20.3,30.3, 31.7,32.5,33.9,35.4, 35.7, 36.6, 38.5,44.7,45.9, 48.7, 50.5, 53.1, 56.5, 78.8, 122.7,124.1, 125.7,
129.9, 130.2, 130.5, 146.2, 169.9, 199.2, 211.1. HRMS (ESI-TOF) m/z: [M + H]* Calcd for CogH3,BrClO;:
515.1359; Found: 515.1347.

3.2.5. (6aR,6bS,8a5,8bS,11R,11aS5,12aS,12bR)-11-(2-fluorophenyl)-8b-chloro-6a,8a-dimethyl-1,6,6a,
6b,7,8,8a,8b,10,11,11a,12,12a,12b-tetradecahydropentaleno[2,1-a]phenanthrene-4,9(2H,5H)-dione (2e)

Yield = 40% (0.027 g), given as a white powder; mp 211-213 °C; TH-NMR (300 MHz, CDCl3):
& = 0.89-1.00 (m, 1H), 1.06 (s, 3H), 1.09-1.17 (m, 1H), 1.20 (s, 3H), 1.26-1.49 (m, 1H), 1.65-1.92 (m, 8H),
2.01-2.16 (m, 2H), 2.28-2.48 (m, 4H), 2.79 (dd, | = 18.8, 9.0 Hz, 1H), 2.95-3.03 (m, 2H), 3.54-3.57 (m, 1H),
5.75 (s, 1H), 7.03-7.15 (m, 2H), 7.21-7.31 (m, 2H). 13C NMR (75 MHz, CDCls): 5 = 17.3, 17.4, 20.3, 30.3,
31.7,32.5,33.9,35.3,35.7, 36.6, 38.6 (d, °J(C-F) = 3.1 Hz), 38.7, 43.5, 49.0, 50.7, 53.1, 55.3, 78.8, 115.3 (d,
2J(C-F) =21.9 Hz), 124.1, 124.1, 127.9 (d, 3](C-F) = 4.1 Hz), 128.4 (d, 3J(C-F) = 8.4 Hz), 130.7 (d, ?J(C-F) =
13.9 Hz), 160.6 (d, J(C-F) = 245.3 Hz), 170.1, 199.2, 212.0. HRMS (ESI-TOF) m/z: [M + H]* Calcd for
CogH3FClO,: 455.2149; Found: 455.2148.

3.2.6. (6aR,6bS,8a5,8bS,11R,11aS5,12aS,12bR)-8b-chloro-11-(4-fluorophenyl)-6a,8a-dimethyl-1,6,6a,
6b,7,8,8a,8b,10,11,11a,12,12a,12b-tetradecahydropentaleno[2,1-a]phenanthrene-4,9(2H,5H)-dione (2f)

Yield = 71% (0.048 g), given as a white powder; mp 181-183 °C; 'H-NMR (300 MHz, CDCl3):
5 =0.89-1.00 (m, 1H), 1.06 (s, 3H), 1.09-1.14 (m, 1H), 1.19 (s, 3H), 1.34-1.49 (m, 1H), 1.64-1.90 (m, 8H),
1.99-2.11 (m, 2H), 2.27-2.49 (m, 4H), 2.76 (dd, | = 18.4, 8.9 Hz, 1H), 2.93-3.01 (m, 2H), 3.13-3.23 (m, 1H),
5.74 (s, 1H), 6.99-7.05 (m, 2H), 7.23-7.28 (m, 2H). 13C NMR (75 MHz, CDCl3): § = 17.4,17.4,20.3,30.3,
31.7,32.5,33.9, 35.4, 35.6, 36.6, 38.5, 45.0, 45.5, 48.8, 50.5, 53.1, 56.8, 78.9, 115.4 (d, 2J(C-F) = 21.4 Hz, 2C),
124.1, 128.7 (d, 3J(C-F) = 8.0 Hz, 2C), 139.6 (d, *](C-F) = 3.0 Hz), 161.6 (d, '](C-F) = 245.3 Hz), 170.1,
199.4, 211.7. HRMS (ESI-TOF) m/z: [M + H]* Calcd for CosH3, FCIO,: 455.2155; Found: 455.2148.

3.2.7. (6aR,6bS,8aS,8bS,11R,11aS,12a5,12bR)-8b-chloro-11-(2,4-dichlorophenyl)-6a,8a-dimethyl-1,6,
6a,6b,7,8,8a,8b,10,11,11a,12,12a,12b-tetradecahydropentaleno[2,1-a]Jphenanthrene-4,9(2H,5H)-dione
(28)

Yield = 73% (0.055 g), given as a light yellow powder; mp 185-187 °C; 'H-NMR (300 MHz, CDCl5):
5 =0.89-0.98 (m, 1H), 1.05 (s, 3H), 1.10-1.14 (m, 1H), 1.20 (s, 3H), 1.39-1.49 (m, 1H), 1.65-1.89 (m, 8H),
2.03-2.21 (m, 2H), 2.29-2.43 (m, 4H), 2.89-2.96 (m, 3H), 3.68-3.74 (m, 1H), 5.75 (s, 1H, CH), 7.19-7.25
(m, 2H), 7.42 (s, 1H). '*C-NMR (75 MHz, CDCl,): § = 17.1,17.4,20.2, 30.3, 31.7, 32.5, 33.9, 35.3, 35.7,
36.7,38.5,41.9,43.8,49.2,50.8, 53.1, 55.0, 78.7, 124.2, 127.1, 128.7, 129.3, 133.1, 134.4, 139.8, 170.0, 199.2,
212.3. HRMS (ESI-TOF) m/z: [M + H]* Calcd for CygH3;Cl30;: 505.1462; Found: 505.1462.

3.2.8. (6aR,6bS,8a5,8bS,11R,11aS5,12aS,12bR)-8b-chloro-11-(2-chloro-6-fluorophenyl)-6a,8a-dimethyl-
1,6,6a,6b,7,8,8a,8b,10,11,11a,12,12a,12b-tetradecahydropentaleno[2,1-a]phenanthrene-4,9(2H,5H)-dione
(2h)

Yield = 58% (0.042 g), given as a light yellow powder; mp 164-166 °C; 'H-NMR (300 MHz, CDCls):
6 =10.93-0.99 (m, 1H), 1.09 (s, 3H), 1.12-1.17 (m, 1H), 1.20 (s, 3H), 1.39-1.51 (m, 1H), 1.63-1.98 (m, 9H),
2.02-2.09 (m, 2H), 2.28-2.45 (m, 4H), 2.57 (ddd, ] = 17.8, 8.9, 3.4 Hz, 1H), 3.03-3.08 (m, 1H), 3.38 (dd,
] =17.8, 8.8 Hz, 1H), 3.60-3.67 (m,1H), 5.75 (s, 1H), 6.97-7.05 (m, 1H), 7.15-7.25 (m, 2H). 13C NMR
(75 MHz, CDCl,): § = 17.4,17.6, 20.4, 30.9, 31.7, 32.5, 33.9, 34.5, 35.6, 36.4, 38.5, 40.4, 42.1 (d, 3](C-F)
= 7.3 Hz), 48.5, 50.7, 53.0, 55.3, 79.0, 115.3 (d, 2J(C-F) = 23.7 Hz), 124.0, 125.7 (d, *J(C-F) = 2.9 Hz),
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128.0 (d, 2J(C-F) = 14.3 Hz), 128.7 (d, 3J(C-F) = 10.0 Hz), 134.9 (d, 3J(C-F) = 7.0 Hz), 161.5 (d, 'J(C-F)
= 249.5 Hz), 170.0, 199.3, 210.4. HRMS (ESI-TOF) m/z: [M + H]* Calcd for CpgH3; Cl,FO,: 489.1751;
Found: 489.1758.

3.2.9. (6aR,6bS,8a5,8bS,11R,11aS5,12aS5,12bR)-8b-chloro-11-(4-methoxyphenyl)-6a,8a-dimethyl-1,6,
6a,6b,7,8,8a,8b,10,11,11a,12,12a,12b-tetradecahydropentaleno[2,1-a]Jphenanthrene-4,9(2H,5H)-dione
(2i)

Yield = 55% (0.038 g), given as an yellow powder; mp 180-182 °C; 'H-NMR (300 MHz, CDCl3):
& =1.02 (s, 3H), 1.08-1.14 (m, 1H), 1.22 (s, 3H), 1.32-1.54 (m, 2H), 1.64-1.93 (m, 8H), 2.02-2.09 (m, 1H),
2.25-2.45 (m, 5H), 2.80-2.85 (m, 1H), 2.95-2.99 (m, 1H), 3.04-3.12 (m, 2H), 3.82 (s, 3H), 5.74 (s, 1H),
6.90 (d, ] = 8.2 Hz, 2H), 7.19 (d, ] = 8.3 Hz, 2H). 13C NMR (75 MHz, CDCl3): § = 16.3, 17.5, 20.3, 31.8,
32.6,33.4,33.9,34.0,35.5,35.7,38.5, 46.5,47.6, 48.6, 52.8, 52.9, 55.3, 61.4, 83.1, 114.3 (2C), 124.1, 127.6
(2C), 134.3,158.7,170.3, 199.2, 210.3. HRMS (ESI-TOF) m/z: [M + H]* Calcd for Co9H35Cl,O5 467.2345;
Found: 467.2347.

3.2.10. (6aR,6bS,8a5,8bS,11R,11aS5,12aS,12bR)-8b-chloro-11-(3-methoxyphenyl)-6a,8a-dimethyl-1,6,
6a,6b,7,8,8a,8b,10,11,11a,12,12a,12b-tetradecahydropentaleno[2,1-a]Jphenanthrene-4,9(2H,5H)-dione
(2j)

Yield = 44% (0.030 g), given as an yellow powder; mp 126-128 °C; 'H NMR (300 MHz, CDCl3): &
=0.90-1.00 (m, 1H), 1.08 (s, 3H), 1.12-1.16 (m, 1H), 1.21 (s, 3H), 1.36-1.50 (m, 1H), 1.63-1.95 (m, 8H),
2.01-2.10 (m, 2H), 2.29-2.45 (m, 4H), 2.75 (dd, | = 18.2, 8.7 Hz, 1H), 2.98-3.08 (m, 2H), 3.11-3.18 (m,
1H), 3.83 (s, 3H), 5.75 (s, 1H), 6.78-6.82 (m, 1H), 6.86-6.91 (m, 2H), 7.24-7.29 (m, 1H). 3C-NMR (75
MHz, CDCl): 6 =17.4,17.5,20.3,30.4,31.7, 32.5, 33.9, 35.5, 35.7, 36.6, 38.5, 45.0, 46.4, 48.6, 50.5, 53.1,
55.2,56.6,79.1,111.9,113.2, 119.5, 124.1, 129.7, 145.6, 159.8, 170.1, 199.3, 211.6. HRMS (ESI-TOF) m/z:
[M + H]* Calcd for CooHj35C103: 467.2333; Found: 467.2347.

3.2.11. (6aR,6bS,8a5,8bS,11R,11aS5,12aS,12bR)-8b-chloro-11-(3,4-dimethoxyphenyl)-6a,8a-dimethyl-1,
6,6a,6b,7,8,8a,8b,10,11,11a,12,12a,12b-tetradecahydropentaleno[2,1-a]phenanthrene-4,9(2H,5H)-dione
(2k)

Yield = 43% (0.032 g), given as an yellow powder; mp 182-184 °C; 'H-NMR (300 MHz, CDCl3):
5 =10.89-0.98 (m, 1H), 1.07 (s, 3H), 1.12-1,16 (m,1H), 1.20 (s, 3H), 1.35-1.49 (m, 1H), 1.65-1.91 (m, 8H),
2.00-2.09 (m, 2H), 2.27-2.49 (m, 4H), 2.77 (dd, ] = 18.6, 9.0 Hz, 1H), 2.93-3.00 (m, 2H), 3.11-3.18 (m,
1H), 3.87 (s, 3H), 3.89 (s, 3H), 5.74 (s, 1H), 6.80-6.85 (m, 3H). 13C NMR (75 MHz, CDCly): § = 174, 17.5,
20.3,30.4,31.7,32.5, 33.9, 35.6, 35.7, 36.0, 36.6, 38.5, 45.4, 46.1, 48.8, 50.5, 53.1, 55.9 (2C), 56.7, 79.2, 110.5,
111.1,119.2, 124.1, 136.7, 147.9, 149.1, 170.0, 199.2, 212.0. HRMS (ESI-TOF) m/z: [M + H]* Calcd for
C3oH37ClOy: 497.2447; Found: 497.2453.

3.2.12. (6aR,6bS,8a5,8bS,11R,11aS,12aS,12bR)-8b-chloro-11-(3,4,5-trimethoxyphenyl)-6a,8a-dimethyl-
1,6,6a,6b,7,8,8a,8b,10,11,11a,12,12a,12b-tetradecahydropentaleno[2,1-a]Jphenanthrene-4,9(2H,5H)-dione
(21)

Yield = 47% (0.037 g), given as an yellow powder; mp 207-209 °C; 'H-NMR (300 MHz, CDCl3):
5 =0.89-1.00 (m, 1H), 1.09 (s, 3H), 1.12-1.16 (m, 1H), 1.20 (s, 3H), 1.40-1.48 (m, 1H), 1.65-1.91 (m, 8H),
2.02-2.10 (m, 2H), 2.27-2.44 (m, 4H), 2.79 (dd, ] = 18.6, 9.1 Hz, 1H), 2.92-3.01 (m, 2H), 3.10-3.16 (m,
1H), 3.84 (s, 3H), 3.87 (s, 6H), 5.74 (s, 1H), 6.52 (s, 2H). 3C-NMR (75 MHz, CDCl,): & = 17.5, 17.6, 20.4,
30.5,31.8, 32.6, 33.9, 35.7, 36.0, 36.7, 38.6, 45.6, 47.0, 48.9, 50.6, 53.2, 56.2 (2C), 56.6, 60.9, 79.4, 104.5 (2C),
124.2,136.9, 140.1, 153.3(2C) 170.1, 199.3, 212.1. HRMS (ESI-TOF) m/z: [M + H]* Calcd for C3;H39ClOs:
527.2551; Found: 527.2559.
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3.2.13. (6aR,6bS,8aS,8bS,11R,11a5,12a5,12bR)-8b-chloro-6a,8a-dimethyl-11-(thiophen-2-yl)-1,6,6a,
6b,7,8,8a,8b,10,11,11a,12,12a,12b-tetradecahydropentaleno[2,1-a]Jphenanthrene-4,9(2H,5H)-dione (2m)

Yield = 64% (0.042 g), given as a light yellow powder; mp 193-195 °C; 'H-NMR (300 MHz, CDCl3):
5 =0.89-0.98 (m, 1H), 1.05-1.15 (m, 4H), 1.20 (s, 3H), 1.37-1.48 (m, 1H), 1.60-1.93 (m, 8H), 2.02-2.16
(m, 2H), 2.25-2.47 (m, 4H), 2.83 (dd, ] = 17.6, 7.4 Hz, 1H), 2.99-3.17 (m, 2H), 3.42-3.54 (m, 1H), 5.74 (s,
1H), 6.86-6.98 (m, 2H), 7.17-7.24 (m, 1H). '3C NMR (75 MHz, CDCl,): § = 17.4,17.5,20.4, 30.4, 31.8,
32.6,33.9,34.9,35.7,36.7, 38.6, 41.3, 45.6, 49.0, 50.8, 53.2, 56.9, 78.5, 123.9, 124.0, 124.2,126.9, 147.8, 170.1,
199.3, 211.1. HRMS (ESI-TOF) m/z: [M + H]* Calcd for CpsHjz1ClO,S 443.1801; Found: 443.1806.

4. Conclusions

In summary, we studied the cyclization of 16-DPA-based benzylidenes in the presence of Lewis
or Bronsted acids, in particular, aluminum, iron (III), tin, titanium (IV) chlorides and dry hydrogen
chloride. It was found that these compounds readily undergo highly regioselective interrupted Nazarov
cyclization with trapping chloride ion. An efficient method of the synthesis of D-annulated pentacyclic
steroids was developed. The structures of the synthesized pentacyclic steroids were determined by
NMR and X-ray diffraction. It was found that the reaction affords a single diastereomer, but it can
crystallize as two conformers depending on the structure. The formation of one diastereomer can
be explained by the rigidity of the steroid backbone, in which case the nucleophile always attacks
with the formation of an antidiastereomer. Similarly, the formation of a single diastereomer was
observed in the case of bicyclic camphor and nopione structures. The synthetic potential of this
protocol has been illustrated by the gram-scale experiment. Antiproliferative activity of the synthesized
compounds was evaluated against two breast cancer cell lines: MCF-7 and MDA-MB-231. All the
tested compounds exhibit relatively high antiproliferative activity. The activity of a number of steroids
is comparable to that of cisplatin used as the reference compound. Besides, we expected that the
steroid compounds with high antiproliferative activity would be less toxic to normal tissues compared
to cisplatin, which displays serious side effects significantly complicating the treatment process.
A comparison of the antiproliferative activity of the newly synthesized pentacyclic steroids with that
of the starting benzylidenes (see [51]) shows that the Nazarov cyclization of the latter does not lead to
a loss of activity. Further preclinical and clinical trials are required to identify intracellular targets for
the lead compounds (2b and 2g). In particular, it remains to determine whether the selected molecules
affect steroid hormone receptors and steroid metabolism enzymes in luminal breast cancer cells and to
analyze whether p53 is involved in the cytotoxic effect caused by new-class steroids.

Supplementary Materials: The following are available online biological assays, X-ray diffraction studies,
DEFT calculations, transition state, thermodynamic calculations, 'H NMR monitoring, copies of IH and 13C NMR
spectra, copies of HRMS spectra.

Author Contributions: Conceptualization, V.Z.S.; software, M.E.M. (X-ray); investigation, S.K.V,, synthesis; A.V.Y.,
NMR study; A.M.S. and E.LM., biology; writing—original draft preparation, Y.A.V., (manuscript, SM); A.V.Y.
(Experimental section); writing—review and editing, V.Z.S.; supervision, I.V.Z. All authors have read and agreed
to the published version of the manuscript.

Funding: This research received no external funding.

Acknowledgments: Crystal structure determination was performed in the Department of Structural Studies of
the Zelinsky Institute of Organic Chemistry, Russian Academy of Sciences, Moscow.

Conflicts of Interest: The authors declare no conflict of interest.

References and Note

1.  Ke, S. Recent Progress of novel steroid derivatives and their potential biological properties. Mini-Rev. Med.
Chem. 2018, 18, 745-775. [CrossRef] [PubMed]

2. Hanson, ].R. Steroids: Partial synthesis in medicinal chemistry. Nat. Prod. Rep. 2010, 27, 887-899. [CrossRef]
[PubMed]


http://dx.doi.org/10.2174/1389557517666171003103245
http://www.ncbi.nlm.nih.gov/pubmed/28971776
http://dx.doi.org/10.1039/c001262a
http://www.ncbi.nlm.nih.gov/pubmed/20424788

Molecules 2020, 25, 3499 14 of 18

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Heasley, B. Chemical synthesis of the cardiotonic steroid glycosides and related natural products. Chem. Eur.
J. 2012, 18, 3092-3120. [CrossRef] [PubMed]

Salvador, J.A.R.; Carvalho, J.ES.; Neves, M.A.C.; Silvestre, S.M.; Leitao, A.].; Silva, M.M.C.; SaeMelo, M.L.
Anticancer steroids: Linking natural and semi-synthetic compounds. Nat. Prod. Rep. 2013, 30, 324-374.
[CrossRef] [PubMed]

Shagufta, A.IL; Panda, G. Quest for steroidomimetics: Amino acids derived steroidal and nonsteroidal
architectures. Eur. |. Med. Chem. 2017, 133, 139-151. [CrossRef]

Khan, M.O.F; Lee, H.J. Synthesis and pharmacology of anti-Inflammatory steroidal antedrugs. Chem. Rev.
2008, 108, 5131-5145. [CrossRef]

Chung, S.-K.; Ryoo, C.H.; Yang, H.W.; Shim, ] -Y.; Kang, M.G.; Lee, K.W.; Kang, H.I. Synthesis and bioactivities
of steroid derivatives as antifungal agents. Tetrahedron 1998, 54, 15899-15914. [CrossRef]

Sieghart, W.; Savic, M.M. International union of basic and clinical pharmacology. CVI: GABAA receptor
subtype- and function-selective ligands: Key issues in translation to humans. Pharmacolog. Rev. 2018, 70,
836-878. [CrossRef]

Zhang, Y.-L.; Li, Y.-E; Wang, J.-W.; Yu, B.; Shi, Y.-K.; Liu, H.-M. Multicomponent assembly of novel
antiproliferative steroidal dihydropyridinyl spirooxindoles. Steroids 2016, 109, 22-28. [CrossRef]
Zorumski, C.F,; Mennerick, S.; Isenberg, K.E.; Covey, D.F. Potential clinical uses of neuroactive steroids.
Curr. Opin. Investig. Drugs 2000, 1, 360-369.

Blanco, M.-].; La, D.; Coughlin, Q.; Newman, C.A.; Griffin, A.M.; Harrison, B.L.; Salituro, F.G. Breakthroughs
in neuroactive steroid drug discovery. Bioorg. Med. Chem. Lett. 2018, 28, 61-70. [CrossRef] [PubMed]
Nongthombam, G.S.; Boruah, R.C. Divergent synthesis of steroid analogs from steroidal f-formylenamides,
conjugated enones and p-formylvinyl halides. Heterocycles 2019, 98, 19-62.

Ibrahim-Ouali, M. Total synthesis of steroids and heterosteroids from BISTRO. Steroids 2015, 98, 9-28.
[CrossRef]

Ibrahim-Ouali, M.; Romero, E.; Hamze, K. Stereoselective synthesis of pentacyclic steroids functionalized at
C-11. Steroids 2012, 77, 1092-1100. [CrossRef]

Yu, B.; Shi, X.-J.; Zheng, Y.-E; Fang, Y.; Zhang, E.; Yu, D.-Q.; Liu, H.-M. A novel [1,24]triazolo[1,5-a]
pyrimidine-based phenyl-linked steroid dimer: Synthesis and its cytotoxic activity. Eur. . Med. Chem. 2013,
69, 323-330. [CrossRef] [PubMed]

Yu, B.; Sun, X.N,; Shi, X.J.; Qi, PP; Fang, Y.; Zhang, E.; Yu, D.Q.; Liu, H.M. Stereoselective synthesis of novel
antiproliferative steroidal (E, E) dienamides through a cascade aldol/cyclization process. Steroids 2013, 78,
1134-1140. [CrossRef] [PubMed]

Yu, B.; Wang, S.; Liu, H.M. Recent advances on the synthesis and antitumor evaluation of exonuclear
heterosteroids. Chin. J. Org. Chem. 2017, 37, 1952-1962. [CrossRef]

Bansal, R.; Achary, P.C. Man-made cytotoxic steroids: Exemplary agents for cancer therapy. Chem. Rev. 2014,
114, 6986-7005. [CrossRef]

Singh, H.; Jindal, D.P; Yadav, M.R.; Kumar, M. Heterosteroids and drug research. Progr. Med. Chem. 1991, 28,
233-300.

Zhang, Z.; Giampa, G.M.; Draghici, C.; Huang, Q.; Brewer, M. Synthesis of demissidine by a ring fragmentation
1,3-dipolar cycloaddition approach. Org. Lett. 2013, 15, 2100-2103. [CrossRef]

Wang, Z.; Li, M; Liu, X,; Yu, B. Synthesis of steroidal saponins bearing an aromatic E ring. Tetrahedron Lett.
2007, 48, 7323-7326. [CrossRef]

Arthan, D.; Svasti, ].; Kittakoop, P,; Pittayakhachonwut, D.; Tanticharoen, M.; Thebtaranonth, Y. Antiviral
isoflavonoid sulfate and steroidal glycosides from the fruits of Solanum torvum. Phytochemistry 2002, 59,
459-463. [CrossRef]

Mewshaw, R.E.; Taylor, M.D.; Smith, A.B., III. Indole diterpene synthetic studies. 2. First-generation total
synthesis of (-)-paspaline. J. Org. Chem. 1989, 54, 3449-3462. [CrossRef]

Kobayashi, J.; Shinonaga, H.; Shigemori, H.; Ymeyama, A.; Shoji, N.; Arihara, Sh. Xestobergsterol C,
a new pentacyclic steroid from the okinawan marine sponge IRCINIA sp. and absolute stereochemistry of
xestobergsterol A. J. Nat. Prod. 1995, 58, 312-318. [CrossRef]

Tietze, L.F; Modi, A. Multicomponent domino reactions for the synthesis of biologically active natural
products and drugs. Med. Res. Rev. 2000, 20, 304-322. [CrossRef]


http://dx.doi.org/10.1002/chem.201103733
http://www.ncbi.nlm.nih.gov/pubmed/22354477
http://dx.doi.org/10.1039/C2NP20082A
http://www.ncbi.nlm.nih.gov/pubmed/23151898
http://dx.doi.org/10.1016/j.ejmech.2017.03.054
http://dx.doi.org/10.1021/cr068203e
http://dx.doi.org/10.1016/S0040-4020(98)01000-X
http://dx.doi.org/10.1124/pr.117.014449
http://dx.doi.org/10.1016/j.steroids.2016.03.005
http://dx.doi.org/10.1016/j.bmcl.2017.11.043
http://www.ncbi.nlm.nih.gov/pubmed/29223589
http://dx.doi.org/10.1016/j.steroids.2015.02.014
http://dx.doi.org/10.1016/j.steroids.2012.04.004
http://dx.doi.org/10.1016/j.ejmech.2013.08.029
http://www.ncbi.nlm.nih.gov/pubmed/24077182
http://dx.doi.org/10.1016/j.steroids.2013.08.001
http://www.ncbi.nlm.nih.gov/pubmed/23954522
http://dx.doi.org/10.6023/cjoc201704004
http://dx.doi.org/10.1021/cr4002935
http://dx.doi.org/10.1021/ol4004993
http://dx.doi.org/10.1016/j.tetlet.2007.08.028
http://dx.doi.org/10.1016/S0031-9422(01)00417-4
http://dx.doi.org/10.1021/jo00275a035
http://dx.doi.org/10.1021/np50116a029
http://dx.doi.org/10.1002/1098-1128(200007)20:4&lt;304::AID-MED3&gt;3.0.CO;2-8

Molecules 2020, 25, 3499 15 of 18

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.
41.

42.

43.

44.

45.

Lambert, ].J.; Belelli, D.; Harney, S.C.; Peters, J.A.; Frenguelli, B.G. Modulation of native and recombinant
GABAA receptors by endogenous and synthetic neuroactive steroids. Brain Res. Rev. 2001, 37, 68-80.
[CrossRef]

Jiang, X.; Manion, B.D.; Benz, A.; Rath, N.P; Evers, A.S.; Zorumski, C.F; Mennerick, S.; Covey, D.F.
Neurosteroid analogues. 9. Conformationally constrained pregnanes: Structure-activity studies of
13,24-cyclo-18,21-dinorcholane analogues of the GABA modulatory and anesthetic steroids (3r,5r)- and
(31,54)-3-hydroxypregnan-20-one. J. Med. Chem. 2003, 46, 5334-5348. [CrossRef]

Kamernitzky, A.V.; Levina, 1.S. Pregna-D’-pentaranes, Progestins and Antiprogestins: I. Separation of
Biological Functions of Steroid Hormones. Rus. |. Bioorg. Chem. 2005, 31, 105-118. [CrossRef]
Kamernitzky, A.V.; Levina, I.S. Pregna-D’-pentaranes, Progestins and Antiprogestins: II. 1 Pathways and
Realization Mechanisms of Separate Biological Functions of Steroid Hormones. Rus. ]. Bioorg. Chem. 2005,
31,199-209. [CrossRef]

Shchelkunova, T.A.; Rubtsov, PM.; Levina, 1.S.; Kamerntsky, A.V.; Smirnov, A.N. Pregna-D-pentarane
structure influences progesterone receptor affinity for DNA. Steroids 2002, 67, 323-332. [CrossRef]

Shoji, N.; Umeyama, A.; Shin, K.; Takeda, K.; Arihara, S.; Kobayashi, ].; Takei, M. Two unique pentacyclic
steroids with cis C/D ring junction from Xestospongia bergquistia Fromont, powerful inhibitors of histamine
release. J. Org. Chem. 1992, 11, 2996-2997. [CrossRef]

Singh, R.; Panda, G. An overview of synthetic approaches for heterocyclic steroids. Tetrahedron 2013, 69,
2853-2884. [CrossRef]

Baranovskii, A.V,; Litvinovskaya, R.P.; Khripach, V.A. Steroids with a side chain containing a heterocyclic
fragment: Synthesis and transformations. Russ. Chem. Rev. 1993, 62, 661-682. [CrossRef]

Monier, M.; El-Mekabaty, A.; Abdel-Latif, D.; DogruMert, B.; Elattar, K.M. Heterocyclic steroids: Efficient
routes for annulation of pentacyclic steroidal pyrimidines. Steroids 2020, 154, 108548-108549. [CrossRef]
[PubMed]

Singh, R.; Thota, S.; Bansal, R. Studies on 16,17-pyrazoline substituted heterosteroids as anti-Alzheimer
and anti-Parkinsonian agents using LPS induced neuroinflammation models of mice and rats. Acs Chem.
Neurosci. 2018, 9, 272-283. [CrossRef] [PubMed]

Scherbakov, A.M.; Komkov, A.V.; Komendantova, A.S.; Yastrebova, M.A.; Andreeva, O.E.; Shirinian, V.Z.;
Hajra, A.; Zavarzin, 1.V,; Volkova, Y.A. Steroidal pyrimidines and dihydrotriazines as novel classes of
anticancer agents against hormone-dependent breast cancer cells. Front. Pharm. 2018, 8, 979-992. [CrossRef]
Komendantova, A.S.; Scherbakov, A.M.; Komkov, A.V., Chertkova, V.V, Gudovanniy, A.O.;
Chernoburova, E.I.; Sorokin, D.V.; Dzichenka, Ya.U.; Shirinian, V.Z.; Volkova, Yu.A.; et al. Novel steroidal
1,3,4-thiadiazines: Synthesis and biological evaluation in androgen receptor-positive prostate cancer 22Rv1
cells. Bioorg. Chem. 2019, 91, 103142. [CrossRef]

Zhang, B.-L.; Song, L.-X,; Li, Y.-F; Li, Y.-L.; Guo, Y-Z.; Zhang, E.; Liu, H.-M. Synthesis and biological
evaluation of dehydroepiandrosterone-fused thiazole, imidazo[2,1-b]thiazole, pyridine steroidal analogues.
Steroids 2014, 80, 92-101. [CrossRef]

Pilgrim, B.S.; Gatland, A.E.; Esteves, C.H.A.; McTernan, C.T.; Jones, G.R.; Tatton, M.R.; Procopiou, P.A.;
Donohoe, T.J. Palladium-catalyzed enolatearylation as a key C—C bond-forming reaction for the synthesis of
isoquinolines. Org. Biomol. Chem. 2016, 14, 1065-1090. [CrossRef]

Ibrahim-Ouali, M. Synthesis of pentacyclic steroids. Steroids 2008, 73, 775-797. [CrossRef]

Zavarzin, I.V.; Chertkova, V.V.; Levina, 1.S.; Chernoburova, E.I. Steroids fused to heterocycles at positions 16,
17 of the D-ring. Russ. Chem. Rev. 2011, 80, 661-682. [CrossRef]

Lopes, S.M.M.; Gomes, C.S.B.; Pinho e Mel6, TM.V.D. Reactivity of steroidal 1-azadienes toward carbonyl
Compounds under Enamine Catalysis: Chiral Penta- and hexacyclic steroids. Org. Lett. 2018, 20, 4332-4336.
[CrossRef] [PubMed]

Jung, M.E.; Johnson, T.W. Synthesis of 7-deoxyxestobergestrol A, a novel pentacyclic steroid of the
Xestobergestrol class. J. Am. Chem. Soc. 1997, 119, 12412-12413. [CrossRef]

Sharma, U.; Ahmed, Sh.; Boruah, R.C. A facile synthesis of annelated pyridines from f-formyl enamides
under microwave irradiation. Tetrahedron Lett. 2000, 41, 3493-3495. [CrossRef]

Dutta, M.; Saikia, P.; Gogoi, S.; Boruah, R.C. Microwave-promoted and Lewis acid catalysed synthesis of
steroidal A- and D-ring fused 4,6-diarylpyridines. Steroids 2013, 78, 387-395. [CrossRef]


http://dx.doi.org/10.1016/S0165-0173(01)00124-2
http://dx.doi.org/10.1021/jm030302m
http://dx.doi.org/10.1007/s11171-005-0015-7
http://dx.doi.org/10.1007/s11171-005-0028-2
http://dx.doi.org/10.1016/S0039-128X(01)00188-X
http://dx.doi.org/10.1021/jo00037a009
http://dx.doi.org/10.1016/j.tet.2013.02.018
http://dx.doi.org/10.1070/RC1993v062n07ABEH000039
http://dx.doi.org/10.1016/j.steroids.2019.108548
http://www.ncbi.nlm.nih.gov/pubmed/31805293
http://dx.doi.org/10.1021/acschemneuro.7b00303
http://www.ncbi.nlm.nih.gov/pubmed/29019394
http://dx.doi.org/10.3389/fphar.2017.00979
http://dx.doi.org/10.1016/j.bioorg.2019.103142
http://dx.doi.org/10.1016/j.steroids.2013.12.003
http://dx.doi.org/10.1039/C5OB02320C
http://dx.doi.org/10.1016/j.steroids.2008.04.005
http://dx.doi.org/10.1070/RC2011v080n07ABEH004169
http://dx.doi.org/10.1021/acs.orglett.8b01783
http://www.ncbi.nlm.nih.gov/pubmed/29984581
http://dx.doi.org/10.1021/ja9733189
http://dx.doi.org/10.1016/S0040-4039(00)00405-6
http://dx.doi.org/10.1016/j.steroids.2013.01.006

Molecules 2020, 25, 3499 16 of 18

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.
57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Schomburg, D.; Thielmann, M.; Winterfeldt, E. Dienes as chiral templates. Tetrahedron Lett. 1986, 27,
5833-5834. [CrossRef]

LeBideau, F.; Dagorne, S. Synthesis of transition-metal steroid derivatives. Chem. Rev. 2013, 113, 7793-7850.
[CrossRef]

Gupta, A.; Sathish, B.; Negi, A.S. Current status on development of steroids as anticancer agents. . Steroid
Biochem. Mol. Biol. 2013, 137, 242-270. [CrossRef]

Krafft, M.E.; Dasse, O.A.; Fu, Z. Synthesis of the C/D/E and A/B rings of Xestobergsterol-(A). J. Org. Chem.
1999, 64, 2475-2485. [CrossRef]

Chowdhury, P,; Borah, ].M.; Bordoloi, M.; Goswami, PK.; Goswami, A.; Barua, N.C.; Rao, P.G. A simple
efficient process for the synthesis of 16-dehydropregnenolone acetate (16-DPA)—A key steroid drug
intermediate from diosgenin. J. Chem. Eng. Process Technol. 2011, 2, 117-124. [CrossRef]

Kumar, M.; Rawat, P; Khan, M.; Rawat, AK,; Srivastava, AK.; Maurya, R. Aza-annulation on the
16-dehydropregnenolone, via tandem intermolecular Aldol process and intramolecular Michael addition.
Bioorganic Med. Chem. Lett. 2011, 21, 2232-2237. [CrossRef] [PubMed]

Volkova, Yu.A.; Kozlov, A.S.; Kolokolova, M.K.; Uvarov, D.Y.; Gorbatov, S.A.; Andreeva, O.E.;
Scherbakov, A.M.; Zavarzin, I.V. Steroidal N-sulfonylimidates: Synthesis and biological evaluation in
breast cancer cells. Eur. J. Med. Chem. 2019, 179, 694-706. [CrossRef] [PubMed]

Scherbakov, A.M.; Zavarzin, I.V.; Vorontsova, S.K.; Hajra, A.; Andreeva, O.E.; Yadykov, A.V,; Levina, LS.;
Volkova, Y.A.; Shirinian, V.Z. Synthesis and evaluation of the antiproliferative activity of benzylidenes of
16-dehydroprogesterone series. Steroids 2018, 138, 91-101. [CrossRef]

Yadykov, A.V.; Shirinian, V.Z. Recent advances in the interrupted Nazarov reaction. Adv. Synth. Catal. 2020,
4,702-723. [CrossRef]

Grant, T.N.; Riedera, C.J.; West, EG. Interrupting the Nazarov reaction: Domino and cascade processes
utilizing cyclopentenyl cations. Chem. Commun. 2009, 38, 5676-5688. [CrossRef]

Pellissier, H. Recent developments in the Nazarov process. Tetrahedron 2005, 61, 6479-6517. [CrossRef]
Frontier, A.J.; Collison, C. The Nazarov cyclization in organic synthesis. Recent Adv. Tetrahedron 2005, 61,
7577-7606. [CrossRef]

Vaidya, T.; Eisenberg, R.; Frontier, A.]J. Catalytic Nazarov cyclization: The state of the art. Chem. Cat. Chem.
2011, 3, 1531-1548. [CrossRef]

Denmark, S.E.; Jones, TK. Silicon-directed Nazarov cyclization. J. Am. Chem. Soc. 1982, 104, 2642-2645.
[CrossRef]

Aggarwal, VK.; Belfield, A.]. Catalytic asymmetric Nazarov reactions promoted by chiral Lewis acid
complexes. Org. Lett. 2003, 5, 5075-5078. [CrossRef]

Janka, M.; He, A.; Frontier, A.J. Efficient catalysis of Nazarov cyclization using a cationic iridium complex
possessing adjacent labile coordination sites. J. Am. Chem. Soc. 2004, 126, 6864—6865. [CrossRef] [PubMed]
Liang, G.; Trauner, D. Enantioselective Nazarov reactions through catalytic asymmetric proton transfer. J.
Am. Chem. Soc. 2004, 126, 9544-9545. [CrossRef]

Shirinian, V.Z.; Lvov, A.G.; Yadykov, A.V.; Yaminova, L.V.; Kachala, V.V.; Markosyan, A.I. Triaryl-substituted
divinyl ketones cyclization: Nazarov reaction versus Friedel-Crafts electrophilic substitution. Org. Lett.
2016, 18, 6260-6263. [CrossRef]

Janka, M.; He, W.; Haedicke, LE.; Fronczek, ER.; Frontier, A].; Eisenberg, R. Tandem Nazarov
cyclization—Michael addition sequence catalyzed by an Ir(Ill) complex. J. Am. Chem. Soc. 2006, 128,
5312-5313. [CrossRef] [PubMed]

Rieder, C.J.; Winberg, K.J.; West, EG. Cyclization of cross-conjugated trienes: The vinylogous Nazarov
reaction. J. Am. Chem. Soc. 2009, 131, 7504-7505. [CrossRef] [PubMed]

Dhoro, E; Tius, M.A. Interrupted Nazarov cyclization on silica gel. . Am. Chem. Soc. 2005, 127, 12472-12473.
[CrossRef] [PubMed]

Fujiwara, M.; Kawatsura, M.; Hayase, S.; Nanjo, M.; Itoh, T. Iron(Ill) Salt-catalyzed Nazarov
cyclization/Michael addition of pyrrole derivatives. Adv. Synth. Catal. 2009, 351, 123-128. [CrossRef]
Basak, A.K.; Shimada, N.; Bow, W.E; Vicic, D.A.; Tius, M.A. An Organocatalytic asymmetric Nazarov
cyclization. J. Am. Chem. Soc. 2010, 132, 8266-8267. [CrossRef]

Murugan, K.; Srimurugan, S.; Chen, C.P. A mild, catalytic and efficient Nazarov cyclization mediated by
phosphomolybdic acid. Chem. Commun. 2010, 46, 1127-1129. [CrossRef]


http://dx.doi.org/10.1016/S0040-4039(00)85339-3
http://dx.doi.org/10.1021/cr400269j
http://dx.doi.org/10.1016/j.jsbmb.2013.05.011
http://dx.doi.org/10.1021/jo982319w
http://dx.doi.org/10.4172/2157-7048.1000117
http://dx.doi.org/10.1016/j.bmcl.2011.02.112
http://www.ncbi.nlm.nih.gov/pubmed/21435872
http://dx.doi.org/10.1016/j.ejmech.2019.06.048
http://www.ncbi.nlm.nih.gov/pubmed/31284080
http://dx.doi.org/10.1016/j.steroids.2018.06.013
http://dx.doi.org/10.1002/adsc.201901001
http://dx.doi.org/10.1039/b908515g
http://dx.doi.org/10.1016/j.tet.2005.04.014
http://dx.doi.org/10.1016/j.tet.2005.05.019
http://dx.doi.org/10.1002/cctc.201100137
http://dx.doi.org/10.1021/ja00373a055
http://dx.doi.org/10.1021/ol036133h
http://dx.doi.org/10.1021/ja049643v
http://www.ncbi.nlm.nih.gov/pubmed/15174845
http://dx.doi.org/10.1021/ja0476664
http://dx.doi.org/10.1021/acs.orglett.6b03023
http://dx.doi.org/10.1021/ja058772o
http://www.ncbi.nlm.nih.gov/pubmed/16620081
http://dx.doi.org/10.1021/ja9023226
http://www.ncbi.nlm.nih.gov/pubmed/19435345
http://dx.doi.org/10.1021/ja053393g
http://www.ncbi.nlm.nih.gov/pubmed/16144378
http://dx.doi.org/10.1002/adsc.200800702
http://dx.doi.org/10.1021/ja103028r
http://dx.doi.org/10.1039/B918137G

Molecules 2020, 25, 3499 17 of 18

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Shirinian, V.Z.; Lvov, A.G.; Yanina, A.M.; Kachala, V.V,; Krayushkin, M. Synthesis of new photochromic
diarylethenes of cyclopentenone series by Nazarov reaction. Chem. Heterocycl. Comp. 2015, 51, 234-241.
[CrossRef]

Vaidya, T.; Manbeck, G.F,; Chen, S.; Frontier, A J.; Eisenberg, R. Divergent reaction pathways of a cationic
intermediate: Rearrangement and cyclization of 2-substituted furyl and benzofurylenones catalyzed by
iridium(II). . Am. Chem. Soc. 2011, 133, 3300-3303. [CrossRef] [PubMed]

Huang, J.; Leboeuf, D.; Frontier, A.]. Understanding the fate of the oxyallyl cation following Nazarov
electrocyclization: Sequential Wagner—Meerwein migrations and the synthesis of spirocycliccyclopentenones.
J. Am. Chem. Soc. 2011, 133, 6307-6317. [CrossRef] [PubMed]

Bender, J.A.; Arif, AM.; West, EG. Nazarov-initiated diastereoselective cascade polycyclization of
aryltrienones. . Am. Chem. Soc. 1999, 121, 7443-7444. [CrossRef]

Saxena, H.O; Faridi, U.; Kumar, ] K.; Lugman, S.; Darokar, M.P,; Shanker, K.; Chanotiya, C.S.; Gupta, M.M.;
Negi, A.S. Synthesis of chalcone derivatives on steroidal framework and their anticancer activities. Steroids
2007, 72, 892-900. [CrossRef]

Singh, R.; Panda, G. Application of Nazarov type electrocyclization to access [6,5,6] and [6,5,5] core embedded
new polycycles: An easy entry to tetrahydrofluorene scaffolds related to Taiwaniaquinoids and C-nor-D
homosteroids. Org. Biomol. Chem. 2011, 9, 4782-4790. [CrossRef]

Mousavizadeh, F; Meyer, D.; Giannis, A. Synthesis of C-nor-D-homo-steroidal alkaloids and their derivatives.
Synthesis 2018, 50, 1587-1600.

Krieger, J.; Smeilus, T.; Schackow, O.; Giannis, A. Lewis Acid mediated Nazarov cyclization as a convergent
and enantioselective entry to C-nor-D-homo-Steroids. Chem. Eur. J. 2017, 23, 5000-5004. [CrossRef]

Vada, E.; Fujiwara, I.; Kanemasa, S.; Tsuge, O. Synthesis of hexaindenones through a Diels-Alder cycloaddition
and Nazarov cyclization sequence of triene alcohols. Bull. Chem. Soc. Jpn. 1987, 60, 325-334.

He, W.; Sun, X,; Frontier, A.]. Polarizing the Nazarov cyclization: efficient catalysis under mild conditions.
J. Am. Chem. Soc. 2003, 125, 14278-14279. [CrossRef]

White, T.D.; West, E.G. Halide trapping of the Nazarov intermediate in strained polycyclic systems: A new
interrupted Nazarov reaction. Tetrahedron Lett. 2005, 46, 5629-5632. [CrossRef]

Marx, VM.; Cameron, T.S.; Burnell, D.J. Formation of halogenated cyclopent-2-enone derivatives by
interrupted Nazarov cyclizations. Tetrahedron Lett. 2009, 50, 7213-7216. [CrossRef]

Schatz, D.J.; Kwon, Y.; Scully, TW.; West, E.G. Interrupting the Nazarov cyclization with bromine. J. Org.
Chem. 2016, 81, 12494-12498. [CrossRef] [PubMed]

Davis, CE.; Coates, R.M. Stereoselective Prinscyclizations of ,e-unsaturated Ketones to
cis-3-chlorocyclohexanols with TiCly. Angew. Chem. Int. Ed. 2002, 41, 491-493. [CrossRef]

Willmore, N.D.; Goodman, R.; Lee, H.-H.; Kennedy, R.M. A short synthesis of (.+-.)-.beta.-isocomene. J. Org.
Chem. 1992, 57,1216-1219. [CrossRef]

Liu, H.-J.; Sun, D. Polyene cyclization promoted by the cross conjugated a-carbalkoxyenone system.
Application to the total synthesis of (+)-Dehydrochamaecynenol. Tetrahedron Lett. 1997, 38, 6159-6162.
[CrossRef]

Browder, C.C.; West, E.G. Formation of hydrindans and tricyclo[4.3.0.03,8]nonanes via 6-endo trapping of
the Nazarovoxyallyl intermediate. Synlett 1999, 1999, 1363-1366. [CrossRef]

Harmata, M.; Elomari, S.; Barnes, C.L. Intramolecular 4 + 3 cycloadditions.Cycloaddition reactions of cyclic
alkoxyallylic and oxyallylic cations. J. Am. Chem. Soc. 1996, 118, 2860-2871. [CrossRef]

Crystallographic data was deposited with the Cambridge Crystallographic Data Centre (CCDC No. 1990621
and 1990622. For details, see section IV in the SM).

Li, Z.; Boyd, R.J.; Burnell, D.]. Computational examination of (4 + 3) versus (3 + 2) Cycloaddition in the
Interception of Nazarov reactions of allenyl vinyl ketones by dienes. J. Org. Chem. 2015, 80, 12535-12544.
[CrossRef]

Levenson, A.S.; Jordan, V.C. MCF-7: The first hormone-responsive breast cancer cell line. Cancer Res. 1997,
57,3071-3078.

Yu, K; Rohr, J.; Liu, Y.; Li, M.; Xu, J.; Wang, K.; Chai, J.; Zhao, D.; Liu, Y,; Ma, J.; et al. Progress in triple
negative breast carcinoma pathophysiology: Potential therapeutic targets. Pathol. Res. Pr. 2020, 216, 152874.
[CrossRef]


http://dx.doi.org/10.1007/s10593-015-1690-9
http://dx.doi.org/10.1021/ja111317q
http://www.ncbi.nlm.nih.gov/pubmed/21322633
http://dx.doi.org/10.1021/ja111504w
http://www.ncbi.nlm.nih.gov/pubmed/21466152
http://dx.doi.org/10.1021/ja991215f
http://dx.doi.org/10.1016/j.steroids.2007.07.012
http://dx.doi.org/10.1039/c0ob00892c
http://dx.doi.org/10.1002/chem.201701008
http://dx.doi.org/10.1021/ja037910b
http://dx.doi.org/10.1016/j.tetlet.2005.06.101
http://dx.doi.org/10.1016/j.tetlet.2009.10.052
http://dx.doi.org/10.1021/acs.joc.6b02350
http://www.ncbi.nlm.nih.gov/pubmed/27978732
http://dx.doi.org/10.1002/1521-3773(20020201)41:3&lt;491::AID-ANIE491&gt;3.0.CO;2-3
http://dx.doi.org/10.1021/jo00030a032
http://dx.doi.org/10.1016/S0040-4039(97)01424-X
http://dx.doi.org/10.1055/s-1999-32132
http://dx.doi.org/10.1021/ja952740r
http://dx.doi.org/10.1021/acs.joc.5b02397
http://dx.doi.org/10.1016/j.prp.2020.152874

Molecules 2020, 25, 3499 18 of 18

92. Ke, S.; Shi, L.; Zhang, Z.; Yang, Z. Steroidal[17,16-d]pyrimidines derived from dehydroepiandrosterone:
A convenient synthesis, antiproliferation activity, structure-activity relationships, and role of heterocyclic
moiety. Sci. Rep. 2017, 7, 44439. [CrossRef] [PubMed]

93. Hussein, MM.M.; Amr, A.E.-G.E.; Abdalla, M.M.; Al-Omar, M.A.; Safwat, H.M.; Elgamal, M.H. Synthesis of
androstanopyridine and pyrimidine compounds as novel activators of the tumor suppressor protein p53.
Z. Nat. C 2015, 70, 205-216. [CrossRef] [PubMed]

Sample Availability: Samples of the compounds 2a-m are available from the authors.

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1038/srep44439
http://www.ncbi.nlm.nih.gov/pubmed/28290501
http://dx.doi.org/10.1515/znc-2015-5033
http://www.ncbi.nlm.nih.gov/pubmed/26426889
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results and Discussion 
	Synthesis 
	Gram-Scale Synthesis of Pentacyclic Steroid 2g 
	X-ray Diffraction Study and Structure Optimization 
	In Vitro Antiproliferative Activity 

	Materials and Methods 
	General Information 
	Synthesis and Characterization of Pentacyclic Steroids 2a–m 
	(6aR,6bS,8aS,8bS,11R,11aS,12aS,12bR)-8b-chloro-6a,8a-dimethyl-11-phenyl-1,6,6a,6b,7,8,8a,8b, 10,11,11a,12,12a,12b-tetradecahydropentaleno[2,1-a]phenanthrene-4,9(2H,5H)-dione (2a) 
	(6aR,6bS,8aS,8bS,11R,11aS,12aS,12bR)-11-(4-chlorophenyl)-8b-chloro-6a,8a-dimethyl-1,6,6a, 6b,7,8,8a,8b,10,11, 11a,12,12a,12b-tetradecahydropentaleno[2,1-a]phenanthrene-4,9(2H,5H)-dione (2b) 
	(6aR,6bS,8aS,8bS,11R,11aS,12aS,12bR)-11-(4-bromophenyl)-8b-chloro-6a,8a-dimethyl-1,6,6a,6b, 7,8,8a,8b,10,11,11a,12,12a,12b-tetradecahydropentaleno[2,1-a]phenanthrene-4,9(2H,5H)-dione (2c) 
	(6aR,6bS,8aS,8bS,11R,11aS,12aS,12bR)-11-(3-bromophenyl)-8b-chloro-6a,8a-dimethyl-1,6,6a, 6b,7,8,8a,8b,10,11,11a,12,12a,12b-tetradecahydropentaleno[2,1-a]phenanthrene-4,9(2H,5H)-dione (2d) 
	(6aR,6bS,8aS,8bS,11R,11aS,12aS,12bR)-11-(2-fluorophenyl)-8b-chloro-6a,8a-dimethyl-1,6,6a, 6b,7,8,8a,8b,10,11,11a,12,12a,12b-tetradecahydropentaleno[2,1-a]phenanthrene-4,9(2H,5H)-dione (2e) 
	(6aR,6bS,8aS,8bS,11R,11aS,12aS,12bR)-8b-chloro-11-(4-fluorophenyl)-6a,8a-dimethyl-1,6,6a, 6b,7,8,8a,8b,10,11,11a,12,12a,12b-tetradecahydropentaleno[2,1-a]phenanthrene-4,9(2H,5H)-dione (2f) 
	(6aR,6bS,8aS,8bS,11R,11aS,12aS,12bR)-8b-chloro-11-(2,4-dichlorophenyl)-6a,8a-dimethyl-1,6, 6a,6b,7,8,8a,8b,10,11,11a,12,12a,12b-tetradecahydropentaleno[2,1-a]phenanthrene-4,9(2H,5H)-dione (2g) 
	(6aR,6bS,8aS,8bS,11R,11aS,12aS,12bR)-8b-chloro-11-(2-chloro-6-fluorophenyl)-6a,8a-dimethyl- 1,6,6a,6b,7,8,8a,8b,10,11,11a,12,12a,12b-tetradecahydropentaleno[2,1-a]phenanthrene-4,9(2H,5H)-dione (2h) 
	(6aR,6bS,8aS,8bS,11R,11aS,12aS,12bR)-8b-chloro-11-(4-methoxyphenyl)-6a,8a-dimethyl-1,6, 6a,6b,7,8,8a,8b,10,11,11a,12,12a,12b-tetradecahydropentaleno[2,1-a]phenanthrene-4,9(2H,5H)-dione (2i) 
	(6aR,6bS,8aS,8bS,11R,11aS,12aS,12bR)-8b-chloro-11-(3-methoxyphenyl)-6a,8a-dimethyl-1,6, 6a,6b,7,8,8a,8b,10,11,11a,12,12a,12b-tetradecahydropentaleno[2,1-a]phenanthrene-4,9(2H,5H)-dione (2j) 
	(6aR,6bS,8aS,8bS,11R,11aS,12aS,12bR)-8b-chloro-11-(3,4-dimethoxyphenyl)-6a,8a-dimethyl-1, 6,6a,6b,7,8,8a,8b,10,11,11a,12,12a,12b-tetradecahydropentaleno[2,1-a]phenanthrene-4,9(2H,5H)-dione (2k) 
	(6aR,6bS,8aS,8bS,11R,11aS,12aS,12bR)-8b-chloro-11-(3,4,5-trimethoxyphenyl)-6a,8a-dimethyl- 1,6,6a,6b,7,8,8a,8b,10,11,11a,12,12a,12b-tetradecahydropentaleno[2,1-a]phenanthrene-4,9(2H,5H)-dione (2l) 
	(6aR,6bS,8aS,8bS,11R,11aS,12aS,12bR)-8b-chloro-6a,8a-dimethyl-11-(thiophen-2-yl)-1,6,6a, 6b,7,8,8a,8b,10,11,11a,12,12a,12b-tetradecahydropentaleno[2,1-a]phenanthrene-4,9(2H,5H)-dione (2m) 


	Conclusions 
	References

