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Abstract Novel 3,5-bis(arylidene)-4-piperidones modified
with diethyl[(aryl)methyl]phosphonate moiety attached to
the piperidone nitrogen atom have been synthesized by
crotonic condensation of aromatic aldehydes with diethyl
[(4-oxopiperidin-1-yl)(aryl)methyl]phosphonates in the
presence of LiClO4/Et3N system or acetonitrile solution of
boron trifluoride etherate. The synthesized phosphonate
derivatives of 3,5-bis(arylidene)-4-piperidone series dis-
played inhibitory properties toward RD, PC3, HCT116, and
MCF7 human cancer cell lines with IC50 values in the range
of 2.5–8.5 μM, as assessed by an in vitro 3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide assay.
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1,5-Diaryl-3-oxo-1,4-pentadienes

Introduction

Linear (A) and cyclic (B) 1,5-diaryl-3-oxo-1,4-pentadienes
are considered as synthetic analogues of naturally occurring
compound curcumin (Fig. 1) distinguished by pronounced
anticancer activity and simultaneously exhibiting low acute
toxicity (Shehzad et al. 2010). These cross-conjugated
pentadienones have been proposed to overcome some of the
pharmacological drawbacks of curcumin (Anand et al.
2007), such as its low solubility and bioavailability as well
as low chemical stability in aqueous media at physiological
pH, and to develop novel drug candidates with higher
antitumor activity or selectivity to malignant cells (Mosley
et al. 2007; Kudo et al. 2011; Shibata and Iwabuchi 2012;
Vyas et al. 2013; Shetty et al. 2015).

An efficient approach for regulating the biological
activity of the dienones consists in varying substituents (R1

and R2 in A and B, Fig. 1) in their aromatic rings (Gregory
et al. 2013) owing to a strong influence of these substituents
on the electrophilic properties of the conjugated vinyl bonds,
which are capable of reacting with cellular thiols while
leaving intact nitrogen nucleophiles such as nucleotides.
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Fig. 1 Structures of acyclic and cyclic 1,5-diaryl-3-oxo-1,4-penta-
dienes and curcumin
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For example, it was shown that vinyl bonds of the dienone
scaffold may covalently bind with sulfhydryl group of
cysteine 88 of ubiquitin receptor RPN13, which resulted in
inhibition of proteasome function and accumulation of
polyubiquitinated proteins in cancer cells and finally in their
apoptosis (Anchoori et al. 2013). In view of this, a
hypothesis, which states that an increase in the electrophilic
character of aromatic rings in the structure of 1,5-diaryl-3-
oxo-1,4-pentadienes might result in their higher cytotoxi-
city, seems to be rational (Das et al. 2009a). Indeed, some
dienone compounds containing electron-withdrawing nitro
groups in aromatic rings were shown to exhibit high inhi-
bitory activity toward various malignant cell lines. Based on
this observation, a model for a hypothetical receptor active
site for this class of compounds was proposed (Patel et al.
2007). On the other hand, parent curcumin molecule con-
tains electron-releasing hydroxy and methoxy substituents
on phenyl rings and there were published examples of
monocarbonyl curcumin analogues having only methoxy
groups as substituents and revealing much higher anticancer
activity than curcumin (Gregory et al. 2013; Shetty et al.
2015; Youssef and El-Sherbeny 2005). It should be also
pointed out that dienones have a variety of molecular targets
that may be differently affected by these compounds
depending on their structural features, such as location and
electronic properties of substituents in the aromatic moieties
(Das et al. 2009a). Therefore, influence of these substituents
on the antitumor properties of dienone curcumin analogues
is of a complex nature and needs further investigation.

Another approach that is available in the case of dienones
based on 4-piperidone framework (compounds of 3,5-bis
(arylidene)-4-piperidone series) includes attaching various
groups (R3 in B, Fig. 1) to piperidone nitrogen atom. These
groups may possess inherent biological activity, improve
pharmacological properties of the dienone pharmacophore
or facilitate interaction with a receptor binding site. More-
over, combining the dienone moiety and such groups in one
molecule may result in a synergistic increase in cytotoxicity
toward cancer cells as envisaged, for example, by the theory
of sequential cytotoxicity (Das et al. 2009a). Examples of
such modifying groups include acryloyl group (Dimmock
et al. 2001), residues of N-aryl fumaramic acids (Jha et al.
2007), amino acids (Bazzaro et al. 2011) and aromatic
sulfonic acids (Thakur et al. 2014; Sun et al. 2014), as well
as nitroxides (Kálai et al. 2011) or even another 3,5-bis
(arylidene)-4-piperidone scaffold attached through an
appropriate linker (Das et al. 2011, 2013; Santiago-Vazquez
et al. 2014).

Organophosphorus moieties, such as phosphonate,
bisphosphonate and phosphate residues, have also found
application as structural modifiers of 3,5-bis(arylidene)-4-
piperidones. For instance, it was shown that the direct
phosphorylation of NH-3,5-bis(arylidene)-4-piperidones

(R3=H in Fig. 1) with diethyl chlorophosphate provided
corresponding amides (R3= P(O)(OEt)2), with some of
them revealing higher anticancer activity than non-
phosphorylated NH-analogues (Das et al. 2009b). More-
over, these amides exhibited higher cytotoxicity toward
cancer cells as compared to normal cells (Das et al. 2010).
Another advantageous feature of N-phosphorylated 3,5-bis
(arylidene)-4-piperidones is their good membrane perme-
ability (Singh et al. 2014). High cytotoxicity toward
malignant cells was also demonstrated by 3,5-bis(aryli-
dene)-4-piperidones bearing diethyl phosphonate and tet-
raethyl (methylene)bisphosphonate groups attached to the
piperidone nitrogen atom through short alkylene chains
(Makarov et al. 2009; Makarov et al. 2012). Therefore,
synthesis and investigation of antitumor properties of 3,5-
bis(arylidene)-4-piperidones modified with organopho-
sphorus groups is of significant interest for the design of
new antiproliferative and anticancer agents.

The aim of the this study is to develop a synthetic
approach to novel 1,5-diaryl-3-oxo-1,4-pentadienes based
on 4-piperidone modified with diethyl phosphonate group
connected to the nitrogen atom of the piperidone scaffold
through a short linking group. Recently we have elaborated
a preparative procedure for the synthesis of diethyl α-amino
(aryl)methyl phosphonates 1 (Scheme 1) containing 4-
piperidone ring as an amine unit (Makarov et al. 2015). In
the present work these diethyl [(4-oxopiperidin-1-yl)(aryl)
methyl] phosphonates were used as starting compounds to
prepare corresponding α-aminophosphonates of 3,5-bis
(arylidene)-4-piperidone series 2; the latter compounds were
screened in vitro for inhibitory activity toward cancer cells.

Results and discussion

Synthesis and structure

Starting α-amino(aryl)methyl phosphonates 1a–e required
for the synthesis of the corresponding 3,5-bis(arylidene)-4-
piperidones 2a–n were obtained in moderate yields through
Kabachnik-Fields reaction of 4-piperidone hydrochloride
monohydrate, an aromatic aldehyde, and triethyl phosphite
carried out in the presence of triethylamine and 25 mol % of
magnesium perchlorate as illustrated in Scheme 1. Synth-
esis of compounds 1a–d was reported previously (Makarov
et al. 2015) while new phosphonate 1e is described in the
present article.

The next step of the proposed reaction sequence con-
sisted in the crotonic condensation of phosphorylated 4-
piperidones 1a–e with aromatic aldehydes containing sub-
stituets differing in their electronic properties (from
electron-withdrawing NO2 and CN groups to electron-
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releasing MeO and Me2N groups) to evaluate the effect of
these properties on cytotoxicity of compounds. The crotonic
condensation resulting in target compounds 2a–n was per-
formed in the presence of Lewis acidic systems: LiClO4/
Et3N (system A) (Arnold et al. 2006) for condensations with
benzaldehyde, 4-fluoro-, 4-methoxy-, 4-dimethylamino-,
and 2,3,4-trimethoxybenzaldehyde or BF3·OEt2/CH3CN
(system B) (Leonova et al. 2010) for reactions with alde-
hydes containing strong electron-withdrawing substituents,
such as 4-nitro- and 4-cyanobenzaldehyde, and with 3-
hydroxybenzaldehyde. It should be pointed out that the
application of standard acidic conditions (HCl in acetic
acid) usually used for the synthesis of N-substituted 3,5-bis
(arylidene)-4-piperidones was ruled out in our case because
both starting substrates 1a–d and condensation reaction
products 2a–n contain diethyl phosphonate group which is
liable, in the presence of protonic acids, to partial hydrolysis
into phosphonic acid group or may be even cleaved off the
molecule under such conditions resulting in a number of by-

products. Our experiments showed that LiClO4/Et3N sys-
tem gave unsatisfactory results in terms of yield and purity
as regards preparing nitro, cyano and hydroxy derivatives
2d, i, j, n (with this system we observed formation of
mixtures of many products), in which case we used an
acetonitrile solution of BF3·OEt2 as a reaction medium
providing better results. Furthermore, to ensure better
mixing and, therefore, contact of starting reagents, which all
are solids, synthesis of compounds 2g, h, m was performed
in the presence of higher amount of triethylamine
(5 equivalents rather than 2 equivalents as in the case of
compounds 2a–c, e, f, k, l). Yields of 3,5-bis(arylidene)-4-
piperidones 2a–n varied in the range of 25–75 %, with
the highest yield being obtained for compound 2m and
the lowest ones for nitro- and cyano-containing analogues
2d, i, j.

Structures of compounds 2a–n were confirmed by IR and
multinuclear NMR spectroscopy. The IR spectra of 2a–n
show characteristic absorption bands at 1240–1255 (P=O),
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Scheme 1 Synthetic sequence used for the preparation of α-aminophosphonates of 3,5-bis(arylidene)-4-piperidone series 2a–n
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1024–1032 (P–O–C), and 1668–1677 (C=O) cm–1. The 31P
NMR spectra of these compounds contain one singlet at
21.5–22.5 ppm typical of diethyl phosphonate group.
The 1H NMR spectra have a characteristic doublet at ca.
4.05 ppm with a coupling constant 2JPH= 20 Hz assigned to
the single proton of the N-CH(Ar)-P unit. The carbon atom
of this unit resonates in the 13C NMR spectra as a doublet at
ca. 65–66 ppm with a coupling constant 1JCP= 160 Hz. The
19F NMR spectra of fluorine-containing 3,5-bis(arylidene)-
4-piperidones of series 2 contain singlets at ca. -111 (F-C18)
and/or ca. −114 (F-C11) ppm depending on the structure. On
the whole, the 1H and 13C NMR spectral data are consistent
with E,E-configuration of vinyl bonds in 1,5-diaryl-3-oxo-
1,4-pentadiene scaffold. Moreover, the molecular structure
of fluorine-containing representative 2e was unambiguously
confirmed by X-ray diffraction analysis.

The main backbone of molecule 2e (Fig. 2) contains
three planar fragments; the first includes the basal plane of
the piperidone cycle (PA), while the planar fragments PB

and PC include a benzene ring and adjacent atoms. The
dihedral angles PA/PB and PA/PC between these fragments
are equal to 28.68(5)° and 26.61(5)°, respectively. The
central piperidone cycle adopts a sofa conformation, with
the deviation of the N1 nitrogen atom from the plane passed
through the other atoms of the ring by 0.755(1) Å. The N1
nitrogen atom of the piperidone ring has a trigonal-
pyramidal configuration (sum of bond angles at the N1
atom is 336.7(3)°).

The (phenyl)(methyl)phosphonate ligand occupies the
more sterically favorable equatorial position. The rotation
angle of the phosphonate ligand relative to the central
piperidone ring, defined as the pseudo-torsion O2 = P1…
N1–C2 angle, is equal to 171.7(1)°.

Phosphonates 2a–n may be transformed into free phos-
phonic acids using treatment with bromotrimethylsilane
followed by hydrolysis of intermediate silyl esters with
aqueous methanol. As an illustrative example, possibility of
such transformation is demonstrated for phosphonate 2e
(Scheme 2). The corresponding acid 3 was treated with
aqueous ammonia in ethanol to give ammonium salt. Sur-
prisingly, the elemental analysis showed that the ammo-
nium salt formed under used conditions was a
monoammonium salt 4.

Acid 3 and salt 4 were characterized by the NMR
spectroscopy data. The 31P NMR spectra of these com-
pounds contain a singlet at 16.7 ppm (compound 3) and
13.3 ppm (compound 4); their 19F NMR spectra have two
singlets at ca. -110.5 (F-C18) and -116 (F-C11) ppm corre-
sponding to two different fluorine atoms, with the singlets
intensity ratio being equal to 2:1. A characteristic doublet
with 2JPH= 20 Hz assigned to the proton of the CHP moiety
(at 4.1 ppm for 3 and at 3.8 ppm for 4) is observed in the 1H
NMR spectra of both compounds. Finally, the 13C NMR
spectra have a doublet at ca. 66 ppm with 1JPC= 140 Hz
(CHP moiety) and two doublets with 1JCF= 240 in the
range of 161–163 ppm due to C–F coupling. Other NMR
signals are also in agreement with the structures drawn in
Scheme 2.

Fig. 2 Molecular structure of 2e drawn at 40 % probability of aniso-
tropic displacement ellipsoids. The alternative positions of the dis-
ordered ethyl groups are not shown
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Cytotoxic properties

The cytotoxic activity of the compounds 2a–n was tested
in vitro against human malignant cell lines, such as RD
(rhabdomyosarcoma), PC3 (prostate cancer), HCT116
(colon cancer), MCF7 (breast cancer), and normal human
embryonic kidney (HEK293) cell line. Our choice of these
cell lines was based on the following considerations. First,
according to the literature data various N-substituted 3,5-bis
(arylidene)-4-piperidones demonstrated high in vitro cyto-
toxicity toward PC3, HCT116 and MCF7 cells (Thakur
et al. 2014). Second, surprisingly only few publications
describe data on inhibitory activity of dienone compounds
toward malignant muscle tissue cells (Selvendiran et al.
2009). Finally, evaluation of cytotoxicity of compounds
2a–n toward normal HEK293 cells was undertaken to
ascertain whether these compounds have any selectivity for
tumor cells.

The results obtained in this study are summarized in
Table 1 showing the corresponding IC50 values (IC50 is the
concentration of compound required to inhibit the growth of
the cells by 50 %). Anticancer antibiotics Doxorubicin and
Daunorubicin were used as positive controls. Moreover, for
comparison purposes, we also evaluated antiproliferative
properties of analogues 5 and 6 (Fig. 3) having structure

similar to that of phosphonates 2a–n except for aromatic
ring attached to α-aminomethyl phosphonate residue.

In general, the majority of the studied phosphonates 2a–
n show IC50 values in the range of 2.5–8.5 μM, with the
most evident exception being compound 2g containing the
dimethylamino groups in the bis(arylidene)piperidone fra-
mework. Such a low cytotoxicity of 3,5-bis(4-dimethyl-
benzylidene)-4-piperidones is known from other studies
(Makarov et al. 2009) and may be attributed to a strong
electron-releasing character of NMe2 substituents. Com-
pounds 2c, f, k, m having methoxy substituents in the
aromatic rings exhibit somewhat lower activity toward
MCF7 cells as compared to other active compounds.
The highest toxic activity toward the studied cancer cell
lines is revealed by nitro-derivative 2d, for which all
inhibitory concentrations are lower than 3.0 μM. Another

Table 1 Cytotoxicity of
phosphonates 2a–n, phosphonic
acid 3 and salt 4 toward human
malignant cell lines RD, PC3,
HCT116 and MCF7, and normal
HEK293 cells

Compound IC50, μM

RD PC3 HCT116 MCF7 HEK293

2a 5.1± 0.1 6.5± 0.8 2.7± 0.1 4.0± 0.2 2.0± 0.5

2b 8.1± 0.2 6.8± 1.1 3.0± 1.4 3.8± 0.6 3.0± 1.0

2c 4.9± 0.1 7.8± 1.1 4.8± 0.3 12.0± 1.5 3.6± 0.5

2d n/aa 2.2± 0.4 2.8± 0.5 2.4± 0.4 1.3± 0.3

2e 2.5± 0.1 7.2± 0.8 3.8± 0.8 6.0± 0.7 2.8± 0.6

2f 5.5± 0.1 8.0± 1.1 5.3± 0.1 12.2± 0.3 7.0± 0.7

2g 119± 20 n/a 191± 41 222± 30 n/a

2h 5.8± 0.1 6.4± 0.7 5.9± 0.1 8.5± 0.7 4.5± 0.6

2i n/a 3.5± 0.5 n/a 3.0± 0.4 7.0± 0.6

2j n/a 3.5± 0.6 3.8± 0.5 4.3± 0.6 3.5± 0.5

2k n/a 4.6± 0.6 3.5± 0.4 12.0± 1.2 3.4± 0.4

2l 2.5± 0.1 6.2± 0.7 2.6± 0.1 6.5± 0.5 7.6± 0.7

2m n/a 10.0± 0.8 7.0± 0.6 22.0± 2.0 8.5± 0.7

2n n/a 7.5± 1.0 n/a 12.0± 1.5 21.0± 2.4

3 n/a >100 n/a >100 >100

4 n/a >100 >100 >100 >100

5b n/a 10.2± 0.7 5.5± 0.5 6.1± 0.5 3.6± 0.4

6b n/a 9.1± 0.6 4.0± 0.5 6.5± 0.5 3.4± 0.3

Doxorubicin 0.53± 0.03 1.7± 0.2 0.19± 0.01 0.56± 0.03 0.24± 0.02

Daunorubicin 2.45± 0.07 n/a 0.21± 0.01 1.44± 0.31 n/a

a n/a not analyzed
b Compounds 5 and 6 were described previously (Makarov et al. 2009)
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Fig. 3 Structures of fluorine (5) and nitro (6) analogues of compounds
2b and 2d
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nitro-compound 2i and nitrile analogue 2j, also bearing
strong electron-withdrawing substituents in benzylidene
moieties, demonstrate good cytotoxicity toward cancer cell,
as well (with IC50 values in the range of 3.0–4.3 μM).
Although the results obtained do not allow us to draw a
conclusion on any noticeable selectivity of the screened
compounds toward a particular cell line, it may be noted
that the lowest inhibitory concentrations (<3.0 μM) are
shown by the following phosphonates: 2e, l (toward RD
cells), 2d (toward PC3 cells), 2a, d, l (toward HCT116
cells) and 2d, i (toward MCF7 cells). On the whole, normal
HEK293 cells are only slightly more sensitive to com-
pounds 2 than cancer cells, with analog 2n exhibiting even
higher activity toward studied PC3 and MCF7 cell lines
than toward normal cells. This fact justifies further inves-
tigations of the antiproliferative activity of phosphorylated
3,5-bis(arylidene)-4-piperidones with the aromatic rings
bearing OH-substituents.

The comparison of the cytotoxic activity of phosphonates
2b and 2d with that of their corresponding analogues 5 and
6, lacking phenyl ring at the methylene carbon atom con-
necting piperidone nitrogen atom and phosphonate group,
indicates that the presence of this phenyl ring does not result
in any adverse effect on the cytotoxicity. In contrast,
compounds 2b and 2d proved to be even more potent than
counterparts 5 and 6. Compounds 2e, l which also differ
from analogue 5 only by the presence of aromatic ring at
above mentioned methylene linker are not inferior to this
analogue in terms of cytotoxic activity, as well.

We also evaluated the cytotoxic properties of phosphonic
acid 3 and corresponding momoammonium salt 4 in the
same 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) test as used for related phosphonate 2e.
Surprisingly, both salt and acid turned out to be non-toxic
(IC50> 100 μM). This fact might be associated with
inability of free acid and its salt to pass through cell
membrane: for example, poor membrane permeability was
mentioned as the major drawback of bisphosphonic acids
(Ezra et al. 2000; Porras and Gertz 2004; Ledoux et al.
2006), with possible solution to overcome this problem
being partial transformation of ionizable acidic phosphonic
groups into corresponding esters.

Conclusion

This study demonstrates that modifying 3,5-bis(arylidene)-4-
piperidone pharmacophore with phosphonate group attached
to the piperidone nitrogen atom through (aryl)methylene unit
results in novel antiproliferative agents with good inhibitory
activity toward malignant cells: most of the resulting phos-
phonates are distinguished by IC50 values in the range of
2.5–8.0 μM. In general, the highest activity is revealed by

3,5-bis(arylidene)-4-piperidones containing electron-
withdrawing substituents in the arylidene moieties. The
comparison with the related phosphonates without aryl ring
attached to methylene linker connecting piperidone scaffold
and phosphonate group shows that such aryl ring does not
interfere with the antitumor efficacy of compounds. There-
fore, these diethyl (3,5-diarylidene-4-oxopiperidin-1-yl)(aryl)
methylphosphonates 2 are of significant interest for further
studies including an elucidation of the mechanistic aspects of
their cytotoxic activity to determine a specific biological target
thereof and reduce toxicity against normal cells along with an
investigation of their in vivo effects.

Experimental

Chemistry

NMR spectra were recorded on a Bruker Avance
400 spectrometer (1H, 400; 19F, 376; 31P, 162 and 13C, 100
MHz) or Bruker Avance 300 spectrometer (1H, 300; 19F,
282; 31P, 121 and 13C, 75.5 MHz) using residual proton
signal (1H) and that of carbon atom (13C) of a deuterated
solvent as an internal standard relative to TMS and CFCl3
(19F), and H3PO4 (31P) as an external standard. Column
chromatography was carried out using Merck silica gel 60
(230–400 mesh ASTM). Analytical TLCs were performed
with Merck silica gel 60 F254 plates. Visualization was
accomplished by UV light. IR spectra were recorded in KBr
pellets on a Magna-IR750 (Nicolet) Fourier spectrometer,
resolution 2 cm–1, 128 scans. Melting points were deter-
mined with a MPA 120 EZ-Melt Automated Melting Point
Apparatus (USA) and were uncorrected. All commercial
reagents were purchased from Acros and used without
further purification. Synthesis of compounds 1a–d was
described previously (Makarov et al. 2015).

Diethyl [(2,4-dimethoxyphenyl)(4-oxopiperidin-1-yl)
methyl]phosphonate (1e)

A mixture of piperidone hydrochloride monohydrate
(0.77 g, 5 mmol), 2,4-dimethoxybenzaldehyde (0.83 g,
5 mmol), Et3N (0.5 g, 5 mmol), anhydrous Mg(ClO4)2
(0.28 g, 1.25 mmol, 25 mol %), and (EtO)3P (0.83 g,
5 mmol) was stirred for 20 h at room temperature. Water
and CH2Cl2 were added to the mixture, organic phase was
separated, aqueous phase was extracted with CH2Cl2.
Combined organic phase was washed with an aqueous
Na2CO3 solution, separated, dried over Na2SO4, filtered and
evaporated on a rotary evaporator to give crude product
(2.0 g) as an oil containing 53 mol % of compound 1e. The
crude product was purified by column chromatography
(column: l, 32 cm, d, 2 cm) using gradient elution starting
with petroleum ether and continuing with petroleum
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ether/acetone mixtures (gradient from 15:2 to 15:4). Eva-
poration of appropriate fractions on a rotary evaporator
afforded the desired compound as yellowish oil (0.77 g,
40 %). 31P NMR (162MHz, CDCl3): δ= 22.99. 1Н NMR
(400MHz, CDCl3): δ= 1.05 and 1.36 (both t, 6H, 3JHH =
7.1 Hz, POCH2CH3), 2.40 (t, 4H, 3JHH = 7.1 Hz, N(CH2)2),
2.70–2.75 (m, 2H), 3.11–3.16 (m, 2H), 3.69–3.73–3.79 (m,
7H, POCH2 + 2OMe), 3.87–3.97 (m, 1H, POCH2),
4.21–4.30 (m, 2H, POCH2), 4.71 (d, 1H, 2JPH= 24 Hz,
PCH), 6.45 (s, 1H, C6H3), 6.48 (d, 1H, 3JHH = 8 Hz, C6H3),
7.68 (d, 1H, 3JHH= 8 Hz, C6H3).

13C NMR (100MHz,
CDCl3): δ= 16.2 and 16.6 (both d, 3JPC= 6 Hz,
POCH2CH3), 41.9 (C3, C5), 51.1 (d, 3JPC= 9 Hz, C2, C6),
55.3 (OMe), 55.5 (OMe), 56.7 (d, 1JPC= 166 Hz, C7), 62.2
and 63.0 (both d, 2JPC= 7 Hz, POCH2), 98.4 (C12), 103.9
(C10), 112.7 (d, 2JPC= 5 Hz, C8), 132.0 (d, 3JPC= 4 Hz, C9),
159.0 (d, 3JPC= 12 Hz, C13), 160.7 (C11), 209.0 (C4).
Found (%): С, 56.19; Н, 7.45; N, 3.68. Calc. for
C18H28NO6P (%): С, 56.10; Н, 7.32; N, 3.63.

General procedure A for the synthesis of compounds 2a–c,
e–h, k–m

Diethyl (4-oxopiperidin-1-yl)(aryl)methylphosphonate (1.5
mmol) was mixed with an aromatic aldehyde (3.0 mmol)
and triethylamine (0.30 g, 3.0 mmol in the case of com-
pounds 2a–c, e, f, k, l; 0.75 g, 7.5 mmol in the case of
compounds 2g, h, m). Lithium perchlorate (0.32 g, 3.0
mmol) was added to the stirred mixture and stirring was
continued for 48 h at room temperature. Then, water and
CH2Cl2 were added to the reaction mixture. Organic layer
was separated, washed with water, dried over Na2SO4, fil-
tered through filter paper, and evaporated to dryness on a
rotary evaporator to afford crude product that was subjected
to SiO2 column chromatography (column: l, 30 cm, d, 2
cm). Details for elution conditions are given below for each
compound individually. Appropriate fractions obtained
from a column were evaporated on a rotary evaporator to
give desired compounds.

General procedure B for the synthesis of compounds 2d, i, j

Diethyl (4-oxopiperidin-1-yl)(aryl)methylphosphonate (1.5
mmol) was mixed with an aromatic aldehyde (3.0 mmol) in
anhydrous acetonitrile (2 mL). Boron trifluoride etherate
(1.28 g, 9.0 mmol) was added to the stirred mixture and
stirring was continued for 48 h at room temperature. Then,
Et2O (25 mL) was added to the reaction mixture and the
solid formed was filtered off. The solid obtained was added
to a solution of sodium carbonate (0.9 g) in water (20 mL)
and the mixture was stirred for 2 h. Organic substance was
filtered off and dried in air to afford crude product that was
subjected to SiO2 column chromatography (column: l, 22

cm, d, 2 cm). Elution was started with CH2Cl2 and con-
tinued with a 150:5 CH2Cl2/EtOH mixture and 100:5
CH2Cl2/EtOH mixture. Appropriate fractions obtained from
a column were evaporated on a rotary evaporator to give
desired compounds.

Diethyl (3,5-dibenzylidene-4-oxopiperidin-1-yl)(phenyl)
methylphosphonate (2a)

Column chromatography: elution was started with a 10:1
petroleum ether/acetone mixture and continued with 5:1
petroleum ether/acetone mixture. Evaporation of eluates
gave yellow crystalline product (0.44 g, 58 %), m.p.
137–142 °С. IR (KBr), νmax, cm–1: 1670 (C=O), 1609
(C=C), 1581 (C=C), 1570 (C=C), 1224 (P=O), 1022
(P–O). 31P NMR (CDCl3, 162MHz): δ= 22.02. 1H NMR
(CDCl3, 400MHz): δ= 0.97 and 1.10 (both t, 6H, 3JHH =
7.0 Hz, P(OCH2CH3)2), 3.57–3.65 (m, 1Н, POCH2),
3.82–4.02 (m, 5H, CH2 (cyclic) + POCH2), 4.09 (d, 1Н,
CHP, 2JPH= 20.0 Hz), 4.27–4.31 (m, 2H, CH2 (cyclic)),
7.31–7.49 (m, 15H, CPhH), 7.78 (s, 2H, C14H). 13C NMR
(CDCl3, 100MHz): δ= 16.1 and 16.3 (both d, 3JPC= 6 Hz,
POCH2CH3), 53.0 (d, 3JPC= 8 Hz, C2, C6), 62.5 and 62.8
(both d, 2JPC= 7 Hz, POCH2), 66.4 (d, 1JPC= 159 Hz, C7),
128.3 (C8), 128.42 (C10, C12), 128.6 (C17, C19), 129.0 (C18),
130.2 (d, 3JPC= 8 Hz, C9, C13), 130.4 (C16, C20), 132.4
(C11), 133.3 (C15), 135.1 (C3, C5), 136.5 (C14), 187.6 (C4).
Anal. Calcd. for C30H32NO4P (%): C, 71.84; H, 6.43; N,
2.79. Found (%): C, 71.74; H, 6.57; N, 2.75.

Diethyl (3,5-bis(4-fluorobenzylidene)-4-oxopiperidin-1-yl)
(phenyl)methylphosphonate (2b)

Column chromatography: elution was started with a 4:1
CHCl3/hexane mixture and continued with a 100:1 CHCl3/
EtOH mixture. Evaporation of eluates gave yellow crystalline
product (0.38 g, 47%), m.p. 129–131 °С. IR (KBr), νmax,
cm–1: 1676 (C=O), 1616 (C=C), 1600 (C=C), 1582 (C=C),
1509 (C=C), 1226 (P=O), 1026 (P–O). 31P NMR (CDCl3,
121MHz): δ= 21.84. 19F NMR (CDCl3, 376MHz):
δ= -111.33. 1H NMR (CDCl3, 400MHz): δ= 0.96 and 1.10
(both t, 6H, 3JHH= 7.1 Hz, P(OCH2CH3)2), 3.53–3.63 (m,
1Н, POCH2), 3.79–4.00 (m, 5H, CH2 (cyclic) + POCH2),
4.05 (d, 1Н, 2JPH= 20.0 Hz, CHP), 4.22–4.25 (m, 2H, CH2

(cyclic)), 7.07 (t, 4Н, 3JHH= 3JHF= 8.6 Hz, C17H and C19H),
7.25–7.33 (m, 7Н, CPhH + C16H and C20H), 7.45 (m, 2Н,
CPhH), 7.71 (s, 2Н, C14H). 13C NMR (CDCl3, 100MHz):
δ= 16.1 and 16.3 (both d, 3JPC= 6 Hz, POCH2CH3), 52.8 (d,
3JPC= 9 Hz, C2, C6), 62.6 and 62.8 (both d, 2JPC= 7 Hz,
POCH2), 66.4 (d,

1JPC= 161 Hz, C7), 115.7 (d, 2JFC= 21Hz,
C17, C19), 128.4 (C8), 128.5 (C10, C12), 130.1 (d,
3JPC= 8 Hz, C9, C13), 131.3 (d, 4JCF= 3 Hz, C15), 132.3 (d,
3JCF= 9 Hz, C16, C20), 132.4 (C11), 132.9 (C3, C5), 135.4
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(C14), 162.9 (d, 1JCF= 250Hz, C18), 187.3 (C4). Anal. Calcd.
for C31H30F2NO4P (%): C, 67.03; H, 5.63; N, 2.61. Found
(%): C, 66.91; H, 5.80; N, 2.51.

Diethyl (3,5-bis(4-methoxybenzylidene)-4-oxopiperidin-1-
yl)(phenyl)methylphosphonate (2c)

Column chromatography: elution was started with petro-
leum ether and continued with petroleum ether/acetone
mixtures with gradient from 10:1.5 to 10:2 and 10:2.5.
Evaporation of eluates gave yellow crystalline product
(0.55 g, 67 %), m.p. 125–126 °С. IR (KBr), νmax, cm–1:
1672 (C=O), 1599 (C=C), 1510 (C=C), 1253 (P=O), 1019
(P–O). 31P NMR (CDCl3, 162MHz): δ= 21.85. 1H NMR
(CDCl3, 400MHz): δ= 0.97 and 1.10 (both t, 6H, 3JHH =
7.0 Hz, P(OCH2CH3)2), 3.59–3.65 (m, 1H, POCH2), 3.82
(s, 6H, OCH3), 3.84–4.01 (m, 5H, CH2 (cyclic) + POCH2),
4.08 (d, 1H, CHP, 2JPH= 20.7 Hz), 4.24–4.28 (m, 2H, CH2

(cyclic)), 6.90 (d, 4H, 3JHH= 8.9 Hz), 7.29–7.32 (m, 7H),
7.50 (d, 2H, 3JHH = 7.0 Hz), 7.70 (s, 2H, C14H). 13C NMR
(CDCl3, 100MHz): δ= 16.1 and 16.3 (both d, 3JPC= 6 Hz,
POCH2CH3), 53.0 (d, 3JPC= 9 Hz, C2, C6), 55.3 (OMe),
62.4 and 62.9 (both d, 2JPC= 7 Hz, POCH2), 66.6 (d, 1JPC
= 161 Hz, C7), 114.1 (C17, C19), 127.9 (C8), 128.30 (C15),
128.4 (C10, C12), 130.2 (d, 3JPC= 8 Hz, C9, C13), 131.5 (C3,
C5), 132.3 (C16, C20), 132.4 (C11), 135.9 (С14), 160.2 (C18),
187.4 (C4). Anal. Calcd. for C32H36NO6P (%): C, 68.44; H,
6.46; N, 2.49. Found (%): C, 68.47; H, 6.54; N, 2.47.

Diethyl (3,5-bis(4-nitrobenzylidene)-4-oxopiperidin-1-yl)
(phenyl)methylphosphonate (2d)

Product obtained after column chromatography was addi-
tionally purified by precipitation with hexane from its
solution in ethyl acetate to give yellow powder in a yield of
0.26 g (29 %), m.p. 175–180 °С. IR (KBr), νmax, cm

–1: 1671
(C=O), 1616 (C=C), 1597 (C=C), 1523 (NO2), 1346
(NO2), 1246 (P=O), 1021 (P–O). 31P NMR (CDCl3, 162
MHz): δ= 21.02. 1H NMR (CDCl3, 400MHz): δ= 0.97
and 1.14 (both t, 6H, 3JHH = 7.1 Hz, P(OCH2CH3)2),
3.55–3.65 (m, 1H, POCH2), 3.83–4.05 (m, 6H, POCH2 +
CH2 (cyclic) + CHP), 4.27–4.31 (m, 2H, CH2 (cyclic)),
7.30–7.35 (m, 3H), 7.43–7.45 (m, 2Н), 7.47 (d, 4H, 3JHH =
8 Hz), 7.76 (s, 2H, C14H), 8.25 (d, 4H, 3JHH = 8 Hz). 13C
NMR (CDCl3, 100MHz): δ= 16.1 and 16.4 (both d, 3JPC=
5 Hz, POCH2CH3), 52.7 (d, 3JPC= 8 Hz, C2, C6), 62.8 and
62.9 (both d, 2JPC= 7 Hz, POCH2), 66.4 (d, 1JPC= 160 Hz,
C7), 123.8 (C17, C19), 128.7 (C8), 128.7 (C10, C12), 130.1
(d, 3JPC= 8 Hz, C9, C13), 130.8 (C16, C20), 132.0 (C11),
134.2 (C3, C5), 135.9 (C14), 141.2 (C15), 147.4 (C18–NO2),
162.6 (d, 1JCF= 247 Hz, C11), 186.3 (C4). Anal. Calcd. for
C30H30N3O8P (%): C, 60.91; H, 5.11; N, 7.10. Found (%):
60.87; H, 5.18; N, 7.19.

Diethyl (3,5-bis(4-fluorobenzylidene)-4-oxopiperidin-1-yl)
(4-fluorophenyl)methylphosphonate (2e)

Column chromatography: elution was started with a 10:1
petroleum ether/acetone mixture with gradient to 10:2 pet-
roleum ether/acetone and 10:3 petroleum ether/acetone
mixtures. Evaporation of eluates gave yellow crystalline
product (0.52 g, 63 %), m.p. 145–150 °С. IR (KBr), νmax,
cm–1: 1673 (C=O), 1614 (C=C), 1600 (C=C), 1578 (C=C),
1511 (C=C), 1506 (C=C), 1231 (P=O), 1026 (P–O). 31P
NMR (CDCl3, 162MHz): δ= 21.52. 19F NMR (CDCl3,
376MHz): δ= -110.58 (F-C18), -113.12 (F-C11). 1H NMR
(CDCl3, 400MHz): δ= 0.98 and 1.10 (both t, 6H, 3JHH =
7.0 Hz, P(OCH2CH3)2), 3.57–3.66 (m, 1Н, POCH2),
3.79–3.99 (m, 5H, CH2 (cyclic) + POCH2), 4.02 (d, 1Н,
2JPH= 20.0 Hz, CHP), 4.18–4.22 (m, 2H, CH2 (cyclic)),
6.97 (t, 2Н, 3JHH= 3JHF= 8.6 Hz, C10H and C12H), 7.07 (t,
4Н, 3JHH= 3JHF= 8.7 Hz, C17H and C19H), 7.30 (dd, 4Н,
3JHH= 8.6 Hz, 4JHF= 5.4 Hz, C16H and C20H), 7.42 (dd,
2Н, 3JHH= 7.3 Hz, 4JHF= 5.4 Hz, C9H and C13H), 7.70 (s,
2H, C14H). 13C NMR (CDCl3, 100MHz): δ= 16.1 and 16.3
(both d, 3JPC= 6 Hz, POCH2CH3), 52.7 (d, 3JPC= 9 Hz, C2,
C6), 62.6 and 62.9 (both d, 2JPC= 7 Hz, POCH2), 66.3 (d,
1JPC= 160 Hz, C7), 115.4 (d, 2JFC= 21 Hz, C10, C12), 115.8
(d, 2JFC= 22 Hz, C17, C19), 128.5 (d, 4JFC= 3 Hz, C8),
131.2 (d, 4JCF= 4 Hz, C15), 131.7 (t, 3JFC=

3JPC= 8 Hz,
C9, C13), 132.3 (d, 3JCF= 8 Hz, C16, C20), 132.7 (C3, C5),
135.6 (C14), 162.6 (d, 1JCF= 248 Hz, C11), 162.9 (d, 1JCF=
251 Hz, C18), 187.1 (C4). Anal. Calcd. for C30H29F3NO4P
(%): C, 64.86; H, 5.26; N, 2.52. Found (%): C, 64.83; H,
5.36; N, 2.48.

Diethyl (3,5-bis(4-methoxybenzylidene)-4-oxopiperidin-1-
yl)(4-fluorophenyl)methylphosphonate (2f)

Column chromatography: elution was started with petro-
leum ether and continued with petroleum ether/acetone
mixtures with gradient from 10:1 to 10:2 and 10:2.5. Eva-
poration of eluates gave yellow viscous product that was
dissolved in CH2Cl2 (2.5 ml) and precipitated with pentane
in freezer (-20 °С) to give yellow crystalline product (0.29
g, 33 %), m.p. 140–152 °С. IR (KBr), νmax, cm

–1: 1665
(C=O), 1599 (C=C), 1564 (C=C), 1511 (C=C), 1256
(P=O), 1028 (P–O). 31P NMR (CDCl3, 121MHz): δ=
21.77. 19F NMR (CDCl3, 376MHz): δ= -113.56. 1H NMR
(CDCl3, 400MHz): δ= 0.98 and 1.09 (both t, 6H, 3JHH =
7.0 Hz, P(OCH2CH3)2), 3.59–3.65 (m, 1H, POCH2), 3.82
(s, 6H, OCH3), 3.86–4.00 (m, 5H, CH2 (cyclic) + POCH2),
4.06 (d, 1H, CHP, 2JPH= 20.0 Hz), 4.21–4.25 (m, 2H, CH2

(cyclic)), 6.90 (d, 4H, 3JHH = 8.6 Hz), 6.97 (t, 2H, 3JHH
= 3JHF= 8.7 Hz, C10H and C12H), 7.28 (d, 4H, 3JHH = 8.6
Hz), 7.45 (virtual t, 2Н, J= 6.5 Hz, C9H and C13H), 7.71 (s,
2H, C14H). 13C NMR (CDCl3, 100 MHz): δ= 16.1 and 16.3
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(both d, 3JPC= 6 Hz, POCH2CH3), 52.8 (d,
3JPC= 8 Hz, C2,

C6), 55.3 (OMe), 62.5 and 62.9 (both d, 2JPC= 7 Hz,
POCH2), 65.4 (d, 1JPC= 160 Hz, C7), 114.1 (C17, C19),
115.3 (d, 2JFC= 21 Hz, C10, C12), 127.8 (C15), 128.6 (d,
4JFC= 2 Hz, C8), 131.2 (C3, C5), 131.8 (t, 3JFC=

3JPC= 8
Hz, C9, C13), 132.2 (C16, C20), 136.2 (С14), 160.3 (C18),
162.6 (d, 1JCF= 245 Hz, C11), 187.3 (C4). Anal. Calcd. for
C32H35FNO6P (%): C, 66.31; H, 6.09; N, 2.42. Found (%):
C, 66.30; H, 6.17; N, 2.41.

Diethyl (3,5-bis(4-dimethylaminobenzylidene)-4-
oxopiperidin-1-yl)(4-fluorophenyl)methylphosphonate (2g)

Column chromatography: elution was started with a 3:1
petroleum ether/acetone mixture, continued with a 2.5:1
petroleum ether/acetone mixture and finished with a 2:1
petroleum ether/acetone mixture. Evaporation of eluates
gave red powder product (0.56 g) purified by slow diffusion
precipitation with petroleum ether from a solution in acet-
one to give red crystalline product (0.32 g, 34 %), m.p.
178–184 °С. IR (KBr), νmax, cm–1: 1663 (C=O), 1588
(C=C), 1524 (C=C), 1231 (P=O), 1022 (P–O). 31P NMR
(CDCl3, 162MHz): δ= 21.96. 19F NMR (CDCl3, 282
MHz): δ= -113.97. 1H NMR (CDCl3, 400MHz): δ= 1.01
and 1.11 (both t, 6H, 3JHH = 7.0 Hz, P(OCH2CH3)2), 3.01
(s, 12H, Me2N), 3.63–3.72 (m, 1H, POCH2), 3.85–4.03 (m,
5H, POCH2 + CH2 (cyclic)), 4.11 (d, 1H, CHP, 2JPH= 20.4
Hz), 4.24–4.27 (m, 2H, CH2 (cyclic)), 6.68 (d, 4H, 3JHH =
8.5 Hz), 6.99 (t, 2H, 3JHH= 3JHF= 8.0 Hz, C10H and C12H),
7.26 (d, 4H, 3JHH= 8.5 Hz), 7.50 (t, 2Н, 4JHF= 6.0 Hz, C9H
and C13H), 7.70 (s, 2H, C14H). 13C NMR (CDCl3, 100
MHz): δ= 16.2 and 16.3 (both d, 3JPC= 6 Hz, POCH2CH3),
40.1 (Me2N), 53.1 (d, 3JPC= 9 Hz, C2, C6), 62.4 and 63.1
(both d, 2JPC= 7 Hz, POCH2), 65.6 (d, 1JPC= 160 Hz, C7),
111.8 (C17, C19), 115.2 (d, 2JFC= 21 Hz, C10, C12), 123.3
(C15), 128.8 (C8), 129.2 (C3, C5), 131.9 (t, 3JFC=

3JPC= 8
Hz, C9, C13), 132.5 (C16, C20), 136.6 (С14), 150.6 (C18),
162.6 (d, 1JCF= 246 Hz, C17), 187.2 (C4). Anal. Calcd. for
C34H41FN3O4P (%): C, 67.42; H, 6.82; N, 6.94. Found (%):
C, 67.31; H, 6.85; N, 6.91.

Diethyl (3,5-bis(2,3,4-trimethoxybenzylidene)-4-
oxopiperidin-1-yl)(4-fluorophenyl)methylphosphonate (2h)

Column chromatography: elution was carried out with a 5:1
petroleum ether/acetone mixture, continued with a 3:1 pet-
roleum ether/acetone mixture and finished with a 2.5:1
petroleum ether/acetone mixture. Evaporation of eluates
gave yellow powder product (0.64 g) purified by slow dif-
fusion precipitation with petroleum ether from solution in
acetone to give yellow crystalline product (0.40 g, 38 %), m.
p. 130–134 °С. IR (KBr), νmax, cm

–1: 1666 (C=O), 1605
(C=C), 1593 (C=C), 1572 (C=C), 1214 (P=O), 1028

(P–O). 31P NMR (CDCl3, 121MHz): δ= 22.07. 19F NMR
(CDCl3, 282MHz): δ= -113.75. 1H NMR (CDCl3, 300
MHz): δ= 0.96 and 1.07 (both t, 6H, 3JHH = 7.0 Hz, P
(OCH2CH3)2), 3.52–3.64 (m, 1H, POCH2), 3.82–3.95 (m,
23H, 6 OCH3 + CH2 (cyclic) + POCH2), 4.03 (d, 1H, CHP,
2JPH= 19.7 Hz), 4.13–4.18 (m, 2H, CH2 (cyclic)), 6.64 (d,
2H, 3JHH= 8.7 Hz), 6.85 (d, 2H, 3JHH = 8.7 Hz), 6.93 (t,
2H, 3JHH= 3JHF= 8.6 Hz, C10H and C12H), 7.40 (dd, 2Н,
3JHH= 7.2 Hz, 4JHF= 5.6 Hz, C9H and C13H), 7.96 (s, 2H,
C14H). 13C NMR (CDCl3, 75.5 MHz): δ= 16.1 and 16.2
(both d, 3JPC= 6 Hz, POCH2CH3), 52.9 (d, 3JPC= 9 Hz, C2,
C6), 56.0 (OMe), 60.9 (OMe), 61.5 (OMe), 62.5 and 62.9
(both d, 2JPC= 7 Hz, POCH2), 64.5 (d, 1JPC= 161 Hz, C7),
106.8 (C19), 115.2 (d, 2JFC= 21 Hz, C10, C12), 122.2 (C15),
125.1 (C20), 128.7 (С8), 131.8 (t, 3JFC=

3JPC= 8 Hz, C9,
C13), 132.1 (C3, C5 overlapped with C14), 142.2 (C17),
153.5 (C18), 154.8 (C16), 162.5 (d, 1JCF= 246 Hz, C11),
187.1 (C4). Anal. Calcd. for C36H43FNO10P (%): C, 61.80;
H, 6.19; N, 2.00. Found (%): C, 61.94; H, 6.19; N, 2.02.

Diethyl (3,5-bis(4-nitrobenzylidene)-4-oxopiperidin-1-yl)(4-
fluorophenyl)methylphosphonate (2i)

Product obtained after column chromatography was addi-
tionally purified by precipitation with petroleum ether from
its acetone solution to give yellow powder in a yield of
0.24 g (25 %), m.p. 184–186 °С. IR (KBr), νmax, cm

–1: 1670
(C=O), 1615 (C=C), 1594 (C=C), 1523 (NO2), 1346
(NO2), 1245 (P=O), 1020 (P–O). 31P NMR (CDCl3, 162
MHz): δ= 20.69. 19F NMR (CDCl3, 376MHz): δ
= -112.31. 1H NMR (CDCl3, 400MHz): δ= 1.00 and 1.15
(both t, 6H, 3JHH= 7.1 Hz, P(OCH2CH3)2), 3.61–3.71 (m,
1H, POCH2), 3.81–3.92 (m, 3H, POCH2 + CH2 (cyclic)),
3.94–4.04 (m, 3H, CHP, 2JPH= 20.5 Hz, + POCH2),
4.25–4.29 (m, 2H, CH2 (cyclic)), 7.02 (t, 2H, 3JHH= 3JHF
= 8.0 Hz, C10H and C12H), 7.42 (dd, 2Н, 3JHH= 7.7 Hz,
4JHF= 5.6 Hz, C9H and C13H), 7.48 (d, 4H, 3JHH = 8.5 Hz),
7.76 (s, 2H, C14H), 8.26 (d, 4H, 3JHH = 8.6 Hz). 13C NMR
(CDCl3, 100MHz): δ= 16.0 and 16.2 (both d, 3JPC= 5 Hz,
POCH2CH3), 52.5 (d, 3JPC= 8 Hz, C2, C6), 62.6 and 62.9
(both d, 2JPC= 7 Hz, POCH2), 65.3 (d, 1JPC= 159 Hz, C7),
115.5 (d, 2JFC= 21 Hz, C10, C12), 123.7 (C17, C19), 127.8
(d, 2JPC= 3 Hz, C8), 130.6 (C16, C20), 131.6 (t, 3JFC=

3JPC
= 8 Hz, C9, C13), 134.0 (C3, C5), 135.6 (C14), 141.0 (C15),
147.4 (C18), 162.6 (d, 1JCF= 247 Hz, C11), 186.3 (C4).
Anal. Calcd. for C30H29FN3O8P (%): C, 59.11; H, 4.80; N,
6.89. Found (%): C, 59.18; H, 4.88; N, 6.98.

Diethyl (3,5-bis(4-cyanobenzylidene)-4-oxopiperidin-1-yl)
(4-fluorophenyl)methylphosphonate (2j)

Product obtained after column chromatography was addi-
tionally purified by precipitation with petroleum ether from
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its dichloromethane solution to give yellow powder in a
yield of 0.32 g (37 %), m.p. 156–163 °С. IR (KBr), νmax,
cm–1: 2228 (CN), 1671 (C=O), 1616 (C=C), 1604 (C=C),
1509 (C=C), 1247 (P=O), 1018 (P–O). 31P NMR (CDCl3,
162MHz): δ= 20.98. 19F NMR (CDCl3, 376MHz): δ
= -112.48. 1H NMR (CDCl3, 400MHz): δ= 0.99 and 1.13
(both t, 6H, 3JHH= 7.1 Hz, P(OCH2CH3)2), 3.58–3.68 (m,
1H, POCH2), 3.80–4.02 (m, 6H, POCH2 + CH2 (cyclic) +
CHP), 4.20–4.24 (m, 2H, CH2 (cyclic)), 7.00 (t, 2H, 3JHH
= 3JHF= 8.4 Hz, C10H and C12H), 7.39–7.41 (m, 6Н), 7.68
(d, 4H, 3JHH = 8.2 Hz), 7.70 (s, 2H, C14H). 13C NMR
(CDCl3, 100MHz): δ= 16.1 and 16.4 (both d, 3JPC= 6 Hz,
POCH2CH3), 52.6 (d, 3JPC= 8 Hz, C2, C6), 62.7 and 63.0
(both d, 2JPC= 7 Hz, POCH2), 65.4 (d, 1JPC= 159 Hz, С7),
112.5 (C18), 115.6 (d, 2JFC= 22 Hz, C10, C12), 118.3 (CN),
128.1 (d, 2JPC= 4 Hz, C8), 130.5 (C16, C20), 131.7 (t, 3JFC
= 3JPC= 8 Hz, C9, C13), 132.3 (C17, C19), 134.6 (C3, C5),
135.4 (C14), 139.3 (C15), 162.7 (d, 1JCF= 247 Hz, C11),
186.5 (C4). Anal. Calcd. for C32H29FN3O4P (%): C, 67.48;
H, 5.13; N, 7.38. Found (%): C, 67.37; H, 5.18; N, 7.29.

Diethyl (3,5-dibenzylidene-4-oxopiperidin-1-yl)(4-
methoxyphenyl)methylphosphonate (2k)

Column chromatography: elution was started with a 10:1
petroleum ether/acetone mixture with a gradient to 10:2 pet-
roleum ether/acetone and 10:3 petroleum ether/acetone mix-
tures. Evaporation of eluates gave yellow viscous substance
(0.51 g, 68%) that was dissolved in Et2O and evaporated on
an aspirator to give foam that was triturated to yellow pow-
der, m.p. 50–55 °С. IR (KBr), νmax, cm

–1: 1672 (C=O), 1611
(C=C), 1584 (C=C), 1511 (C=C), 1253 (P=O), 1028 (P–O).
31P NMR (CDCl3, 162MHz): δ= 22.08. 1H NMR (CDCl3,
400MHz): δ= 0.97 and 1.08 (both t, 6H, 3JHH= 7.0 Hz, P
(OCH2CH3)2), 3.57–3.60 (m, 1Н, POCH2), 3.77, (s, 3H,
OCH3), 3.80–3.96 (m, 5H, CH2 (cyclic) + POCH2), 4.01 (d,
1Н, CHP, 2JPH= 20.0 Hz), 4.26–4.29 (m, 2H, CH2 (cyclic)),
6.80 (d, 2Н, 3JHH= 8.0 Hz), 7.32–7.40 (m, 12Н, CArH), 7.77
(s, 2Н, C14H). 13C NMR (CDCl3, 100MHz): δ= 16.2 and
16.3 (both d, 3JPC= 6 Hz, POCH2CH3), 52.8 (d,

3JPC= 9 Hz,
C2, C6), 55.2 (OMe), 62.5 and 62.8 (both d, 2JPC= 7 Hz,
POCH2), 65.6 (d,

1JPC= 160Hz, C7), 113.8 (C10, C12), 124.2
(C8), 128.5 (C17, C19), 129.0 (C18), 130.4 (C16, C20), 131.4
(d, 3JPC= 8 Hz, C9, C13), 133.4 (C15), 135.2 (C3, C5), 136.5
(С14), 159.6 (C11), 187.6 (C4). Anal. Calcd. for C31H34NO5P
(%): C, 70.04; H, 6.45; N, 2.63. Found (%): C, 69.97; H,
6.59; N, 2.71.

Diethyl (3,5-bis(4-fluorobenzylidene)-4-oxopiperidin-1-yl)
(2,4-dimethoxyphenyl)methylphosphonate (2l)

Column chromatography: elution was carried out with a 5:1
petroleum ether/acetone mixture. Evaporation of eluates

gave yellow crystalline product (0.42 g, 47 %), m.p.
151–155 °С. IR (KBr), νmax, cm–1: 1674 (C=O), 1614
(C=C), 1600 (C=C), 1582 (C=C), 1509 (C=C), 1233
(P=O), 1030 (P–O). 31P NMR (CDCl3, 162MHz): δ=
22.53. 19F NMR (CDCl3, 376MHz): δ= -110.99. 1H NMR
(CDCl3, 400MHz): δ= 1.00 and 1.13 (both t, 6H, 3JHH =
7.1 Hz, P(OCH2CH3)2), 3.65–3.93 (m, 10H, POCH2 +
OCH3 + CH2 (cyclic)), 4.00–4.05 (m, 2H, POCH2),
4.21–4.25 (m, 2H, CH2 (cyclic)), 4.74 (d, 1H, CHP, 2JPH=
24.0 Hz), 6.48–6.52 (m, 2H), 7.09 (t, 4H, 3JHH= 3JHF= 8.7
Hz, C17H and C19H), 7.36 (dd, 4Н, 3JHH = 8.4 Hz, 4JHF=
5.4 Hz, C16H and C20H), 7.64 (s, 2H, C14H), 7.77 (d, 1H,
3JHH= 8.5 Hz). 13C NMR (CDCl3, 100MHz): δ= 16.2 and
16.4 (both d, 3JPC= 6 Hz, POCH2CH3), 52.8 (d, 3JPC= 9
Hz, C2, C6), 55.3 (OMe), 55.4 (OMe), 56.6 (d, 1JPC= 167
Hz, C7), 62.2 and 63.2 (both d, 2JPC= 7 Hz, POCH2), 98.4
(C12), 104.1 (C10), 111.8 (d, 2JPC= 5 Hz, C8), 115.6 (d,
2JFC= 21 Hz, C17, C19), 131.4 (d, 4JCF= 3 Hz, C15), 132.0
(d, 3JCP= 4 Hz, C9), 132.4 (d, 3JCF= 8 Hz, C16, C20), 133.6
(C3, C5), 134.5 (C14), 159.1 (d, 3JPC= 11 Hz, C13), 160.9
(C11), 162.8 (d, 1JCF= 250 Hz, C18), 187.3 (C4). Anal.
Calcd. for C32H34F2NO6P (%): C, 64.32; H, 5.73; N, 2.34.
Found (%): C, 64.11; H, 5.64; N, 2.43.

Diethyl (3,5-bis(2,3,4-trimethoxybenzylidene)-4-
oxopiperidin-1-yl)(2,3,4-trimethoxyphenyl)
methylphosphonate (2m)

Column chromatography: elution was started with CH2Cl2
and continued with a 10:1 CH2Cl2/acetone mixture. Eva-
poration of eluates gave yellow crystalline product (0.85 g,
73 %), m.p. 143–149 °С. IR (KBr), νmax, cm–1: 1669
(C=O), 1611 (C=C), 1594 (C=C), 1495 (C=C), 1209
(P=O), 1023 (P–O). 31P NMR (CDCl3, 121MHz): δ=
22.63. 1H NMR (CDCl3, 300MHz): δ= 0.98 and 1.14
(both t, 6H, 3JHH= 7.1 Hz, P(OCH2CH3)2), 3.60–3.99 (m,
31H, POCH2 + OCH3 + CH2 (cyclic)), 4.00–4.04 (m, 2H,
POCH2), 4.09–4.14 (m, 2H, CH2 (cyclic)), 4.62 (d, 1H,
CHP, 2JPH= 23 Hz), 6.64–6.67 (m, 3H), 6.97 (d, 2H, 3JHH
= 8.7 Hz), 7.51 (dd, 1Н, 3JHH= 8.4 Hz, 4JHP= 5.4 Hz), 7.90
(s, 2H, C14H). 13C NMR (CDCl3, 100MHz): δ= 16.2 and
16.3 (both d, 3JPC= 6 Hz, POCH2CH3), 53.2 (d, 3JPC= 9
Hz, C2, C6), 55.9 (C11–OMe), 56.0 (C18–OMe), 57.8 (d,
1JPC= 165 Hz, C7), 60.7 (C12–OMe), 60.9 (C17–OMe), 61.2
(C13–OMe), 61.5 (C16–OMe), 62.1 and 63.2 (both d, 2JPC=
7 Hz, POCH2), 106.7 (C10), 106.8 (C19), 117.6 (C8), 122.4
(C15), 125.2 (C20), 125.6 (d, 3JPC= 4 Hz, C9), 130.7 (C14),
132.9 (C3, C5), 142.0 (C12), 142.3 (C17), 152.9 (C11), 153.0
(C13), 153.7 (C18), 154.7 (C16), 187.3 (C4). Anal. Calcd. for
C39H50NO13P (%): C, 60.69; H, 6.53; N, 1.81. Found (%):
C, 60.67; H, 6.59; N, 1.79.
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Diethyl (3,5-bis(3-hydroxybenzylidene)-4-oxopiperidin-1-
yl)(4-fluorophenyl)methylphosphonate (2n)

Piperidone 1b (0.51 g; 1.5 mmol) was mixed with 3-
hydroxybenzaldehyde (0.37 g; 3.0 mmol) in anhydrous
CH3CN (2 mL). Boron trifluoride etherate (1.28 g, 9.0
mmol) was added to the stirred mixture and stirring was
continued for 48 h at RT. Then, Et2O (25 mL) was added
to the reaction mixture resulting in precipitation of sticky
material. The precipitated material was washed with Et2O
(10 mL) followed by stirring with H2O (20 mL) for 6 h
until suspension of powder product was formed. The
product was filtered off, resuspended in H2O (40 mL) and
9 mL of aqueous NH3 were added. Stirring was continued
for 1 h followed by addition of glacial CH3COOH (ca. 5
mL) to adjust pH to ca. 8. Solid substance was filtered off,
dried in air and subjected to SiO2 column chromato-
graphy. Elution was started with a 1:3 acetone/petroleum
ether mixture and continued with a 3:2 acetone/petroleum
ether mixture. Evaporation of eluates gave yellow crys-
talline product (0.24 g, 29 %), decomp. >185 °С. IR
(KBr), νmax, cm

–1: 3275 (OH), 1665 (C=O), 1606 (C=C),
1592 (C=C), 1579 (C=C), 1211 (P=O), 1020 (P–O). 31P
NMR (DMSO-d6, 162MHz): δ = 21.86. 19F NMR
(DMSO-d6, 376 MHz): δ = -113.90. 1H NMR (DMSO-d6,
400 MHz): δ = 0.95 and 1.11 (both t, 6H, 3JHH = 7.0 Hz, P
(OCH2CH3)2), 3.51 (m, 1H, POCH2), 3.63–3.72 (m, 5H,
POCH2 + CH2 (cyclic)), 4.12–4.17 (m, 2H, CH2 (cyclic)),
4.54 (d, 1H, CHP, 2JPH = 21 Hz), 6.84–6.89 (m, 6H),
7.21–7.32 (m, 4H), 7.50 (s, 2H, C7H), 7.59 (t, 2H, 3JHH =
6 Hz), 9.81 (br s, 2Н, OH). 13C NMR (CDCl3, 100 MHz):
δ = 16.4 and 16.6 (both d, 3JPC = 6 Hz, POCH2CH3), 52.9
(d, 3JPC = 8 Hz, C2, C6), 62.3 and 62.7 (both d, 2JPC = 7
Hz, POCH2), 63.8 (d, 1JPC = 157 Hz, С7), 115.5 (d, 2JFC
= 21 Hz, C10, C12), 116.8 (C16), 117.4 (C18), 121.7 (C20),
129.2 (C8), 130.1 (C19), 132.6 (t, 3JFC =

3JPC = 8 Hz, C9,
C13), 134.1, 135.4 (C3, C5), 136.3 (C14), 157.8 (C17–OH),
162.4 (d, 1JCF = 244 Hz, C11), 187.1 (C4). Anal. Calcd. for
C30H31FNO6P (%): C, 65.33; H, 5.67; N, 2.54. Found
(%): C, 65.33; H, 5.69; N, 2.45.

3,5-Bis(4-fluorobenzylidene)-4-oxopiperidin-1-yl)(4-
fluorophenyl)methylphosphonic acid (3)

Phosphonate 2e (0.83 g; 1.5 mmol) was dissolved in
methylene chloride (7 mL) in a flask. Bromotrimethylsilane
(0.92 g; 6.0 mmol; 4 eq.) was added to the solution and the
flask was stopped and kept in dark at room temperature for
7 days. Volatiles were removed under reduced pressure,
mixture of MeOH/H2O (5 mL : 5 mL) was added to the
residue and the product was triturated to give yellow powder
which was filtered off and dried in air to afford 0.75 g (100
%) of acid 3 as yellow powder, decomp. >220 °С. 31P NMR

(DMSO-d6, 162MHz): δ= 16.68. 19F NMR (DMSO-d6,
376MHz): δ= -110.97 (F–C18), -115.00 (F–C11). 1H NMR
(DMSO-d6, 400MHz): δ= 3.87–3.91 (m, 2H, CH2 (cyclic)),
4.00 (br s, 3.33H from P(OH)2 and solvated H2O overlapped
with water in DMSO), 4.12 (d, 1Н, 2JPH= 20 Hz, CHP),
4.14–4.17 (m, 2H, CH2 (cyclic)), 7.14 (t, 2Н, 3JHH= 3JHF=
8.0 Hz, C10H and C12H), 7.29 (t, 4Н, 3JHH= 3JHF= 8.0 Hz,
C17H and C19H), 7.49–7.52 (m, 6Н, C16H and C20H, C9H
and C13H), 7.54 (s, 2H, C14H). 13C NMR (DMSO-d6, 100
MHz): δ= 52.7 (C2, C6), 65.7 (d, 1JPC= 149 Hz, C7), 115.1
(d, 2JFC= 21 Hz, C10, C12), 116.2 (d, 2JFC= 22 Hz, C17,
C19), 131.1 (d, 4JFC= 2 Hz, C8), 131.5 (d, 4JCF= 2 Hz, C15),
132.4 (br s, C9, C13), 133.2 (br s, C16, C20), 133.7 (C3, C5),
134.4 (C14), 162.0 (d, 1JCF= 242 Hz, C11), 162.8 (d, 1JCF=
247 Hz, C18), 187.0 (C4). Anal. Calcd. for
C26H21F3NO4P×2/3H2O (%): C, 61.06; H, 4.40; N, 2.74.
Found (%): C, 61.00; H, 4.32; N, 2.75.

Monoammonium 3,5-bis(4-fluorobenzylidene)-4-
oxopiperidin-1-yl)(4-fluorophenyl)methylphosphonate (4)

Phosphonic acid 3 (0.19 g; 0.38 mmol) was suspended in
anhydrous EtOH (7 mL). Aqueous ammonia (ca. 25 % NH3,
2 mL) was added to the magnetically stirred suspension, and
the reaction was allowed to proceed for 1 h. The reaction
mixture was evaporated to dryness under reduced pressure
at RT. EtOH (4 mL) was added to the residue and eva-
poration was repeated to give ammonium salt as yellow
powder (0.19 g, ca. 100 %), decomp. >220 °С. 31P NMR
(DMSO-d6, 162MHz): δ= 13.33. 19F NMR (DMSO-d6,
376MHz): δ= -110.31 (F-C18), -116.33 (F-C11). 1H NMR
(DMSO-d6, 400MHz): δ= 1.06 (t, 0.75H, 3JHH= 7 Hz,
CH3 (EtOH)), 3.44 (q, 0.5H, 3JHH = 6 Hz, CH2 (EtOH)),
3.77 (d, 1Н, 2JPH= 20 Hz, CHP), 4.00 (br s, 7.25H from
NH4, POH and solvated EtOH and H2O overlapped with
water in DMSO), 4.04–4.15 (m, 4H, CH2 (cyclic)), 6.90 (t,
2Н, 3JHH= 3JHF= 8.7 Hz, C10H and C12H), 7.20 (t, 4Н,
3JHH= 3JHF= 8.7 Hz, C17H and C19H), 7.44–7.49 (m, 8H).
13C NMR (DMSO-d6, 100MHz): δ= 19.0 (EtOH), 53.3
(C2, C6), 56.4 (EtOH), 67.8 (d, 1JPC= 138 Hz, C7), 114.3
(d, 2JFC= 20 Hz, C10, C12), 116.1 (d, 2JFC= 22 Hz, C17,
C19), 131.5 (d, 2JFC= 2 Hz, C8), 131.7 (d, 4JCF= 2 Hz,
C15), 132.9 (C9, C13), 133.2 (3JCF= 8 Hz, C16, C20), 135.2
(C3, C5), 136.0 (C14), 161.2 (d, 1JCF= 241 Hz, C18), 162.6
(d, 1JCF= 247 Hz, C11), 187.9 (C4). Anal. Calcd. for
C26H24F3N2O4P×1/4EtOH×H2O (%): C, 58.30; H, 5.08; N,
5.13. Found (%): C, 58.29; H, 5.11; N, 4.98.

X-ray structure determination of 2e

The single crystals of 2e suitable for X-ray experiments
were obtained by slow diffusion of hexane into a dichlor-
omethane solution of the compound. Data were collected on
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a Bruker APEX II CCD diffractometer (T= 120.0(2) K, λ
(MoKα)-radiation, graphite monochromator, ω and φ scan
mode) and corrected for absorption using the SADABS
program. For details, see Table 2. The crystal structure was
determined by direct methods and refined by the full-matrix
least squares technique on F2 with anisotropic displacement
parameters for non-hydrogen atoms. The both ethyl
groups in 2e are disordered over two sites each, with the
same occupancies of 0.6:0.4. The hydrogen atoms were
placed in calculated positions and refined within the riding
model with fixed isotropic displacement parameters
(Uiso(H)= 1.5Ueq(C) for the CH3-groups and Uiso(H)=
1.2Ueq(C) for the other groups). All calculations were car-
ried out using the SHELXTL program. Crystallographic data
for 2e have been deposited with the Cambridge Crystal-
lographic Data Center. CCDC 1457965 contains supple-
mentary crystallographic data for this paper. These data can
be obtained free of charge from the Director, CCDC, 12
Union Road, Cambridge CB2 1EZ, UK (Fax: +44 1223
336033; e-mail: deposit@ccdc.cam.ac.uk or www.
ccdc.cam.ac.uk).

Biological evaluations

Cell lines used for estimation of toxicity of the compounds
were HCT116 (colon cancer), MCF7 (breast cancer), RD
(rhabdomyosarcoma), PC3 (prostate cancer) as well as
HEK293 (human embryonic kidney cells). Cells were
grown in RPMI-1640 medium (Sigma Aldrich, UK) sup-
plemented with 10 % fetal bovine serum (FBS, HyClone,
USA), 2 mM L-glutamine and gentamicin. Cytotoxicity of
the individual compounds was measured for each cell line
after 72 h of cultivation by the MTT colorimetric assay. The
test is based on the ability of mitochondrial dehydrogenase
in viable cells to convert MTT (3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide) reagent (ICN Biome-
dicals, Germany) into a soluble blue formazan dye. The cell
lines were seeded into 96-well plates at the concentration of
1 × 104 cells/100 μL/well. The cells were allowed to attach
overnight at 37 °C in a humidified atmosphere containing 5
% CO2. The tested compounds were initially dissolved in
DMSO (Sigma Aldrich) and the working solutions were
added to FBS free culture medium. The compounds were
added to wells with increasing concentrations. After 72 h of
incubation, 20 μL of MTT reagent (5 mg/ml) were added
and cell cultures were incubated for 3 h at 37 °C. After
removal of the culture medium, formazan crystals were
dissolved in DMSO to determine the amount of formazan
product. The optical density was determined by the multi-
well plate reader (Uniplan, Picon, Russia) at 590 nm. The
results were expressed as percent decrease in cell viability
as compared to untreated controls. Each concentration of
the compound tested was examined in triplicate and the
IC50 values were determined graphically. The concentra-
tions of compounds used were 5 × 10–5, 10–5, 10–6, and
10–7 M. Commercially available Doxorubicin and Daunor-
ubicin were used as positive controls in the assay.
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