
RESEARCH PAPER

Microwave-assisted Phospha-Michael addition reactions in the 13a-oestrone series
and in vitro antiproliferative properties

Erzs�ebet Merny�aka, S�andor Barthab, Lili K�ocz�ana, Rebeka J�oj�arta, Vivien Reschc, G�abor Paragid,e, M�at�e V�agv€olgyif,
Attila Hunyadif, Bella Bruszelc, Istv�an Zupk�ob and Ren�ata Minoricsb

aDepartment of Organic Chemistry, University of Szeged, Szeged, Hungary; bDepartment of Pharmacodynamics and Biopharmacy, University of
Szeged, Szeged, Hungary; cDepartment of Medicinal Chemistry, University of Szeged, Szeged, Hungary; dMTA-SZTE Biomimetic Systems
Research Group, University of Szeged, Szeged, Hungary; eInstitute of Physics, University of P�ecs, P�ecs, Hungary; fDepartment of Pharmacognosy,
University of Szeged, Szeged, Hungary;

ABSTRACT
Microwave-assisted phospha-Michael addition reactions were carried out in the 13a-oestrone series. The
exocyclic 16-methylene-17-ketones as a,b-unsaturated ketones were reacted with secondary phosphine
oxides as nucleophilic partners. The addition reactions furnished the two tertiary phosphine oxide diaster-
eomers in high yields. The main product was the 16a-isomer. The antiproliferative activities of the newly
synthesised organophosphorus compounds against a panel of nine human cancer cell lines were investi-
gated by means of MTT assays. The most potent compound, the diphenylphosphine oxide derivative in
the 3-O-methyl-13a-oestrone series (9), exerted selective cell growth-inhibitory activity against UPCI-SCC-
131 and T47D cell lines with low micromolar IC50 values. Moreover, it displayed good tumour selectivity
property determined against non-cancerous mouse fibroblast cells.
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1. Introduction

Organophosphorus derivatives (OPs) represent an extensive class
of organic compounds with diverse biological activities1. They
have been widely applied in medicine2,3, agriculture4 and indus-
try5 among others. Osteoporosis is one of the most frequent dis-
eases in the world6. The treatment of osteoporosis is mostly
based on bisphosphonates, owing to their multiple beneficial
activities7. Their high affinity for calcium allows to target bone
mineral selectively. They substantially inhibit tumour-induced
bone destruction, tumour angiogenesis, and induce apoptosis in
tumour cells. Certain OPs have found their application as anti-
cancer agents8,9. Their mechanism of action relies on their alkylat-
ing ability. Cyclophosphamide and ifosfamide are currently used
for the treatment of several bone and soft tissue sarcomas10.
Combretastatin A-4 phosphate is a dual-action anticancer agent in
clinical trials, having microtubule destabilising and vascular target-
ing properties11. Phosphate or thiophosphate esters of coumarin
or flavone derivatives have found their application against hor-
mone-dependent breast cancers12,13. These compounds, owing to
their steroid sulfatase (STS) inhibitory activity, might suppress oes-
trogen biosynthesis in the mammary glands. The development of
these potential drug candidates was based on replacement of the
sulphate group of sulfatase inhibitors with mimics such as phos-
phate or thiophosphate. A similar strategy seemed to be useful in
the design of steroid 5a-reductase inhibitors, too. 3-Phosphinic
acid derivatives of certain steroids displayed nanomolar
Ki values

14.

Literature reveals the existence of OPs of natural compounds,
including those of steroids. Natural oestrone has a wide range of
applications in the development of potent enzyme inhibitors and
anticancer agents15–17. However, the small set of synthetic oes-
trone-based OPs is mainly limited to compounds functionalised at
the D- and/or the A-ring. Palladium-catalysed cross coupling reac-
tions facilitated the synthesis of derivatives phosphorylated at the
A-ring18–20. Organophosphorus oestrone derivatives substituted at
C-17 or C-17a or fused to the D-ring are also known, but their bio-
logical activities are unexplored21–25. This might be due to their
retained oestrogenic action, which restricts their pharmacological
application26,27. The hormonal activity might significantly be sup-
pressed by the epimerisation of C-13 of natural oestrone28. The
conformational change in 13a-oestrone and its 17-hydroxy coun-
terparts results in the loss of oestrogenic activity29. However, a
number of 13a-oestrone derivatives possess other important bio-
logical activities. We have recently published our findings with
respect to enzyme inhibitory and antiproliferative potential of cer-
tain 13a-oestrone derivatives30–38. A number of D-ring-modified
13a-oestrone derivatives were shown to exert substantial inhibi-
tory action on the growth of human cancer cell lines of gynaeco-
logical origin. Derivatives modified at C-3-O and/or C-16 should be
highlighted concerning their outstanding cell growth-inhibitory
properties with important structure–activity relationships32,33,37,.
Consequently, development of additional 13a-oestrone derivatives
with potential antiproliferative activities would be of particu-
lar interest.
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The phospha-Michael addition is an important tool for the syn-
thesis of OPs39–42. This P–C bond forming reaction is usually
accomplished by the addition of > P(O)H species to
a,b-unsaturated carbonyl compounds. The resulting OPs possess
potential bioactivities1. The addition is usually carried out under
basic conditions. However, application of a base might be omit-
ted. Literature describes even solvent- and/or catalyst-free thermal
or microwave-assisted phospha-Michael reactions41,42,. The latter
simple, but efficient strategy facilitates the convenient late-stage
modification of biomolecules.

Having developed an experience in microwave-assisted steroid
synthesis31,38, here we report the synthesis of 13a-oestrone deriva-
tives phosphorylated at the D-ring, as potential anticancer agents.
Microwave-assisted phospha-Michael addition reactions were
planned, starting from exocyclic 16-methylene-17-ketones as
a,b-unsaturated carbonyl compounds. Secondary phosphine
oxides bearing different aryl substituents were used as nucleo-
philic partners. Our aim was to determine the antiproliferative
properties of the newly synthesised c-ketophosphine oxides
against a panel of human cancer cell lines.

2. Materials and methods

Chemical syntheses, characterisation data of the reported com-
pounds and selected 2D NMR spectra, as well as experimental
conditions of antiproliferative assays performed are described in
the Supporting Information. Computational details are also
explained in the Supporting Information.

3. Results and discussion

3.1. Chemistry

The efficient one-step synthesis of the known steroidal
a,b-unsaturated ketones 4 or 5 was carried out from 16-hydroxy-
methylidene derivatives 1 or 2, using formalin as a reagent and
sodium carbonate as a base (Scheme 1)43,44. The resulting 3-ben-
zyloxy- and 3-methoxy-16-methylene compounds (4 and 5) served
as starting materials in the phospha-Michael addition reactions.

In our first attempt, diphenylphosphine oxide (6) was reacted
with 3-methoxy-16-methylene derivative 4 in acetonitrile as solv-
ent. The mixture was irradiated in a microwave reactor at 100 �C
for 60min without addition of a base. Thin layer chromatography
indicated full conversion of the starting material and the forma-
tion of two reaction products. The attack of the P-nucleophile at
C-16a resulted in the formation of phosphorylated 16a- and 16b-
diastereomers. The 16a:16b¼ 2.3:1 diastereomeric ratio was estab-
lished from the 1H NMR spectrum of the crude product, contain-
ing solely the two diastereomers. After microwave irradiation, the
reaction mixture was allowed to cool to room temperature. The
majority of the 16a-isomer (9) was obtained in pure form as a
white precipitate. The solid was filtered, and the solvent was
removed from the filtrate by evaporation in vacuo. The remaining

diastereomeric mixture from the filtrate was separated by flash
chromatography and/or preparative RP-HPLC using a Phenomenex
Biphenyl column. After evaporation of the solvent minor diaster-
eomer 10 was isolated as white crystals. The simple microwave-
assisted synthetic methodology elaborated for the reaction of
compound 4 with diphenylphosphine oxide (6) was extended to
the transformations depicted in Scheme 2. The reaction time and
temperature were varied as indicated in Table 1, according to the
nature of the P(O)H reagent and the 3-O-substituent.
Transformations of the 3-methyl ether (4, Table 1, Entries 1–3)
occurred at lower temperatures compared to those of the 3-ben-
zyl ether (5, Table 1, Entries 4–6). Reactions utilising (di-para-tolyl)-
phosphine oxide 7 as nucleophilic partner required longer
reaction times at the same temperatures (Table 1, Entries 2 and 5)
than those of reagent 6 (Table 1, Entries 1 and 4). Additions with
the di(naphthalen-2-yl)phosphine oxide reagent (8) required ele-
vated reaction temperatures (Table 1, Entries 3 and 6). The differ-
ent reaction conditions essential for the completion of the
addition reactions might presumably be attributed to phosphine
6–8 having different reactivity and the steric hindrance caused by
the naphthyl groups. However, the ratio of the two diastereomers
can be considered nearly the same, irrespective of the nature of
the phosphine oxide substituents.

The structures of the newly synthesised c-ketophosphine
oxides were confirmed by 1H and 13C one- and two-dimensional
NMR measurements (COSY, NOESY, HSQC and HMBC). The orienta-
tion of 16-H was deduced from the NOESY spectrum of com-
pound 20 (Supporting material, Figure S2). A crosspeak was
observed between the signals of 16-H and 13-Me, referring to
a-orientation of 16-H.

3.2. Antiproliferative activities

We have recently described the development of a number of
potential anticancer compounds based on the hormonally inactive
13a-oestrane core32–34,37,45,46. Modifications at C-3 influenced the
cytostatic properties markedly. Introduction of a triazole moiety
seemed to be highly advantageous33,46. The 3-[f1-benzyl-1H-1,2,3-
triazol-4-ylgmethoxy]-13a-oestrone derivative (21) displayed sub-
stantial antiproliferative action against human cancer cell lines of
gynaecological origin, with IC50 values in the range of 0.3–0.9lM
(Figure 1)33. However, the high cytostatic potential was associated
with low cell-line selectivity. The epimeric 17-hydroxy counterparts
of triazoles 22 and 23 exerted activities similar to that of the 17-
ketone33. Consequently, the configuration of C-17 did not have
marked influence on the cell growth-inhibitory properties. In add-
ition, transformations at C-16 of the 17-hydroxy 3-ether derivatives
of 13a-oestrone were performed37. The 16-hydroxymethylene
(24–27)37 and the 16-phenyltriazolyl derivatives (28)32 suppressed
the growth of certain cancer cell lines with IC50 values in the low
micromolar range (Figure 1). The orientation of the 16 and 17 sub-
stituents influenced the antiproliferative properties. The presence
of the 3-benzyl ether moiety proved to be advantageous

Scheme 1. Synthesis of 16-methylene-13a-oestrone derivatives (4 and 5).
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concerning the cell growth-inhibitory action. The inhibitory data
obtained for 16b-hydroxymethylene-17a-hydroxy (27b) and 16b-
phenyltriazolyl-17a-hydroxy (28) compounds reveal that the
nature of the C-16 substituent strongly influences both the effect-
iveness and the selectivity. One of the most potent compounds
was triazole 28, which induced cell cycle blockade at the G2–M
transition and apoptosis via the intrinsic pathway32. The results
mentioned above suggest that the development of potential anti-
cancer compounds through modification of the 13a-oestrane core
at C-3, C-16 and C-17 might provide important structure–activity
information for the design of more active and selective cyto-
static agents.

Here we evaluated the in vitro antiproliferative capacity of
twelve newly synthesised, 16-substituted, 13a-oestrane-based
c-ketophosphine oxides (9–20) and their precursors (4 and 5) on a
panel of human adherent cancer cell lines. The compounds were
tested against breast (MCF-7, MDA-MB-231 and T47D), ovarian
(A2780), cervical (HeLa, SiHa and C33-A) and oropharyngeal (UPCI-
SCC-131 and UPCI-SCC-154) carcinoma cell lines. Additionally, their
tumour selectivity was also determined by using non-cancerous
mouse embryo fibroblast (NIH/3T3) cells.

Our test compounds originate from 13a-oestrone 3-methyl and
3-benzyl ethers (1 and 2) bearing an exocyclic 16-methylene
group (4 and 5). Based on their calculated IC50 values determined
on all tested cancer cell lines, these parent substances can be con-
sidered as highly effective antiproliferative agents (IC50 ¼
2.0–7.0 mM) (Table 2). On most cancer cell lines these cell growth-
inhibitory activities are comparable to the antiproliferative effect
of our positive control cisplatin, except HeLa, SiHa and MDA-MB-
231 cell lines where 4 and 5 have IC50 values 2–5 times lower. On
the other hand, these compounds inhibit cell division of non-can-
cerous cells in the same concentration range like of cancerous
cells. Therefore, they can be considered as non-tumour selective
compounds, which is not beneficial in the view of future develop-
ment as drug candidates.

According to the substituents on C-16, the tested twelve phos-
phine oxide derivatives can be divided into three main groups.
The di(naphthalen-2-yl) analogues are 17–20. Compounds 17 and
18 are 3-methoxy derivatives differing in the orientation of their
C-16 substituents. Although these compounds exerted negligible
growth inhibitory effect on most of the tested cell lines, they dis-
played the strongest effect against UPCI-SCC-131 cells. The other
two substances are 3-benzyloxy derivatives, substituted at the 16a
(19) or 16b (20) position. Their cell growth-inhibitory capacity was
demonstrated to be more pronounced than that of their 3-
methoxy pairs. Both benzyl ethers (19 and 20) inhibited cell div-
ision with the highest activity on T47D breast cancer cells. None
of them was able to exhibit significant inhibitory effect on cell
proliferation of MDA-MB-231 cells.

In a similar manner, the group of di-para-tolyl analogues con-
tains two 3-benzyloxy (15 and 16) and two 3-methoxy (13 and
14) derivatives, which form epimer pairs. The benzyloxy com-
pounds exerted moderate antiproliferative effect on the tested
cell lines except SiHa, MCF-7 and MDA-MB-231 cells, where their
activities were evaluated to be insignificant. Both compounds
demonstrated the strongest antiproliferative activity on UPCI-SCC-
131 and T47D cell lines. The 3-methoxy derivatives (13 and 14)
belong to the four most effective phosphine oxides. The IC50

Scheme 2. Phospha-Michael addition reactions in the 13a-oestrone series.

Table 1. Phospha-Michael addition reactions of a,b-unsaturated ketones (4 or
5) with secondary phosphine oxides (6, 7, or 8)a,b.

Entry Substrate
Reaction
time (min)

Temp
(�C) 16a-isomer 16b-isomer

Yieldc

(%)

1 4 60 100 9 10 87
2 4 90 100 13 14 90
3 4 60 130 17 18 92
4 5 60 125 11 12 91
5 5 90 125 15 16 89
6 5 60 140 19 20 87
aReagents and conditions: a,b-unsaturated ketone (4 or 5, 1 equiv), secondary
phosphine oxide (6, 7 or 8, 1 equiv), acetonitrile.
bRatio (16a:16b¼ 2.3:1) obtained from the 1H NMR spectrum of the crude dia-
stereomeric mixture.
cCombined yields of the two diastereomers obtained after flash
chromatography.
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values of 13 and 14 are between 10 and 25 mM on all tested cell
lines. Similar to the previous test compounds (15 and 16), these
analogues possess the highest cell growth-inhibitory activity
against UPCI-SCC-131 and T47D cells. They exerted the weakest
effect on the proliferation of MDA-MB-231 and A2780 cells.
Moreover, their tumour selectivity was also determined on mouse
embryo fibroblast cells. Their IC50 values on non-cancerous cell
lines (19.27 mM and 29.64 mM for 13 and 14, respectively) are
higher than their IC50 values on most of the tested cancer cell
lines; therefore, these compounds possess better tumour selectiv-
ity compared to their parent compound 4.

The third group of test compounds consists of four diphenyl-
phosphine oxide derivatives bearing methoxy (9 and 10) or ben-
zyloxy (11 and 12) functional groups at C-3. Between the
methoxy epimers, the 16a-isomer (9) demonstrated significantly
higher antiproliferative activity against all tested cancer cell lines
compared to that of its epimer pair (10). Compound 9 exerted the
most significant cell proliferation inhibitory effect on UPCI-SCC-
131 and T47D cell lines. These IC50 values are in the low micromo-
lar range like that of cisplatin. Tumour selectivity of 9 can be
considered as good since its IC50 value determined on non-cancer-
ous NIH/3T3 cells is four times higher than its IC50 value measured
on UPCI-SCC-131 cells. The benzyloxy compounds (11 and 12) of
this group also displayed significantly different antiproliferative
effects against the tested cancer cell lines. Unlike the methoxy
epimer pair, the benzyloxy analogue with 16b-substituent (12)
exerted more marked inhibition on cancer cell division than its
epimer (11). On the other point of view, 11 demonstrated the

highest inhibitory values on UPCI-SCC-131 and T47D cell lines, but
this pattern of antiproliferative action cannot be observed in the
case of 12. However, the IC50 value of 12 is 30.85 mM determined
on non-cancerous NIH/3T3 cell line, its tumour selectivity is
weaker than that of 9 due to its lower antiproliferative activity
(IC50 ¼ 13.62–29.83 mM) measured on all tested cancer cell lines.

During the selection of the utilised cancer cell lines, the HPV-
status of the cell lines was taken into consideration because we
wanted to compare the antiproliferative effect of the test com-
pounds on HPV-positive and on the corresponding HPV-negative
cell lines. Among the tested substances, there is only a single
compound (9), which displayed markedly different antiproliferative
effect on the HPV-negative oropharyngeal cancer cells in compari-
son to the HPV16-positive oropharyngeal cancer cells. On the
other hand, this connection has not been supported by the results
measured on HPV-positive and HPV-negative cervical cancer cells.
Therefore, it can be concluded that the HPV-status of the tested
cancer cell lines has no substantial impact on the antiproliferative
activity of the phosphine oxide derivatives of 13a-oestrone.
Moreover, UPCI-SCC-131 cells seem to be the most sensitive cell
line when compared to most of the tested phosphine oxide
derivatives.

In summary, four phosphine oxide derivatives (9, 12–14) of the
twelve newly synthesised 13a-oestrone analogues modified at the
A- and D-ring have been identified as promising cell proliferation
inhibiting agents. Their antiproliferative activity proved to be
lower than that of their parent compounds. However, their
tumour selectivity was better due to the modification of their

Figure 2. The lowest energetical conformations of the two isomers (without H-atoms) according to the BLYP-D3 calculation. The left picture shows the 16a-isomer
(comp 9), while the right one is the 16b-isomer (comp 10). The total energies of compound 9 and 10 were –1133903.8 kcal/mol and –1133904.2 kcal/mol, respectively.

Figure 1. Structures of the recently described antiproliferative 13a-oestrone derivatives (21–28).
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chemical structure. Outstanding cell proliferation inhibitory activity
of 9, a diphenylphosphine oxide analogue, has been revealed on
UPCI-SCC-131 oropharyngeal and T47D breast cancer cell lines. In
both cases, the IC50 values of 9 and cisplatin, our positive control,
are comparable. Furthermore, observation with respect to the
structure–activity relationship of the tested compounds can also
be determined. The UPCI-SCC-131 cells derived from oropharyn-
geal carcinoma and T47D cells with breast cancer origin are the
most sensitive cancer cell lines to our phosphine oxide derivatives.
Bulky substituents (e.g. naphthyl) in either position at C-16 elimi-
nates the antiproliferative activity of the test compound. In con-
trast, the orientation of functional groups at C-16 seems to have
no significant impact on cell growth-inhibitory capacity if smaller
substituents (e.g. para-tolyl or phenyl) are present on the phos-
phorus atom. Finally, based on the chemical structure of the most
effective diphenylphosphine oxide analogue (9), it can be con-
cluded that its substituent at C-16 in a position is preferred
regarding its antiproliferative activity on UPCI-SCC-131 and T47D
cells. Finally, since 9, like the other two promising compounds (13
and 14), belongs to the group of 3-methoxy derivatives, it sug-
gests that 3-methoxy group can be an advantageous modification
on certain 13a-oestrone derivatives.

3.3. Computational investigations

Considering the experimental results, computational investigations
were performed for the epimer pair 9 and 10 to examine the pos-
sible energetic reason of the observed stereoselectivity. The out-
come of a specific density functional calculation always gives two
minimised structures, where the one with the lower total energy
could be the preferred stereoisomer. Although we applied various
functionals, the difference was very small between the epimers (�
1 kcal/mol or less), as the diastereomer with the lowest total
energy was not always the same stereoisomer.

In general, simulations could not support any preference which
was found in the synthetic work. Nevertheless, in Figure 2 we pre-
sent the two quantum-level optimised final structures for a selected
functional, namely in the BLYP-D3 case. The plausibility of the struc-
tures is demonstrated clearly by ring conformations, which are in
line with the general knowledge of 13a-oestranes28 Namely, the A-
ring is planar, the B-ring is a half-chair, while the C-ring is chair and
the D-ring was found in 14b-envelope conformation.

Taking into account these results, we assume that most prob-
ably there is a reactionkinetic reason behind the diastereoselective
preferences found in our study.

Table 2. Antiproliferative properties of the newly synthesised compounds

Comp.
Conc.
(lM)

Growth inhibition; % ± SEM
[calculated IC50 value; lM]

a

UPCI-SCC-131 UPCI-SCC-154 HeLa SiHa C33-A A2780 MCF-7 MDA-MB-231 T47D NIH/3T3

4 10 99.80 ± 0.36 97.29 ± 1.10 85.11 ± 2.44 97.44 ± 0.54 99.57 ± 0.61 96.90 ± 1.52 99.52 ± 0.51 99.97 ± 0.71 99.68 ± 0.74 101.1 ± 0.67
30 99.88 ± 0.39 97.81 ± 0.65 99.43 ± 0.28 99.28 ± 0.42 99.55 ± 0.39 100.5 ± 0.22 99.83 ± 0.44 94.64 ± 2.26 99.92 ± 0.71 100.9 ± 0.71

[3.17]b [5.15] [4.45] [3.31] [3.60] [6.24] [3.70] [3.97] [3.46] [2.79]
5 10 99.54 ± 0.33 96.40 ± 0.89 75.07 ± 3.73 98.98 ± 0.26 93.88 ± 2.56 94.85 ± 2.13 99.70 ± 0.43 97.15 ± 1.46 100.2 ± 0.28 100.8 ± 0.16

30 99.94 ± 0.44 100.3 ± 0.82 99.65 ± 0.25 99.97 ± 0.42 100.0 ± 0.23 100.9 ± 0.18 100.6 ± 0.31 98.57 ± 0.89 101.3 ± 0.47 100.3 ± 0.25
[2.38] [4.50] [6.99] [2.30] [3.75] [6.70] [3.35] [4.07] [3.47] [2.74]

9 10 63.42 ± 1.41 –c – – – 47.23 ± 2.75 21.29 ± 2.79 – 57.45 ± 3.15 –
30 99.35 ± 0.27 99.82 ± 1.48 97.59 ± 0.73 96.49 ± 1.24 97.85 ± 0.32 98.99 ± 0.41 93.08 ± 1.60 99.03 ± 0.73 93.77 ± 0.55 96.55 ± 0.86

[5.30] [13.49] [12.90] [13.79] [13.32] [11.74] [13.67] [23.49] [7.20] [20.44]
13 10 29.88 ± 1.21 – – – – – – – 26.68 ± 1.95 –

30 97.02 ± 0.43 75.94 ± 1.93 95.69 ± 0.69 92.90 ± 0.85 96.31 ± 0.46 97.77 ± 0.35 84.92 ± 2.54 95.56 ± 0.67 89.82 ± 0.68 89.76 ± 0.49
[12.28] [21.51] [14.34] [13.72] [14.51] [23.75] [14.75] [25.81] [13.58] [19.27]

17 10 26.48 ± 1.70 – – – – – – – – n. d.d

30 45.31 ± 1.84 20.26 ± 2.69 – – – – – – 27.12 ± 2.93
11 10 20.86 ± 1.67 – – – – – – – 24.70 ± 1.70 n. d.

30 62.45 ± 1.40 38.56 ± 2.60 23.80 ± 2.11 30.22 ± 2.99 40.26 ± 0.95 21.91 ± 2.63 37.06 ± 0.72 – 58.96 ± 1.38
15 10 24.60 ± 1.39 – – – – – – – 39.07 ± 2.01 n. d.

30 60.22 ± 1.32 34.66 ± 1.36 27.44 ± 1.57 – 26.94 ± 0.84 49.39 ± 2.06 – – 58.50 ± 0.80
19 10 – 34.27 ± 2.80 30.96 ± 1.11 23.24 ± 1.36 28.08 ± 1.39 – 31.84 ± 2.47 – 59.44 ± 2.44 n. d.

30 40.98 ± 2.94 48.81 ± 2.15 48.89 ± 0.90 40.30 ± 2.00 34.69 ± 1.70 28.51 ± 2.35 40.60 ± 1.71 – 62.41 ± 1.70
10 10 39.82 ± 1.36 – – – 21.96 ± 1.84 – – – – n. d.

30 72.93 ± 1.70 24.32 ± 2.84 21.53 ± 2.99 – 27.25 ± 1.85 64.25 ± 2.65 35.85 ± 3.30 – 61.09 ± 1.06
14 10 48.75 ± 1.50 – – – 26.86 ± 2.13 – – – 22.60 ± 1.33 –

30 97.29 ± 1.38 87.05 ± 1.16 99.14 ± 0.37 92.97 ± 1.37 101.1 ± 0.24 100.3 ± 0.22 89.98 ± 2.88 98.22 ± 0.39 85.98 ± 1.51 52.71 ± 2.87
[10.92] [11.38] [12.22] [11.75] [10.93] [21.46] [14.37] [17.59] [13.85] [29.64]

18 10 46.39 ± 1.19 – – – – – – – – n. d.
30 64.55 ± 1.29 – – – 20.25 ± 1.01 – – – –

12 10 49.38 ± 2.06 – – – – – – – 31.38 ± 1.55 –
30 90.01 ± 1.15 75.46 ± 1.84 96.39 ± 1.88 94.83 ± 1.48 97.68 ± 0.85 97.14 ± 0.55 90.19 ± 1.61 84.01 ± 2.61 75.02 ± 1.65 48.34 ± 1.65

[14.18] [29.83] [13.62] [14.12] [13.63] [28.46] [16.42] [24.46] [16.97] [30.85]
16 10 49.45 ± 2.27 – – – – – – – 23.63 ± 1.22 n. d.

30 67.44 ± 1.11 31.55 ± 2.41 31.83 ± 2.27 – 59.09 ± 0.69 67.27 ± 3.04 – – 64.48 ± 1.60
20 10 48.25 ± 1.46 30.97 ± 2.54 – – 27.94 ± 0.89 – 28.24 ± 1.66 – 66.09 ± 0.76 n. d.

30 61.12 ± 1.32 28.72 ± 1.11 – – 26.53 ± 1.06 – 22.21 ± 2.78 – 68.56 ± 1.81
CISe 10 95.63 ± 1.49 87.40 ± 1.72 42.61 ± 2.33 88.64 ± 0.50 85.98 ± 1.05 83.6 ± 1.2 66.91 ± 1.81 – 40.41 ± 1.25 76.74 ± 1.26

30 95.09 ± 1.57 92.72 ± 1.67 99.93 ± 0.26 90.18 ± 1.78 98.66 ± 0.21 95.0 ± 0.3 96.80 ± 0.35 71.47 ± 1.20 56.84 ± 1.16 96.90 ± 0.25
[1.22] [1.29] [12.43] [7.84] [4.13] [1.30] [5.78] [19.13] [19.24] [4.73]

aMean value from two independent measurements with five parallel wells; standard deviation <20%.
bIC50 values have been calculated if the growth inhibition value of the compound at 30 lM concentration is higher than 75%.
cInhibition values <20% are not presented.
dNot determined.
eCisplatin.
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4. Conclusion

We carried out microwave-assisted phospha-Michael addition reac-
tions in the 13a-oestrone series. Phosphorylation at C-16a resulted
in two diastereomeric products (16a- and 16b) in high yields. A
simple and efficient microwave-assisted methodology was elabo-
rated for the synthesis of organophosphorus steroidal compounds
representing an undervalued but promising family of potential
anticancer agents in chemical space. One of the presented com-
pounds (9) exhibited impressive selectivity for HPV-negative oro-
pharyngeal cancer cell line UPCI-SCC-131 with modest action on
non-cancerous fibroblasts. Our results in connection with the anti-
proliferative capacity of the tested compounds might underlie the
importance to design and synthesise more organophosphorus
steroid analogues expecting that they show higher tumour specifi-
city and better tumour selectivity.
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