ROYAL SOCIETY

OF CHEMISTRY

RSC Advances

View Article Online

View Journal | View Issue

Synthesis and anticancer activity novel dimeric

i '.) Check for updates ‘
azatriperoxidesy

Cite this: RSC Adv,, 2019, 9, 18923

Nataliya N. Makhmudiyarova, & * Irina R. Ishmukhametova, Lilya U. Dzhemileva,*
Tatyana V. Tyumkina, Vladimir A. D'yakonov, Askhat G. Ibragimov
and Usein M. Dzhemilev

An efficient method was developed for the synthesis of tetra(spirocycloalkane)-substituted o,w-
di(1,2,4,5,7,8-hexaoxa-10-azacycloundecan-10-yl)alkanes by a ring transformation reaction of 3,6-
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Introduction

Cyclic peroxides are promising anti-cancer agents.™* Antitumor
activity was found for the well-known antimalarial drug arte-
misinin, which contains a peroxide moiety in the cycle.® The
method of synthesis of N-aryl-substituted tetraoxazaspir-
oalkanes® developed by us allowed us to establish the antitumor
activity of Ad-substituted N-aryl-tetraoxaspiroalkanes.” In the
development of ongoing research in the field of the synthesis of
nitrogen-containing di-® and triperoxides,® this report discusses
the synthesis and anticancer activity of cyclic a,w-di(azatriper-
oxy)alkanes.

The catalytic ring transformation reaction of pentaoxacanes
and heptaoxadispiroalkanes with arylamines is an efficient
method for the selective synthesis of novel N-substituted tet-
raoxazocanes and hexaoxazadispiroalkanes,*® which are
promising as biologically active compounds,'™ radical poly-
merization initiators,'®'* and engine oil additives.”> They are
also interesting from a conformational point of view since their
large rings can be stabilized in different conformations." As
a part of continuing research in our laboratory on design,
synthesis and characterization of new drug molecules®® of
azaperoxides, we are extending our work to the design and
synthesis of new cyclic peroxides to evaluate their anticancer
activity and also to study their structures.

Prior to the beginning of our research, no data on the
synthesis of tetra(spirocycloalkane)-substituted  o,w-bis-
(1,2,4,5,7,8-hexaoxa-10-azacycloundecan-10-yl)alkanes
available from the literature.
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Results and discussion

In continuation of our research on the synthesis of new amino
peroxides, and in order to develop an efficient method for the
synthesis of spirocycloalkane-substituted o,w-bis-(1,2,4,5,7,8-
hexaoxa-10-azacycloundecan-10-yl)alkanes, we studied the ring
transformation reaction of heptaoxadispiroalkanes with o,w-alka-
nediamines under conditions of catalytic ring transformation
reactions of pentaoxaspiroalkanes and hexaoxazadispiroalkanes,
which we had carried out previously.®® According to our experi-
ments, the target spirocycloalkane-substituted macroheterocycles
10-23 can be selectively synthesized in high yields by the reaction
of heptaoxadispiroalkanes 1-3 with o,w-alkanediamines (1,2-
ethane-, 1,4-butane-, 1,5-pentane-, 1,7-heptane-, 1,8-octane- and
1,10-decanediamines) 4-9 in the presence of catalysts based on d-
and f-elements (Scheme 1). Spiroheptaoxacanes 1-3 were prepared
by condensation of 1,1’-peroxy-bis(1-hydroperoxycycloalkanes)™*
with formaldehyde in the presence of Sm(NOj3);-6H,0 (0.5 mol%)
as the catalyst for 6 h at ~20 °C in THF, according to the previously
described method.?

As catalysts, we used Sm(NO3);-6H,0 and y-Al,Oz-immobi-
lized Sm(NO;); (the Sm(NO3); content on Al,O; was 06 mmol
¢ ). These catalysts were chosen because of their high activity
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Scheme 1 Synthesis of a,w-bis-
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and selectivity observed in our previous studies.®® Apart from
these catalysts, we tested La(NOj);, TbCl;-6H,0, Ho(NOs)s-
-5H,0, DyCl,-6H,0, and NdCl,.

We found that 6,7,13,14,16,18,19-heptaoxadispiro[4.2.4%.7°]
nonadecane 1 reacts with an equimolar amount of butane-1,4-
diamine 5 (conditions: ~20 °C, THF, 6 h) in the presence of
the Sm(NO;);-6H,O catalyst (5 mol%) to give 1,4-bis-
(6,7,13,14,18,19-hexaoxa-16-azadispiro[4.2.4%.7°Jnonadecan-16-
yl)butane 10 in 84% yield. In the reactions catalyzed by the
heterogeneous catalyst, 5 wt% Sm(NO3)s/v-Al,O3, the yield of
the target product 10 was 89%. Repeated use of the heteroge-
neous catalyst, Sm(NO3);/v-Al,O; (three times) led to a consid-
erable decrease in the yield of the target product 10. The
reaction was carried out in THF, because of good solubility of
the stating 6,7,13,14,16,18,19-heptaoxadispiro[4.2.4%.7°Jnon-
adecane 1. When the Sm(NO;);-6H,0 catalyst was replaced by
other lanthanide salts [La(NO3);, TbCl;-6H,0, Ho(NO;);-5H,0,
DyCl;-6H,0, NdCl;], the yield of 1,4-bis-(6,7,13,14,18,19-hex-
aoxa-16-azadispiro[4.2.4%.7°Jnonadecan-16-yl)butane 10 was 60—
65% (Table 1).

Presumably, the mechanism of the catalytic ring trans-
formation reaction of 6,7,13,14,16,18,19-heptaoxadispiro
[4.2.4%.7°Inonadecane 1 with butane-1,4-diamine 5 includes
coordination of the oxygen atom of compound 1 to the central
ion of the catalyst'® with electron density shift giving a car-
boxonium ion. The subsequent nucleophilic addition of the
amine group of 1,4-butanediamine to the carbocation'®'” gives
rise to the C-N bond and affords the target 1,4-bis-
(6,7,13,14,18,19-hexaoxa-16-azadispiro[4.2.4%.7°Jnonadecan-16-
yl)butane 10.

Under the developed conditions [5 wt% Sm(NO3)s/v-Al,03,
20 °C, 6 h], the reaction of heptaoxadispiroalkane 1 with 1,5-
pentanediamine 6, 1,8-octanediamine 8 and 1,10-decanedi-
amine 9 gives dimeric a,w-bis-(6,7,13,14,18,19-hexaoxa-16-aza-
dispiro[4.2.4%.7°lnonadecan-16-yl)alkanes 11-13 with a yield of
86, 80 and 83%, respectively. In order to extend the scope of
applicability of the developed method and to find out whether
this reaction can be carried out for other heptaoxadispir-
oalkanes, o,w-diamines 4-9 were reacted with 3,12-dimethyl-
7,8,15,16,18,20,21-heptaoxadispiro[5.2.5°.7°Jhenicosane 2 and
8,9,17,18,20,22,23-heptaoxadispiro[6.2.6'°.7 Jtricosane 3. As
a result, in the presence of the Sm(NO;),/v-Al,O; catalyst [o,w-
diamine : heptaoxadispiroalkane : Sm(NOj3);/v-Al,O; molar
ratio of 1:2:0.05], the reactions gave o,w-bis-(3,12-dimethyl-
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7,8,15,16,20,21-hexaoxa-18-azadispiro[5.2.5°.7°Jhenicosan-18-
yl)alkanes 14-17 and a,w-bis-(8,9,17,18,22,23-hexaoxa-20-aza-
dispiro[6.2.6'°.7 Jtricosan-20-yl)alkanes 18-23 in 75-82%
yields.

The mass spectra of macroheterocycles 10-23 contain the
corresponding molecular ion peaks. The 'H NMR spectra
exhibit signals in the ranges of 0.8-2.4 ppm, 2.6-3.5 ppm, and
4.6-5.5 ppm corresponding to the alkyl, N-CH, and N-CH,O
protons, respectively. For the series of compounds 10-23, the
proton signals are overlapping multiplets; the '>*C NMR spectra
also exhibit an increased number of signals, which is attribut-
able to the presence of a multicomponent conformational
equilibrium. Previously, we confirmed this assumption for
aryltriamino peroxides.® It is noteworthy that in the case of
compounds 20-23, containing bulky spiroheptacyclic moieties
in the molecules, the NMR spectra at room temperature indi-
cate the predominance of some conformers, since the methy-
lene hydrogen atoms between the N and O heteroatoms in the
11-membered rings occur as two doublets at 4.7 and 4.8 ppm
with the geminal constants J = 12.0 Hz (for example 20a). In the
3C NMR spectrum two signals of cyclic carbon atoms are
observed as well, for example, for compound 20 there are
signals at 87 and 90 ppm. On the basis of theoretical analysis of
the conformer's energy (see ESI Fig. S17}), the structures of the
most energetically favorable conformers were proposed, which
can be observed in the NMR spectra by shifting the conforma-
tion equilibrium. The calculated structures are presented in
Fig. 1.

To confirm this assumption, we calculated "H and >C NMR
chemical shifts of the characteristic cyclic -N-CH,-O- atoms
(the results are presented in ESI Table S1f). The obtained

B 0.2 kcal/mol

A 0.0 Kcal/mol

Fig. 1 Optimized structures of the lowest energy conformers of N-
ethyl-6,7,13,14,18,19-hexaoxa-16-azadispirol4.2.48 7°Inonadecane.

Table1l Effect of metal atom of the catalyst on the yield of 1,4-bis-(6,7,13,14,18,19-hexaoxa-16-azadispiro[4.2.48. 7°lnonadecan-16-yl)butane 10

No Catalyst Yield® of 10, % No Catalyst Yield® of 10, %
1 Sm(NO5);/v-AlLO, 89 8 NdCl, 60

2 Sm(NO,);-6H,0 84 InCl, 46

3 sncl, 68 10 ZnCl, 45

4 La(NO,); 66 1 AICI, 40

5 Ho(NO,),-5H,0 64 12 FeCl,-6H,0 33

6 TbCl;-6H,0 60 13 CuCl,-5H,0 30

7 DyCl,-6H,0 60 14 — 0

¢ Experimental conditions: 1 : 5 [M] molar ratio of 2 : 1 : 0.05; 20 °C; 6 h; in THF.
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calculated data are in good agreement with the experimental
ones. So, carbons between N,O-heteroatoms of the most ener-
getically favorable conformers should resonate in an upfield
range compared to the highest energy conformers. In addition,
values of the observed and calculated chemical shifts of the
corresponding diastereotopic protons are close. To estimate the
cyclic inversion barrier for triperoxides, '"H NMR spectra were
recorded at 323 K (see ESIt). It was established that the spectra
do not undergo significant changes, which indicates high
barriers of conformational transitions, similar to the previously
described N-arylhexaoxazadispiroalkanes.?

Cytotoxicity of peroxide based compounds
known,'”® so we screened representative compounds for their
cytotoxicity activity against Jurkat, K562, U937 and a condi-
tionally normal Hek293 cell line and results are summarized
in Table 2.

Hence, as one may observe from Table 2, regardless of what
the substituents are, the initial 3,6-di(spirocycloalkane)-
substituted 1,2,4,5,7,8,10-heptaoxacycloundecans 1-3 demon-
strated nearly identical cytotoxicity against the cell lines Jurkat,
K562 and U937, so that the IC5, values for the mentioned cells
fell within a range of 5.93-8.12 uM, whereas the ICs, value for
the Hek293 cells fell within a range of 14.29-18.26 uM,
accordingly.

It is interesting that for the dimeric molecules of o,w-
di(1,2,4,5,7,8-hexaoxa-10-azacycloundecane-10-yl)alkanes 13,
17, and 23 synthesized hereby, cytotoxicity increased 2-4-fold in
comparison with the original molecules. Thus, the dimer 23
constructed of two molecules, 3 and 1,10-decanediamine 9,
demonstrated the highest cytotoxicity.

In continuation of these studies, experiments were con-
ducted to investigate influence of the test compounds on
induction of apoptosis and the effects of them on the cell cycle,
thus allowing us to understand, at least to some extent, whether
cell death occurs by an apoptotic pathway or via necrosis.
Induction of apoptosis has been studied by flow cytofluorimetry
using dyes containing annexin V and 7-aminoactinomycin D
(7AAD). Using annexin V together with 7AAD allowed for
simultaneous determination of viable cells (negative by
annexin V and by 7AAD), cells in the early stages of apoptosis
(positive by annexin V and negative by 7AAD), as well as cells in
the late apoptosis (positive by annexin V and by 7AAD) and/or
necrosis (positive by 7AAD only).

To study the induction of apoptosis, compound 23 was
selected due to its' most pronounced cytotoxicity against the cell
lines utilized hereby (Fig. 2).
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Fig. 2 Jurkat tumor cells treated with compound 23 in different
concentrations and stained with annexin V/7AAD. Flow cytometry data
(Q7-1, necrotic cells; Q7-2, late apoptotic cells; Q7-3, living cells; Q7-
4, early apoptotic cells). (A) Control (without compound), (B) 23 (3.0
uM), (C) 23 (1.5 uM), (D) 23 (0.75 uM), (E) 23 (0.375 uM). (F) Flow
cytometry histogram represents the percentage of cells in each
apoptosis phase. The histogram shows the apoptosis rate (%); **P <
0.05 when compared with the control group (n = 5).

Considering the results on cytotoxicity obtained with the
compounds under study, we undertook a more detailed
investigation on the apoptosis-inducing activity of
compound 23 against T-cell leukemia cells. The highest
percentage of cells in the stages of early and late apoptosis
was observed upon addition of compound 23 into the cell
culture Jurkat at a concentration of 3 pL and constituted
32.94% and 53.71%, respectively (Fig. 2B and G). The
percentage of necrotic cells was virtually independent of
concentration of the test compounds and constituted

Table 2 Cytotoxic activities in vitro of compounds 1-3, 13, 17, and 23 measured on tumor cell cultures (Jurkat, K562, U937, Hek293) (uM)

cd Jurkat (ICs,, uM) K562 (IC50, pM) U937 (ICs50, M) HEK293 (ICs,, UM)
1 6.33 + 0.12 6.04 + 0.18 5.93 +0.21 18.26 + 0.31
13 3.24 £ 0.24 3.44 + 0.17 3.02 + 0.13 15.27 £ 0.29
2 7.62 + 0.14 8.12 + 0.34 7.41 + 0.11 14.29 + 0.54
17 3.12 £ 0.25 3.27 + 0.15 2.98 + 0.17 12.25 + 0.48
3 7.18 + 0.17 7.49 + 0.21 6.88 + 0.27 16.37 + 0.28
23 1.56 + 0.16 1.74 + 0.11 1.41 +0.13 5.42 + 0.37

This journal is © The Royal Society of Chemistry 2019
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approximately 2-3% in experiments that involved adding
compound 23 in concentrations ranging from 3 uM to 0.375
uM.

Fig. 3 demonstrates the results obtained from studies on
the cell cycle kinetics' indicators for the Jurkat cell line,
determined by flow DNA-cytometry 24 hours after the treat-
ment of those cells with compound 23 in various
concentrations.

Cell cycle indicators for the Jurkat culture in the samples
treated with compound 23 at a concentration of 3.0 uM were
characterized by a significant predominance of cells in the GO
phase (sub-G0-G1 interval), by a pronounced reduction of G1
and G2 populations, and by accumulation of cells in the S
phase. This effect was dose-dependent and the tendency for
cell accumulation in the S-phase was preserved despite
a reduction in concentration of test compound 23. Thus,
since compound 23 is an efficient apoptosis-inducing agent
and, apparently, causes a checkpoint-dependent inhibition
of the cell cycle in all its phases, it may be concluded that
compound 23 possesses high anticancer potential.
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Fig. 3 Cell cycle phases of Jurkat cells treated with compound 23. (A)
Control (without compound), (B) 23 (3.0 uM), (C) 23 (1.5 uM), (D) 23
(0.75 uM), (E) 23 (0.375 uM). (F) Flow cytometry histogram represents
the percentage of cells in each cell cycle phase (The incubation time of
cpd 23 with the cells was 24 h). Data are presented with the means +
SD and mean values of three independent experiments. **P < 0.01,
compared with the control group (n = 5). The GO/G1%, S% and G2 +
M% phases of the cells were analyzed using flow cytometry. Flow
cytometric histograms are representative of 3 separate experiments.
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Conclusions

The reaction presented above is the first ever reported ring
transformation reaction of heptaoxadispiroalkanes with o,w-
diamines catalyzed by Sm compounds that simultaneously
involves both amino groups and provides a potentially useful
one-pot synthesis of spirocycloalkane-substituted o,w-bis-
(1,2,4,5,7,8-hexaoxa-10-azacycloundecan-10-yl)alkanes - which,
in consequence of their aminoperoxy groups, are expected to
exhibit interesting biological properties. In addition, it was
shown that the synthesized dimeric molecules exhibited high
cytotoxic activity against Jurkat, K562, and U937 tumor cultures
and conditionally normal Hek293 cell line, as well as induced
apoptosis and caused cell cycle arrest, affecting all its phases.

Experimental section
General remarks

All reactions were performed at room temperature in air in
round-bottom flasks equipped with a magnetic stir bar. The
NMR spectra, including two-dimensional homo- (COSY,
NOESY) and heteronuclear (HSQC, HMBC) spectra, were
recorded on a Bruker Avance 500 spectrometer at 500.17 MHz
for '"H and 125.78 MHz for "*C according to standard Bruker
procedures. CDCl; was used as the solvent, and tetramethylsi-
lane, was the internal standard. Mixing time for the NOESY
experiments was 0.3 s. Mass spectra were recorded on a Bruker
Autoflex III MALDI TOF/TOF instrument with o-cyano-4-
hydroxycinnamic acid as a matrix. Samples were prepared by
the dried droplet method. C, H, and N were quantified by
a Carlo Erba 1108 analyzer. The oxygen content also was
determined on a Carlo Erba 1108 analyzer. Reaction progress
was monitored by TLC on Sorbfil (PTSKh-AF-A) plates, with
a 5:1 hexane : EtOAc mixture as the eluent and visualization
with I, vapor. For column chromatography, silica gel
MACHEREY-NAGEL (0.063-0.2 mm) was used.

All calculations were carried out using the program Gaussian
09. Geometric parameter optimization, vibrational frequency
analysis, and calculation of entropy and thermodynamic
corrections to the total energy of the compounds were carried
out on the B3LYP functional®® using the 6-31G(d,p) basis set. No
limitation was imposed on the changes in the geometric
parameters of the subsystems studied. Thermodynamic
parameters were determined at 298 K. The minima were
confirmed through calculation of the force constant (Hessian)
matrix and analysis of the resulting frequencies. All minima
were verified to have no negative frequencies. Visualization of
quantum chemical data was carried out with the program
ChemCraft.”

Synthesis of heptaoxadispiroalkanes 1-3 was as reported in
the literature.?® THF was freshly distilled over LiAlH,. Sm(NO3);/
v-Al,O3 catalyst was synthesized by impregnating a porous
Al,O; carrier with an aqueous solution of Sm(NO;); x 6H,0
followed by a heat treatment at 400 °C for 4 hours. The content
of the active component Sm*" was 0.60-0.69 mmol g~ ' of
catalyst.

This journal is © The Royal Society of Chemistry 2019
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Ring transformation of heptaoxaspirocycloalkanes with
alkane-o,w-diamines catalyzed by Sm(NO3);/v-Al,O3

General procedure: A Schlenk vessel mounted on a magnetic
stirrer was charged under argon with THF (5 mL), Sm(NO3)3/-
ALO; (5 wt%), alkane-o,w-diamines (1 mmol), and heptaox-
aspirocycloalkane (2 mmol). The reaction mixture was stirred at
~20 °C for 6 h and then THF was evaporated. Then Et,O (10 mL)
was added and the mixture was washed with water (4 x 5 mL).
The organic layer was separated and purified by column chro-
matography on SiO, using 10:1 PE: Et,O as the eluent to
isolate the pure heterocyclic product (compounds 10-23).
Progress of reactions was monitored by TLC, with a 5: 1 hex-
ane : EtOAc mixture for the eluent (compounds 10-23) and
visualization was performed with I, vapor.

1,4-Bis-(6,7,13,14,18,19-hexaoxa-16-azadispiro[4.2.4%.7°]
nonadecan-16-yl)butane 10

Yellow oil, 0.378 g (63% yield), R; 0.88 (PE/Et,O = 10/1). "H NMR
(500.17 MHz, CDCl;): 6 = 1.69-1.75 (m, 24H), 1.84 and 2.09
(br.s, 4H), 2.15-2.25 (m, 8H), 2.95-3.01 and 3.51-3.53 (m, 4H),
4.82-5.37 (m, 8H). "*C NMR (125.78 MHz, CDCl,): 6 = 22.8, 24.6,
24.3,33.5, 32.9, 33.2, 33.7, 49.0, 84.6, 95.4, 119.3, 118.7. MALDI
TOF/TOF, m/z: 603 [M — H]". Anal. calcd. for C,5H4gN,0;,: C,
55.62; H, 8.00; N, 4.63%. Found: C, 55.57; H, 7.95; N, 4.57%.

1,5-Bis-(6,7,13,14,18,19-hexaoxa-16-azadispiro[4.2.4°.7°]
nonadecan-16-yl)pentane 11

Yellow oil, 0.489 g (79% yield), R¢ 0.88 (PE/Et,O = 10/1). "H NMR
(500.17 MHz, CDCl;): 6 = 1.25-1.33 (m, 4H) and 1.67-1.77 (m,
14H), 1.47-1.53 (m, 4H), 1.62-1.65 and 2.14-2.17 (m, 16H),
2.96-3.02 and 3.19-3.24 (m, 4H), 4.80-4.89 and 4.93-5.22 (m,
8H). "*C NMR (125.78 MHz, CDCl,): 6 = 23.9, 24.4, 28.2, 32.9,
33.1,51.5, 88.2, 90.5, 113.7. MALDI TOF/TOF, m/z: 617 [M — H]".
Anal. caled. for C,oH5(N,05,: C, 56.30; H, 8.15; N, 4.53%. Found:
C, 56.25; H, 8.13; N, 4.49%.

1,8-Bis-(6,7,13,14,18,19-hexaoxa-16-azadispiro[4.2.4°.7°]
nonadecan-16-yl)octane 12

Colorless oil, 0.455 g (69% yield), Ry 0.86 (PE/Et,0 = 10/1). 'H
NMR (500.17 MHz, CDCl;): 6 = 1.65-1.77 (m, 16H), 1.65-1.70
and 2.16-2.19 and 2.21-2.24 (m, 16H), 1.28-1.36 (m, 8H), 1.47-
1.50 (m, 4H), 2.95-3.03 and 3.19-3.25 (m, 4H), 4.82-4.91 and
4.93-5.19 (m, 8H). "*C NMR (125.78 MHz, CDCl;): 6 = 24.6, 24.4,
32.5, 32.9, 26.9, 28.3, 29.7, 51.6, 88.3, 119.3, 119.7. MALDI TOF/
TOF, m/z: 659 [M — H]'. Anal. calcd. for C3,Hs6N,04,: C, 58.16;
H, 8.54; N, 4.24%. Found: C, 58.14; H, 8.51; N, 4.21%.

1,10-Bis-(6,7,13,14,18,19-hexaoxa-16-azadispiro[4.2.4%.7°]
nonadecan-16-yl)decane 13

Colorless oil, 0.495 g (72% yield), R 0.84 (PE/Et,O = 10/1). 'H
NMR (500.17 MHz, CDCl;): 6 = 1.63-1.77 (m, 16H), 1.63-1.69
and 1.95-2.08 and 2.14-2.23 (m, 16H), 1.20-1.23 (m, 12H), 1.45-
1.48 (m, 4H), 2.95-3.01 and 3.17-3.22 (m, 4H), 4.80-4.89 and
4.91-5.20 (m, 8H). "*C NMR (125.78 MHz, CDCl;): 6 = 24.5, 24.6,
24.5,24.4, 33.1, 33.4, 33.3, 32.9, 26.9, 28.3, 29.4, 29.5, 51.5, 88.2,
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90.5, 119.6, 119.2, 122.4. MALDI TOF/TOF, m/z: 687 [M — HJ".
Anal. caled. for C3,HgoN,0O;,: C, 59.28; H, 8.78; N, 4.07%. Found:
C, 59.25; H, 8.76; N, 4.05%.

1,4-Bis-(3,12-dimethyl-7,8,15,16,20,21-hexaoxa-18-azadispiro
[5.2.5°.7°henicosan-18-yl)butane 14

Colorless oil, 0.529 g (74% yield), R¢ 0.87 (PE/Et,0 = 10/1). 'H
NMR (500.17 MHz, CDCl3): 6 = 0.76-0.77 and 0.87-0.88 (m,
12H), 1.39-1.49 (m, 4H), 1.91-2.00 and 0.97-1.49 (m, 4H), 1.84-
1.87 and 1.29-1.34 (m, 16H), 2.18-2.24 (m, 16H), 2.83-2.88 and
3.05-3.08 (m, 4H), 4.60-4.96 (m, 8H). *C NMR (125.78 MHz,
CDCl3): 6 = 20.9, 21.4, 25.6, 25.2, 31.0, 31.5, 30.7, 30.9, 34.6,
40.6, 51.1, 88.0, 108.2, 110.4. MALDI TOF/TOF, m/z: 715 [M —
H]". Anal. caled. for C36HgsN,O4,: C, 60.31; H, 9.00; N, 3.91%.
Found: C, 60.29; H, 8.98; N, 3.89%.

1,5-Bis-(3,12-dimethyl-7,8,15,16,20,21-hexaoxa-18-azadispiro
[5.2.5°.7°]henicosan-18-yl)pentane 15

Colorless oil, 0.452 g (62% yield), Ry 0.85 (PE/Et,0 = 10/1). 'H
NMR (500.17 MHz, CDCl;): 6 = 0.92-0.94 (m, 12H), 1.27-1.30
(m, 2H), 1.49-1.52 (m, 4H), 1.42-1.44 (m, 16H), 1.10-1.30 and
1.57-1.65 and 2.08-2.17 (m, 20H), 2.95-3.03 and 3.18-3.23 (m,
4H), 4.76-4.93 and 5.08-5.13 (m, 8H). "*C NMR (125.78 MHz,
CDCl,): & = 21.5, 24.3, 30.8, 31.0, 31.2, 31.5, 31.6, 51.4, 88.3,
90.4, 108.6, 110.7. MALDI TOF/TOF, m/z: 729 [M — H]'. Anal.
caled. for C37HggN,04,: C, 60.80; H, 9.10; N, 3.83%. Found: C,
60.75; H, 9.05; N, 3.80%.

1,7-Bis-(3,12-dimethyl-7,8,15,16,20,21-hexaoxa-18-azadispiro
[5.2.5°.7%Thenicosan-18-yl)heptane 16

Colorless oil, 0.435 g (58% yield), R; 0.86 (PE/Et,0 = 10/1). 'H
NMR (500.17 MHz, CDCl,): 6 = 0.93-0.94 (m, 12H), 1.27-1.30
(m, 6H), 1.43-1.49 (m, 16H), 1.27-1.49 and 2.09-2.11 (m, 8H),
1.57-1.66 and 2.15-2.18 (m, 16H), 2.95-3.04 and 3.17-3.25 (m,
4H), 4.77-4.89 and 4.91-5.13 (m, 8H). **C NMR (125.78 MHz,
CDCl,): 6 = 26.9, 28.3, 29.3, 30.6, 31.1, 31.6, 51.4, 88.3, 90.5,
108.5, 110.7. MALDI TOF/TOF, m/z: 757 [M — H]+. Anal. calcd.
for C30H,oN,01,: C, 61.72; H, 9.30; N, 3.69%. Found: C, 61.67; H,
9.25; N, 3.62%.

1,10-Bis-(3,12-dimethyl-7,8,15,16,20,21-hexaoxa-18-azadispiro
[5.2.5°.7°]henicosan-18-yl)decane 17

Colorless oil, 0.552 g (69% yield), Ry 0.87 (PE/Et,0 = 10/1). 'H
NMR (500.17 MHz, CDCl;): 6 = 0.74-0.91 (m, 12H), 1.08-1.59
(m, 48H), 2.03-1.12 (m, 4H), 2.89-2.98 and 3.11-3.16 (m, 4H),
4.70-5.06 (m, 8H). *C NMR (125.78 MHz, CDCl,): 6 = 21.5, 26.9,
28.3,29.4, 29.5,29.2, 30.8, 31.0, 31.6, 31.5, 31.4, 51.4, 82.2, 90.3,
90.4, 108.3, 110.5, 110.9. MALDI TOF/TOF, m/z: 800 [M — H]".
Anal. calced. for C4,,H;6N,0;,: C, 62.97; H, 9.56; N, 3.50%. Found:
C, 62.95; H, 9.53; N, 3.48%.

1,2-Bis(8,9,17,18,22,23-hexaoxa-20-azadispiro[6.2.6'°.7"]
tricosan-20-yl)ethane 18

Colorless oil, 0.488 g (71% yield), R; 0.85 (PE/Et,0 = 10/1). 'H
NMR (500.17 MHz, CDCl;): 6 = 1.43-1.47 (m, 16H), 1.53-1.66
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(m, 16H), 1.89-1.96 and 2.14-2.19 (m, 16H), 3.12-3.15 and 3.29-
3.35 (m, 4H), 4.75-4.91 (m, 8H). >C NMR (125.78 MHz, CDCl;):
6 = 22.7, 29.9, 30.1, 32.3, 32.5, 50.0, 85.8, 88.1, 114.0, 115.2.
MALDI TOF/TOF, mjz: 687 [M — H]. Anal. caled. for
C34HeoN,015: C, 59.28; H, 8.78; N, 4.07%. Found: C, 59.26; H,
8.75; N, 4.04%.

1,4-Bis-(8,9,17,18,22,23-hexaoxa-20-azadispiro[6.2.6°.7”]
tricosan-20-yl)butane 19

White solid, 0.497 g (70% yield), mp 99-100 °C, R 0.85 (PE/Et,O
= 10/1). "H NMR (500.17 MHz, CDCl;): 6 = 1.43-1.48 (m, 4H),
1.43-1.70 (m, 16H), 1.53-1.69 (m, 16H), 1.53-1.69 and 2.09-2.18
(m, 16H), 2.95-3.03 and 3.20-3.24 (m, 2H), 2.99-3.03 and 3.48-
3.53 (m, 2H), 4.76-4.92 and 5.10-5.18 and 4.80-4.83 (m, 8H). *C
NMR (125.78 MHz, CDCl): 6 = 25.8, 25.4, 22.8, 22.7, 22.9, 30.1,
30.0, 30.2, 32.8, 33.4, 51.4, 49.1, 87.9, 84.4, 112.7, 113.0, 113.9.
MALDI TOF/TOF, mj/z: 715 [M — H]". Anal. caled. for
C36HesN»01,: C, 60.31; H, 9.00; N, 3.91%. Found: C, 60.28; H,
8.95; N, 3.87%.

1,5-Bis-(8,9,17,18,22,23-hexaoxa-20-azadispiro[6.2.6°.77]
tricosan-20-yl)pentane 20

White oil, 0.584 g (80% yield), R; 0.86 (PE/Et,0 = 10/1). 'H NMR
(500.17 MHz, CDCl;): ¢ = 1.25-1.28 (m, 2H), 1.43-1.50 (m, 4H),
1.43-1.71 (m, 16H), 1.51-1.62 (m, 16H), 1.61-1.64 and 2.13-2.18
(m, 16H), 2.96-3.01 and 3.17-3.22 (m, 4H), 4.76 and 4.84 (d,] =
12.0 Hz, 4H), 4.89 and 5.07 (d, J = 12.0 Hz, 4H). "*C NMR (125.78
MHz, CDCl;): 6 = 22.7, 22.8, 24.3, 28.1, 28.2, 30.0, 30.1, 30.4,
32.4, 87.9, 90.4, 113.8. MALDI TOF/TOF, m/z: 729 [M — H]'.
Anal. caled. for C35,HggN,055: C, 60.80; H, 9.10; N, 3.83%. Found:
C, 60.75; H, 9.04; N, 3.79%.

1,7-Bis-(8,9,17,18,22,23-hexaoxa-20-azadispiro[6.2.6'°.77]
tricosan-20-yl)heptane 21

Yellow oil, 0.570 g (75% yield), Ry 0.88 (PE/Et,O = 10/1). "H NMR
(500.17 MHz, CDCl;): § = 1.29 (m, 4H), 1.43-1.49 (m, 4H), 1.43-
1.72 (m, 16H), 1.52-1.62 (m, 16H), 1.57-1.62 and 2.13-2.18 (m,
16H), 1.67-1.72 (m, 2H), 2.95-3.01 and 3.16-3.21 (m, 4H), 4.77
and 4.85 (d, J = 8.0 Hz, 4H), 4.90 and 5.07 (d,J = 12.0 Hz, 4H).
3C NMR (125.78 MHz, CDCl,): 6 = 22.7, 22.8, 24.3, 26.9, 28.3,
30.1, 30.0, 30.4, 32.4, 32.8, 51.6, 88.0, 90.4, 113.8, 112.7. MALDI
TOF/TOF, m/z: 757 [M — H]". Anal. caled. for C39H;oN,0;,: C,
61.72; H, 9.30; N, 3.69%. Found: C, 61.68; H, 9.25; N, 3.67%.

1,8-Bis-(8,9,17,18,22,23-hexaoxa-20-azadispiro[6.2.6'°.77]
tricosan-20-yl)octane 22

Colorless oil, 0.462 g (60% yield), Ry 0.90 (PE/Et,0 = 10/1). 'H
NMR (500.17 MHz, CDCl,): 6 = 1.27 (m, 8H), 1.40-1.47 (m, 4H),
1.40-1.66 [m, 16H), 1.50-1.66 [m, 16H), 1.52-1.63 and 2.12-2.16
(m, 16H), 2.93-2.99 and 3.14-3.20 (m, 4H), 4.75 and 4.83 (d, ] =
8.0 Hz, 4H), 4.88 and 5.05 (d, J = 12.0 Hz, 4H). *C NMR (125.78
MHz, CDCl,): § = 22.7, 26.9, 27.9, 28.3, 29.8, 29.9, 30.1, 32.4,
32.8,51.6,87.9, 90.4, 113.8, 112.7. MALDI TOF/TOF, m/z: 772 [M
— H]". Anal. calcd. for C4oH7,N,04,: C, 61.72; H, 9.30; N, 3.69%.
Found: C, 61.66; H, 9.25; N, 3.63%.
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1,10-Bis-(8,9,17,18,22,23-hexaoxa-20-azadispiro[6.2.6°.7]
tricosan-20-yl)decane 23

Colorless oil, 0.688 mg (86% yield), R; 0.87 (PE/Et,0 = 10/1). "H
NMR (500.17 MHz, CDCl,): 6 = 1.27 (m, 12H), 1.44-1.46 (m, 4H),
1.42-1.62 (m, 16H), 1.52-1.58 (m, 16H), 1.58-1.63 and 2.14-2.18
(m, 16H), 2.95-3.01 and 3.16-3.22 (m, 4H), 4.91 and 5.07 (d, ] =
14.0 Hz, 8H), 4.85 and 4.78 (d, J = 12.0 Hz, 8H). ">*C NMR (125.78
MHz, CDCl,): 6 = 22.7, 22.8, 26.9, 28.4, 29.4, 29.5, 30.0, 30.1,
32.4, 32.8, 51.6, 49.5, 87.9, 90.4, 112.7, 113.8. MALDI TOF/TOF,
m/z: 800 [M — H]'". Anal. caled. for C4,H,6N,04,: C, 62.97; H,
9.56; N, 3.50%. Found: C, 62.93; H, 9.51; N, 3.46%.

Bioassay data

Cell culturing. Human cancer cell line HeLa was obtained
from the HPA Culture Collections (UK). Cells (U937, K562, Jurkat
and HEK293) were purchased from the Russian Cell Culture
Collection (Institute of Cytology of the Russian Academy of
Sciences) and cultured according to standard protocols and sterile
techniques. The cell lines were shown to be free of viral contami-
nation and mycoplasma. HEK293 cell line was cultured as
monolayers and maintained in Dulbecco’'s modified Eagle's
medium (DMEM, Gibco BRL) supplemented with 10% fetal bovine
serum and 1% penicillin-streptomycin solution at 37 °C in
a humidified incubator under a 5% CO, atmosphere. Cells were
maintained in RPMI 1640 (Jurkat, K562, U937) (Gibco) supple-
mented with 4 pM glutamine, 10% FBS (Sigma) and 100 units
per mL penicillin-streptomycin (Sigma). All types of cells were
grown in an atmosphere of 5% CO, at 37 °C. The cells were sub-
cultured for 2-3 days intervals. Adherent cells (HEK293) were
suspended using trypsin/EDTA and counted after they reached
80% confluency. Cells were then seeded in 24 well plates at 5 x 10*
cells per well and incubated overnight. Jurkat, K562, U937 cells
were subcultured at 2-day intervals with a seeding density of 1 x
10° cells per 24 well plates in RPMI with 10% FBS.

Cytotoxicity assay. Viability (live/dead) assessment was per-
formed by staining cells with 7-AAD (7-aminoactinomycin D)
(Biolegend). After treatment cells were harvested, washed 1-2
times with phosphate-buffered saline (PBS) and centrifuged at
400g for 5 min. Cell pellets were resuspended in 200 pL of flow
cytometry staining buffer (PBS without Ca** and Mg>*, 2.5%
FBS) and stained with 5 pL of 7-AAD staining solution for 15 min
at room temperature in the dark. Samples were acquired on
a NovoCyte TM 2000 Flow Cytometry System (ACEA) equipped
with 488 nm argon laser. Detection of 7-AAD emission was
collected through a 675/30 nm filter in the FL4 channel.

Viability and apoptosis. Apoptosis was studied using flow
cytometric analysis of annexin V and 7-aminoactinomycin D
staining. After treatment, cells from 24 h were harvested, washed
1-2 times with phosphate-buffered saline (PBS) and centrifuged at
400 g for 5 min. Cell pellets were resuspended in a 200 pL of flow
cytometry staining buffer (PBS without Ca*" and Mg**, 2.5% FBS).
Then, 200 pL of Guava Nexin reagent (Millipore, Bedford, MA, USA)
was added to 5 x 105 cells in 200 pL, and the cells were incubated
with the reagent for 20 min at room temperature in the dark. At the
end of incubation, the cells were analyzed on a NovoCyte TM 2000
Flow Cytometry System (ACEA).
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Cell cycle analysis. Cell cycle was analyzed using the method
of propidium iodide staining.”* After treatment, cells after 24 h
were harvested, washed 1-2 times with phosphate-buffered
saline (PBS) and centrifuged at 400 g for 5 min. Cell pellets
were resuspended in 200 pL of flow cytometry staining buffer
(PBS without Ca** and Mg>", 2.5% FBS). Then, cells were plated
in 24-well round bottom plates at a density of 10 x 10° cells per
well, centrifuged at 450 g for 5 min, and fixed with ice-cold 70%
ethanol for 24 h at 0 °C. Cells were then washed with PBS and
incubated for 30 min at room temperature with 250 puL of Guava
Cell Cycle Reagent (Millipore) in the dark. Samples were
analyzed with a NovoCyte TM 2000 Flow Cytometry System
(ACEA).
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