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Features of the synthesis and biological evaluation of
3-(carboxyphenyl)chromones

Olga V. Shablykina, Viktoriia S. Moskvina*, Volodymyr P. Khilya

Taras Shevchenko National University of Kyiv, 60 Volodymyrska St., Kyiv, 01601, Ukraine

Abstract: Flavonoids and their derivatives have historically been a source of therapeutic agents. Every year, more and more data is
published on new flavonoid compounds, both synthetic and isolated from natural sources, and their innumerable physiological and
pharmacological activities. This review presents synthetic routes towards 3-(carboxyphenyl)chromones and evaluation of their biological
activity as published in both journal and patent literature. We have focused specifically on the 3-(carboxyphenyl)chromones, because
while methods of synthesis and biological activity of 2(3)-substituted and 2,3-disubstituted chromones are well studied, literature data on
isoflavones containing a carboxyl, ester, or amide group in ring B is scarce and fragmentary. The presented generalization of synthetic
strategies and biological activity of 3-(carboxyphenyl)chromone derivatives demonstrates that this class of compounds can be targeted for
discovery of new drugs and can be readily prepared owing to recent advances in synthetic organic and medicinal chemistry.

Keywords: chromones, isoflavones, biological activity, synthesis.

Chromones are important structural motifs that serve as
useful templates for a design of novel biologically
important compounds. The majority of research activity in
recent years has been focused on the synthesis of
2(3)-substituted (flavones and isoflavones respectively) and
2,3-disubstituted  chromones [1-7]. The synthetic
approaches to chromone-pyrazole-fused compounds [8],
azachromones, and azachromanones [9] have been
summarized. Among numerous currently known isoflavone
derivatives, compounds 1 with a carboxyl group in the
ring B constitute a small group of compounds (Figure 1).

Isoflavones of natural origin, due to peculiarities of their
biogenesis, belong to the category of polyphenols. Any
substituents in their structure other than hydroxyl, alkoxyl,
and methyl groups are extremely rare [10].

Preparative synthesis of isoflavones mainly focused on
making of natural compounds with biological activity
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as well as the synthesis of analogues and heteroanalogues of
isoflavones — 3-hetarylchromones [11]. Methods to

synthesize derivatives of pharmaceutically active molecules
their

of 3-(carboxyphenyl)chromones and
intermediates have also been reported.

synthetic

antagonists of the
bradykinin B1 receptor

inhibitors of S-nitrosogiutathione
reductase

used to treat hyperlipemia, obesity,
and type Il diabetes

Figure 1. Examples of pharmaceutically active 3-(carboxy-
phenyl)chromones.

© Shablykina O. V. et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.
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For example, acids 2 are inhibitors of
S-nitrosoglutathione reductase and can be wused as
immunomodulators, anti-inflammatory, and anti-asthma
drugs [12]; isoflavone amides of type 3 are antagonists of
the bradykinin Bl receptor [13]; and amides 4 are used to
prevent or cure hyperlipemia, obesity, and type II diabetes
(Figure 1) [14]. Yet, despite the obvious prospect, studies of
synthesis of isoflavones containing a carboxyl, ester, or
amide group in the B-ring have received little attention.
These compounds are usually briefly mentioned in widely
scoped publications and rarely feature as individual study
objects. In addition, studies of the impact of introducing a
highly acidic and reactive carboxyl group or its derivatives,
e.g., various amides, on biological activity and approaches
to constructing the isoflavone system are isolated.

In this brief review, we present a compilation of the
literature data published in the last years, concerning the
synthesis and biological activity of the
3-(carboxyphenyl)chromones.  Analysis of the data
demonstrates that although the introduction of a carboxyl
group can complicate the construction of the isoflavone
system, these problems are easily overcome. Therefore, we
hope that this review will help draw attention to such
promising building blocks for medicinal chemistry as
3-(carboxyphenyl)chromones.

Biological activity of 3-(carboxyphenyl)chromones,
their esters and amides

The summary of 3-(carboxyphenyl)chromones biological
activity presented below illustrates that these compounds
can be readily employed as precursors to new drugs with
various pharmacological effects.

A series of acids 2 (Figure 2) was reported to inhibit
S-nitrosoglutathione reductase (GSNOR) [12], which
implied that these compounds were promising
immunomodulators, anti-inflammatory, and anti-asthma
drugs. Similar bioactivity was manifested by corresponding
1-thioisoflavones [15].

'R'=H, Me, i-Pr, i-Bu, cyclopentyli
Bn, CF3, CHF;,, MeCF,, EtCF,, !
MeOCH,, MeS, |

i thiophene-2(3)-yl;

!R?=H,F, Cl, OMe, CN;

OH iR®=H,3-F, 2-Cl, 3-Cl, 2-OMe

Figure 2. 4-(7-Hydroxy-4-oxo-4H-chromen-3-yl)benzoic acids 2
— inhibitors of S-nitrosoglutathione reductase.

A number of functionalized isoflavones, including those
with carboxyl and carboxamide groups in 4'-position, and
their heteroanalogues (at the ring A), featured as possible
agents for the treatment of various kinds of mental disorders
and addictions due to their ability to inhibit aldehyde
dehydrogenase 2 (ALDH-2) [16-17].

Amides 3a,b, produced from acids Sab, were
synthesized in the course of amide 6 modification in order

to obtain new antagonists of the bradykinin Bl receptor
(hB1) (Scheme 1) [13].

Despite p-isomer 3b being less effective than its
analogue with the phthalazinone cycle, it was selected as a
promising compound for a more detailed study. It is
interesting to note the significantly higher activity of
p-isomer 3b in comparison with m-isomer 3a. The same
pattern was observed not only for isoflavone derivatives but
also for structurally related phthalazinones.

hB1 K;=0.9 £ 0.3 nM

© i )
hB1 K; =1681 nM

Scheme 1. Isoflavone amides 3 — antagonists of the bradykinin Bl
receptor.

Interestingly, subsequent studies of isoflavone amides
3a,b showed that their inhibitory activity significantly
depends on the presence of substituents in the A-ring of
isoflavone [18]: p-amide 3b with a F or Cl atom introduced
into the 5" position of the chromone ring is quite capable of
competing in terms of activity with the most successful
inhibitor 7 in a series of phthalazinones from a previous
study [13]. Table 1 shows the efficiency of the bradykinin
B1 receptor inhibition by the indicated compounds; as a
numerical parameter, the inhibitory constant (K;) is used.

Table 1. The efficiency of inhibition of the hB1 receptor.

Compd R! hB1 Compd R! hB1
K; (nM) K (HM)

3aa H 64+11 3ba H 184 +32
3ab 5-Cl 29+ 12 3bb 5-Cl 4+£2
3ac 6-Cl 767 £225 3bc 6-Cl 1616 +498
3ad 6-F 398 +44 3bd 7-Cl 42 +4
3ae 8-Cl 322+126 3be 8-Cl 481 + 87

3bf 5-F 17+8

3bg 5Me 152

A variety of amides 4 of 7-hydroxy-isoflavone
4'-carboxylic acid was presented in a patent development
[14] as medicines for preventing or curing hyperlipemia,
obesity, or type II diabetes (Figure 3).



'R'=H, Ac, PhSOy; = |
! RZ = NMe,, NEty, NHPh, o N/, . N_ J, N
! B S \N

& 2 N

Figure 3. Isoflavone amides 4 — products for the treatment of
hyperlipemia, obesity, and type II diabetes.

Of the four synthesized amides (Figure 4), the amide 8d
exhibited transactivation activity and induced the
expression of farnesoid X receptor (FXR). The latter is
known to regulate a series of target genes, including short
heterodimer partner (SHP), bile salt export pump (BSEP)
and sterol regulatory element-binding protein Ic
(SREBP-1c¢).

Although the effect of 8d in modulating FXR gene
expression was less pronounced than that of GW4064 —
synthetic FXR agonist, 8d showed less toxicity in HepG2
cells. Overall, results obtained by the authors indicated that
8d could act as a promising lead compound for the design
of novel FXR modulators against dyslipidemia [19].
Moreover, amidation turned out to be a necessary condition
for the high level of biological activity as the acid itself and
its ester demonstrated much more modest performance.
Functionalized isoflavones similar to the depicted ones have
been patented for preventing or treating hyperlipidemia,
type II diabetes, atherosclerosis, and non-alcoholic fatty
hepatitis [20].

Cl
IR", RZ= H, Me (a); H, Et (b); |
H, i-Pr (c); Me, Me (d) !
Figure 4. Isoflavone amides 8 — FXR modulators against
dyslipidemia.

| R = H, Me, CH,OEt
! X = OH, OEt, NHAr, NHAIk, NAIk,

Figure 5. Series of isoflavones 9 — a new class of apoptosis
inhibitors.

A large array of isoflavones modified with functional
groups, as well as additional aromatic and heterocyclic
fragments, were announced to be a new class of apoptosis
inhibitors [21]. Compounds with carboxyl and carboxamide

O. V. Shablykina, V. S. Moskvina, V. P. Khilya

groups are represented mainly by structures 9 (Figure 5);
several structures with a carboxyl group at the 3'-position of
the isoflavone are shown.

Pyranoisoflavones were shown to function as
butyrylcholinesterase inhibitor and can therefore be used in
the treatment of Alzheimer's disease [22]; one of the studied
derivatives was compound 10 with an ester group, the
publication focused more on carbamate derivatives of
hydroxyisoflavones, in particular, compound 11 — one of
the most active substances (Figure 6).

The site docking data given in this work is interesting.
Calculations showed that multiple ways of binding
pyranoisoflavones to the active site of the enzyme exist
depending on the nature and location of the substituents. In
one of them, the carbonyl fragment of the chromone ring
and z-interaction with the isoflavone ring B plays an
important role, which is another argument in favor of the
pharmacophoric potential of the isoflavone system. It
should also be noted that the removal of the annelated pyran
ring led to a noticeable drop in isoflavone activity, while the
variation of substituents in ring B was not critical. This
confirms the assumption that the B ring substituents can be
easily varied (in particular, by obtaining amides of the
carboxyl group) in order to introduce required
physicochemical properties into a compound, while at the
same time preserving the active action of the heterocyclic
system itself.

n-HIept

O\n/NH
g
linhibition activites:
! AChE — 4.81%, BChE - 9.34 + 0.51, SI >1.1 (10)

! AChE - 77.79 + 6.74, BChE - 0.093 + 0.001, SI — 836 (11) :
{AChE - 0.0438 £ 0.006, BChE —0.0101 £ 0.0005, S! - 4.34 (tacrine);
Figure 6. Pyranoisoflavones as butyrylcholinesterase inhibitor.
The inhibition activities are expressed as ICso (uM) or as a
percentage of inhibition at 10 uM, and the ICso values are the
mean of three independent experiments £ SEM; SI represents
selectivity index which is determined as ratio AChE ICso / BChE
ICs0; AChE — Acetylcholinesterase, BChE — butyrylcholinesterase.

Biological activity of 3-(carboxyphenyl)chromone
derivatives

Approaches to obtaining biologically active substances
from isoflavones can be based not only on the modification
of functional groups but also on the recyclization of the
labile pyrone fragment. For example, article [23] proposed
pyrazoles 13 as an alternative to substance H23 — a
previously known inhibitor of glycogen synthase. The
pyrazoles 13, including a compound with an ester group in
the ring B (R' = OH, R? = Mg, R® = 4-CO:Me, Scheme 2),
were obtained via recyclization of 2-substituted (R' = H,
Me, CF3) isoflavones 12. The p-hydroxy derivative 13a
exhibited the highest activity (Scheme 2, inhibitory ICsg
values against human glycogen synthase GS 1 (hGYS1)).
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{R!=H, Me, CF5; R2 = H, OH; :
{R3=H, 4-OH, 4-F, 4-Cl, 3,4-Cl,, 4-CN, 4-CO,Me, 4N02,4OCF3

OH

ICsp 875 uM O
/
N
Tl
\=N

H23

Scheme 2. Isoflavones 12 — precursor inhibitors of glycogen
synthase.

Saturated analogs of isoflavones with carboxyl,
carboxamide, and ester groups are also mentioned among
biologically active substances. Isoflavans 14, in particular,
were investigated as compounds that exhibited valuable
pharmacological properties, especially for the treatment of
vascular diseases (Figure 7) [24].

' R"=H, Me;
' R%2 = H, OH, MeO,
: R3=H, OH, Alk, AIKO, Hal, NOZ,
CF3, CN, COOH, COOAIK,
i NHy, NHAc, NHSO,Ph, AIkSO,

Figure 7. Isoflavans 14 — products for the treatment of vascular
diseases.

It was also discovered that the antineoplastic activity on
human malignant cell lines and antileishmanial activity on
Leishmania amazonensis [25] is inherent in quinoid
pterocarpans, including substance 15 with an ester group
(Table 2).

Table 2. Comparison of antileishmanial activity of
compound 15 and pentamidine (P*) on promastigote and
amastigote forms of L. amazonensis and toxicity for M J774
cells (ICsp in uM).

NH
HoN
NH (0]
oN
P* o
15 P*
Promastigote 2.8 2.2
Amastigote 0.5 1.5
MJ774 22.5 70
M J774/amastigote 45 46

Synthesis of 3-(carboxyphenyl)chromones, their esters
and amides

The most obvious "classical" solution to the problem of
obtaining isoflavones with a carboxyl group in ring B is the
Houben-Hoesch reaction using (carboxyphenyl)acetonitriles
as key reagents, followed by formylation and ring-closure
of the chromone system. However, the reactivity of phenyl-
acetonitriles with a carboxyl function is questionable and,
when ester protection of the carboxyl group is used, the
ester fragment stability in both reaction and subsequent
isolation conditions is of concern. Paper [26] described the
preparation of 2-hydroxyphenylbenzyl ketones 18a,b (and
their analogues with alkoxy, CF3, and CO,Et groups) via the
classical Houben-Hoesch reaction. Substituted phenols 16
and 3-(carboxyphenyl)acetonitrile (17) reacted under the
action of ZnCl, in Et;O, and underwent subsequent ring-
closure into the corresponding isoflavones 19a,b according
to the method described by Bass — with BF;-Et,O followed
by formylation with MeSO,CI-DMF reagent (Scheme 3)
[27].

R! CN

HO\©/OH K©/COOEt
+

16 1.2:1 17

HO OH
- U
OR?
0

1. ZnCly, dry HCI, Et,0,
0°C,4-6h

2. rt, 4-20 h (TLC control)
3. H;0*

1. BF5-Et,0, DMF, rt

2. MeSO,Cl, DMF, 50°C
3.100°C, 2 h; 4. H,0

18a,b
18a (61%, R' = Me, R? = Et), !

18b (43%, R" = OH, R? = H);:

OR? 19a (84%, R = Me, R? = Et),|

,19b (75%, R' = OH, R = H) :

Scheme 3. Synthesis of 3-(carboxyphenyl)chromones 19a,b.

In two cases when Houben-Hoesch reaction of ethyl
3-(cyanomethyl) benzoate with 2,6-dihydroxytoluene or
1,2,3-trihydroxybenzene was used, the isolation of reaction
products was accompanied by partial hydrolysis and the
formation of a mixture of ester and acid 18. Isolation and
purification of the main product were based on the acid’s
solubility in the aqueous solution of NaHCOs;. The main
product was the ester 18a in the first case and the acid 18b
in the second. During formylation and heterocyclization,
despite treating the reaction mixture with water at a certain
stage of the process, hydrolysis of the ester group of
derivative 19a did not occur.

Notably, the conversion of deoxybenzoin to isoflavone is
accompanied by partial or complete acylation of free OH-
groups, and subsequent addition of water is necessary to
remove the acyl residue from the hydroxyl group.
Therefore, it can be assumed that the hydrolytic stability of
the ester group in ring B is significantly higher; several
similar examples are given later in the review.



R! 1. ZnCl,, dry HCI, R
Et,0,0°C,4-6 h
HOi©/OH CQI 2.4°C,50 h HO OH
+ —
R2 Ar 3. HCI, Et,0,A, 1h R2 Ar
20 21 22 O

R! :

EtOH/1,4-dioxane 2 : 1,

1. BF3-Et,0, DMF, rt

2. MeSO,Cl, DMF, 50°c  HO o H,, Pd/C, TosOH-H,0

3.90-100°C, 2 h; 4. H,0  R? Ar rt, 24 h

m 3 f  RIZOHRI=H.X=H@) |
1 R'=Me, RZ=H, X =H (b); :
R? Ar L ar ﬂ@*ox )

Scheme 4. Synthesis of isoflavans 24.

The previously mentioned bioactive isoflavans 14
(Figure 7) were synthesized by a catalytic reduction of
corresponding isoflavones [24]. The latter, in turn, were
obtained via the Houben-Hoesch reaction which was carried
out at a rather low temperature. This significantly increased
the reaction time but was obviously justified, because the
authors  successfully obtained a wide series of
polyfunctional compounds, including those with a free
carboxyl group. The synthetic sequence to these carboxy
derivatives is shown in Scheme 4 (on the example of
compounds 24 synthesis).

Using a corresponding arylacetic acid 26 instead of a
nitrile in the Houben-Hoesch reaction allows to avoid the
hydrolysis of the imine fragment and to treat the reaction
mixture in milder conditions, which reduces the likelihood
of hydrolysis of functional groups present in the main
fragment (including ester). If the target product is an
isoflavone with a free carboxyl group, the hydrolysis of the
ester fragment is expediently carried out after the ring-
closure of the pyrone ring. Such sequence of reactions was
proposed by the authors of [12], devoted to the synthesis of
a large array of bioactive isoflavones with a 4'-carboxyl
group, shown in Figure 2. Scheme 5 shows the synthesis of
a key compound — methyl 4-(2-(2,4-dihydroxyphenyl)-2-
oxoethyl)benzoate (27).

HO OH
\©/ HO OH
2
®  BRE4O O

+ _—

95°C, 4 h O

COzMe

26

COZMe

27 (14%)

Scheme 5. Synthesis of methyl 4-(2-(2,4-dihydroxyphenyl)-2-
oxoethyl)benzoate (27).

As an alternative to the Houben-Hoesch reaction
between (ethoxycarbonylphenyl)acetic acid 29 and
1,3-dimethoxybenzene 28 in BF3-Et,O medium, the authors
of [12] studied in detail the Friedel-Crafts acylation of 28
with (ethoxycarbonylphenyl)acetic acid chlorides in the
presence of AICl; with subsequent removal of methyl
groups of BBrs. This approach provided higher yields of the

O. V. Shablykina, V. S. Moskvina, V. P. Khilya

target product 31 in comparison to the Houben-Hoesch

reaction (Scheme 6).
MeO OMe
s
29 CO,Et 1 (COChz CHaCly 1t 2h

2. AICl3, CH,ClI,, rt, overnight
MeO ! OMe

1. BBr3, CH,Cly, -78°C... 1t

O 2. SOCly, EtOH, rt,
30 0 ight
CO,E overnig
HO OH
> O (44% after 3 steps)
31 0

CO,Et

Scheme 6. Synthesis of ethyl 4-(2-(2,4-dihydroxyphenyl)-2-
oxoethyl)benzoate (31).

Additionally, two approaches have been successfully
used to introduce a carboxyl group in the p-position of
phenylacetic acid: the Friedel-Crafts acetylation of
phenylacetic acid 32 with subsequent oxidation of the acetyl
fragment in the iodoform reaction (Scheme 7a;
unfortunately, the total yield of product 37 for four stages
was minuscule); or the catalyzed carbonylation of
p-bromophenylacetic acid 33 with yields of target product
38 of 76% (Scheme 7b).

(a
@AcozEt AcCl, AICI3;, CS, o
32 A, overnight
/©/\002H
HO,C

CO,Et

34

1. NaOH, THF, H,0 1. (COCI),, CH,Cl,
—_—

2.1,, NaOH agq., 2. EtOH
rt...90°C, 2 h 35
CO,Et CO,H
1.05 eq LiOH
—_— —_—
EtO,C 36 EtO,C 37
(~6% after 4 steps)
(b CO,H COLH

CO, Pd(dppf),Cly, Et;N

MeOH, 120°C, 18 h,  MeO,C” i (76%)

33 40 atm 38

Scheme 7. Synthesis of (ethoxycarbonylphenyl)acetic acid 37 and
(methoxycarbonylphenyl)acetic acid 38.

This study is also noteworthy for its use of anhydrides
and chloroanhydrides of various carboxylic acids (aliphatic,
aromatic, and heteroaromatic, as well as alkoxy and
fluorine-substituted) in the cyclization of deoxybenzoins 39
— the products of the Houben-Hoesch reaction. This allowed
to obtain isoflavones 40 with various substituents at
position 2 of the chromone ring (the list of substituents
R!-R? is given in Figure 2 above). Depending on the activity
of reagents, the cyclization of deoxybenzoins 39 to flavones
40 took place either with an equivalent amount of Et;N at
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room temperature in a dichloromethane solution or under
reflux (Scheme 8). Of course, acylation of the additional
hydroxyl group occurred simultaneously with the
cyclization. Two methods were also developed for the
hydrolysis of the O-acyl fragment: heating products 40 in
an acidic medium, or treating with LiOH at room
temperature, resulting in the formation of corresponding
acids 2 with yields of up to 94%.

HO OH (R'C0),0, EtzN, CH,Cly, rt, 1-5 h

R3 or

2
R 4 | R'COCI, EtzN, 95°C, 8-20 h
39 (e} N O

OR*

conc. HCI, 1,4-dioxane,
60-80°C, 7-24 h
or

LiOH, MeOH / THF / H,0,
rt, 3-8 h

'R*=MeorEt; !
‘R®=H orR'CO!

(13-94%)

Scheme 8. Synthesis
yl)benzoic acids 2

of 4-(7-hydroxy-4-oxo-4H-chromen-3-

Tang et al. demonstrated that the conditions of the
Houben-Hoesch reaction should be varied depending on the
activity of arylacetic acids or nitriles [23]. Various reagents
were used to conduct the cyclization of the chromone ring,
allowing for variation of the substituent at position 2 of the
system. The data on the synthesis of a derivative with an
ester group — compound 44 — is presented in Scheme 9.

OH OH
HO OH CO,H BF5-Et,0 HO OH
T (it .
r
Ar
41 42 43 0
OH
1. Ac,0, KOAG, A, 8 h HO O Me
| _—
2. EtOH, Hzo, H2804, A, 05 h Ar
4 O
HO OH
N2H4'H20

Scheme 9. Synthesis of isoflavone 44 — a precursor of inhibitors of
glycogen synthase.

7-Alkoxyisoflavone 4'-carboxylic acid, subsequently
converted into various amides 4 (see the list in Figure 3),
was synthesized using the Houben-Hoesch reaction as well
[14]; the synthesis of 2-(4-(methoxycarbonyl)phenyl)acetic
acid required for the reaction was carried out using an
approach similar to that shown in Scheme 7a. The authors
did not reported a hydrolysis of the ester group neither

during the Houben-Hoesch reaction nor during the isolation
and subsequent cyclization to isoflavone (Scheme 10).

BF;-Et,0, DMF HO o
L, —

MeS0,Cl, fi j
46 o COZMe

95°C,2h
(58% for 2 steps)

conc. HCI,

1,4-dioxane ?@\
105°C, 4h CO,H f@(

Scheme 10. Synthesis of isoflavone amides 4 — products for the
treatment of hyperlipemia, obesity, or type II diabetes.

Isoflavone amides with an isoxazole moiety -
compounds 8 — were synthesized in a similar manner; slight
differences were related to the temperature regime of the
Houben-Hoesch reaction, the conditions of hydrolysis of the
ester, and the formation of the amide bond (Scheme 11)

[19-20].

Cl 47 f
cho3 KI, DMF, @\
CO,Me

conc. HCI, EDCI,BIOH, 1
1,4-dioxane jﬁi@\ R1R2NH R
N.
“i00c Et3N DMF R?
o

Scheme 11. Synthesis of isoflavone amides 8 — FXR modulators
against dyslipidemia.

Another promising modern method for producing
isoflavones is the catalytic arylation of 3-halogeno-
chromones. One of the undoubted advantages of this
approach is the possibility of using reagents with fragments
that are unstable under the conditions of "classical”
schemes. Using this method, fert-butyl esters 51a of the
acids mentioned above (Scheme 1) were obtained by the
Suzuki-Miyaura reaction [13]. It should be noted that the
ester fragment remained intact, despite the rather high
reaction temperature (Scheme 12).

@2%@

a)R" = t-Bu:
Pd(PPh3)s, 2.0 M Na,COg3,
dioxane, 140 °C, 20 min, MW
orb)R' = Me:
Pd(PPhjz)s, K,CO3,
PhMe : H,0, 60°C, 16 h

OR!

Scheme 12. Synthesis of isoflavones S1a,b — precursors for
antagonists of the bradykinin B1 receptor.



Bioactive isoflavones 3a,b with amide group (see
Table 1 above for a list of substituents) can be easily
synthesized from methyl esters 51b (Scheme 13), as was
done in [18].

EDCI, HOBT, Et3N,

1 N HCI amine

51b ———— - .
dioxane, DMF, 23°C, 16 h
A, 16 h

O

Scheme 13. Synthesis of amides 3a,b — antagonists of the
bradykinin B1 receptor.

In the preparation of pyranoisoflavones, the pyran ring
was first annealed to 7-hydroxy-3-iodochromone 58, and
only then was it combined with boronic acids [22]. At the
coupling stage, standard conditions were used — palladium
catalyst with triphenylphosphine ligands, aqueous organic
medium, sodium carbonate as a base. In this way, an
extensive list of 3-substituted pyranoisoflavones was
synthesized, mainly with hydroxy and alkoxy groups in the
B ring, as well as some 3-pyridylisoflavones. The yield of
compound 61 with the ester group is shown in Scheme 14.

OH  pup,ppTs TPHO OH  bMF DMA
—
CH,Cly, 1t, 4 h 95°C, 3 h

5 O

TPHO |2 Py TPHO (0]
| —
N CHCI3 |
rt, 12 h 57 0

(75% for 3 steps)

TsOH A O
p-TSOH, YY
MeOH, H,0 HO o | 1. OEt 2°

_ >

60°C,1h

2. 3-picoline,

58 o xylene, A, 24 h
(93%)

(HO),B CO,Me
U

Pd / C (10 mol%), Na,CO3,
H,0, DME, 45°C, 1 h

CO,Me

61
(72%)

Scheme 14. Synthesis of pyranoisoflavone 61.

The literature contains plenty of examples of the Suzuki
reaction’s preparative possibilities for the synthesis of
isoflavones that are functionalized, among other things,
with a carboxyl group. In fact, the main difficulties in this

O. V. Shablykina, V. S. Moskvina, V. P. Khilya

method are associated not so much with the implementation
of the combination itself, but with the synthesis of the
starting 3-halochromones.

For example, the authors of [28] carried out coupling of
3-iodochromone 69 and arylboronic acid 70 with a free
carboxyl group with a yield of 75%, but the synthesis of the
starting 3-iodochromone 69 from 3,4,5-trimethoxyphenol
62 required 6 stages (Scheme 15).

o (0]
MeO OH 63 Cl MeO OH Et,SiH
B —
MeO BF;-Et,0 MeO CF3CO,H
OMe OMe
62 64 (80%)
MeO OH AcCl MeO OH Ac,0
— _—
MeO BF3'Et20 MeO AcONa
OMe 66 OMe O
>90% (87%)
%@Y e
OMe O OMe O
67 (76%) 68 (57%)
B(OH),
Pd(dppf),Cly,
Iy MeO (0] | CH,Cl,
+ —_—
CF3COZAQ MeO | N82C03
OMe O CO,H
69 (95%) 70
MeO .0 HO -
| BBr3
—_— I
MeO HO N
OMe O
e COM OH
(75%) 71 (65%)

Scheme 15. Synthesis of isoflavone 71 via coupling of
3-iodochromone 69 and arylboronic acid 70.

In the same manner, the same group obtained isoflavone-
3'(4")-carboxylic acids with alkyl substituents at positions 2
and 8 and hydroxy groups at positions 5-7, which were used
for the synthesis of a large group of amides — potential
inhibitors of Bel-2 (Figure 5) [21].

A more recent approach to catalytic heterocyclization of
various systems (2H-benzo-[e][l,2]-thiazine 1,1-dioxides
(benzosultams),  benzoselenophenes,  benzothiophenes,
4H-chromen-4-ones (flavones), 3H-indoles, 1H-isochro-
men-1-ones (isocoumarins), and 4H-thiochromen-4-ones
(thioflavones)) was a photopromoted gold-catalyzed
arylative heterocyclization of alkynes [29]. This method
was tolerant towards many functional groups, including
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esters functional groups, and the yield of corresponding
3-aryl-2-phenylchromone 75 with a 4-CO,Et substituent did
not differ significantly from the yield of Cl-, Br-,
CF;-derivatives (Scheme 16). Unfortunately, this technique
has so far been developed only for 2,3-diarylchromones,
and attempts to obtain 2-unsubstituted isoflavones by
introducing silyl derivatives into the reaction have not been
successful.

OMe
©[n/

0o
72

Ph 74(3 eq.)

[(PPh3)AuClI] (10 mol%),
[Ru(bpy)s](PFe)2] (2.5 mol%),
MeOH / MeCN (3:1),
visible light, rt, 4 h

.
oM _N= -

®  SiMe, ATTNENBF;
Z -

0]
73

75

R = Br (63%), Cl (67%),
COOEt (66%), CF (69%)

Scheme 16. Synthesis of 3-aryl-2-phenylchromone 75.

Unusual polycyclic structures — condensed benzo-j-
pyrones — were obtained by a domino reaction between
3-acetyl-2-methylchromone 77 and various 3-(2-R-vinyl)-
chromones (R = EWG) 78 [30]. In this specific method of
constructing isoflavones 79, the diene fragment of
3-vinylchromone 78 and the acetal group of acethyl-
chromone 77 participated in the formation of the benzene
ring (Scheme 17).

o
L :
T O O EoNa(1eq)
.
o EtOH, 80 °C, 1 h 79
| O OH
=
R R = COOE (51%), CN (72%)
78 O

Scheme 17. Synthesis of isoflavone 79 via domino reaction.

The patent [24] mentioned the possibility of obtaining
4'-carboxyisoflavone 81 by the hydrolysis of the
corresponding nitrile in an acidic medium (Scheme 18).

¥

HO 16) conc. HCI /AcOH
| 1:1

HO ;’@\ A, 2h
CN

Scheme 18. Synthesis of isoflavone 81.

COOH
81

Synthesis of 3-(carboxyphenyl)chromone derivatives

Compound 84 — isoflavanone with an ester group — was
obtained by the catalytic arylation of the a-position of
chromanone [31]; the high enantioselectivity of this
reaction is remarkable (Scheme 19).

10

o TfO Pd(OAC), (2 mol%), L (3 mol%)
Z 7 0 NaOAc (1.1 eq.), Et,0,
OSn(-Bu)s o OMe argop almoshnere.

° 99

- O O - PCy,

84 O o

O T

Scheme 19. Synthesis of isoflavanone 84.

(84%, ee 940/0) OMe

As it was mentioned earlier (Figure 7), the adducts that
were obtained during a palladium-catalyzed oxyarylation of
the multiple bonds of chromanes contained the structural
fragment of isoflavane [25, 32-33]. Although such
pterocarpans maintain interest as biologically active
substances [25], the synthetic method was not very effective
because the reaction yield never reached above 65% even
under microwave irradiation for 40 min.

Nevertheless, the ability to use of a wide variety of
substituents, as well as the successful use of electron-
deficient quinone 87, are worth mentioning as the reaction’s
advantages. Not only compounds with ester groups but their
analogues with chloro-, nitro- and methoxy- groups were
obtained as well (Scheme 20) [33]. The latter reaction led to
the formation of biologically active derivatives (Figure 7).
The quinone cyclic system also was obtained by the
oxidation of dimethoxy derivatives [25].

@O

for a)

i (for b)

(40% a,R=H; 46% b, R=Cl)

OMe
o o
iii
%
86 OMe ) O CO,Me
(43%)
o o)
o . o
O B4 QL
7
87 O oo O COyMe

i i Pd(OAc), (10 mol%), Ag,CO3 (1.5 eq.),

! acetone, 40 W, 60 °C, 40 min; :
ii: PdL (2 mol%), Cy,NH (2 eq), DMA / H20 | PdL = NN=0OH
140 W, 120 °C, 40 min; P o pd

1 iii: Pd(OAc), (10 mol%), Ag,CO3 (3 eq.),
i acetone, A, 24 h

Scheme 20. Synthesis of pterocarpans 15, 89-90.

The carboxylation of the heterocyclic system itself as a
method for modifying an isoflavonoid with a carboxyl
group was carried out only for pterocarpans [34]. The
bromination of the (+)-medicarpin 91 under free-radical



conditions with NBS (N-bromosuccinimide) in methyl
acetate led to the formation of the 8-bromoderivative 92
(Scheme 21). The protected 8-bromo derivative 92
was treated  with  butyllithium and TMEDA
(N,N,N',N'-tetramethylethylenediamine) at low temperature
(-110 °C) followed by quenching of the lithio derivative
with ethyl chloroformate to give the ethyl ester 93. This
approach, however, is not applicable to isoflavones.

1. NBS, MeCO,Me, -98 °C, 10 min

2. NaH, THF, 0 °C, 10 min
3. CICH,OMe, THF, 0 °C, 30 min
OMe

Br
X
OMe
CO,Et
D
OMe

Scheme 21. Synthesis of pterocarpan 93.

1. BuLi, TMEDA,
-110... -78 °C, 10 min

2. CICO,Et, THF,
-78...0°C, 4 h; 3. H,0

Conclusions

The literature data reveals numerous practical applica-
tions for 3-(carboxyphenyl)chromones and their derivatives.
A carboxyl group modifications were the main synthetic
routs to chromones’ derivatives. Although the number of
compounds of this class is still relatively small, most of
them appeared in many biological studies where they
demonstrated a fairly high level of biological activity. The
existing data allows us to consider 3-(carboxyphenyl)-
chromones as synthetically available compounds. In some
cases the presence of the carboxyl group in the molecules
necessitated adjustments to the "classical" synthetic
protocols. Most of these derivatives were obtained using
popular approaches in the synthesis of isoflavones — the
Houben-Hoesch reaction or catalytic arylation of
3-halogenochromones. It should be noted that the number
of publications on this topic has been steadily increasing
since 2000. Moreover, the reports on the preparative
synthesis of new 3-(carboxyphenyl)chromones facilitated
studies of their biological activity, which undoubtedly will
significantly improve the prospects of creating new drugs
and other practically useful substances based on this class
of compounds.
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Oco0nuBOCTI CMHTE3Y Ta 010JI0TTYHOT aKTUBHOCTI 3 -(KapOoKCH(DEeHUT)XpOMOHIB
O. B. lla6nukina, B. C. Mocksina*, B. I1. Xums

Kuiscokuii Hayionanvrui ynisepcumem imeni Tapaca Illesuenka, eyn. Bonooumupceka, 60, Kuis, 01601, Yxpaina

Pestome: ®naBoHOIM Ta TX MOXiJHI iICTOPUYHO OYNHM JPKEpeNaMu TEPAaNeBTHYHHUX 3ac00iB. 3 KOXXHMM POKOM HYOJIKYeThCS BCe Oijblie AaHUX PO HOBI
(aBoOHOIHI CrIOMYKH (K BUAIICHI 3 MPUPOIHUX JDKEPEII, TAK i CHHTE30BaHi) Ta iX pi3HOMaHiTHY (i3ionoriuny Ta ¢papMakonoriuyHy akTHBHICTb. Y I[bOMY
orIsli MpeicTaBiIeHa iHpopMmalis moa0 cuHTe3y 3-(kapOokcudeH1)XpOMOHIB Ta TX 610JI0riUHOI aKTUBHOCTI, ONYOJIIKOBaHA K y NEPIOJUYHNUX BUAAHHSAX,
TaK 1 B maTeHTHil yiteparypi. Ham inrepec 1o 3-(kapOokcudeHin)XpoMoHiB, Oys10 BUKIMKAHO HAacaMIepes THM, 110 € 0araro JITepaTypHUX JaHUX MO
METOJIM CHHTE3Y Ta 0i0JIoriuHy akTMBHICTh 2(3)-3amileHux Ta 2,3 -au3aMillieHuX XPOMOHIB, aJie AaHi npo i30(IaBOHH, 110 MiCTATh KapOOKCHIIBHY, €CTEPHY
a0o aminHy rpyny B Kinbli B oOmexeHi Ta ¢pparmenrtapHi. TuMm He MeHIIe, iHTEHCUBHICTh poOOTH Haj wi€to Temoro B 2000 pp. movana 3pocTaTd, B MEPLLY
4epry, 3aBJSKM BUSBICHHIO L[IKaBUX OIOJOriYHMX BJIACTUBOCTEH KapOOKCHi30()IaBOHIB Ta 1X MOXIZHUX; 1 L€, B CBOI YEpry aKTHUBI3yBaJlo PO3POOKH
OpHI'iHAIPHUX METOMIB CHHTE3Y TaKMX CHONyK. lIpencraBieHuit orysia JiTepaTypu A03BOJISiE BBaKaTH 3-(KapOOKCH(EHIT)XpOMOHM Ta IX MOXiIHI
CHHTETUYHO JOCTYITHHUMH CIIONYKaMH, XO4a B JEAKHX BHIIQJKaX MPUCYTHICTh KapOOKCHJBHOI TPYMH B CyOCTpaTi BHMarae II€BHHMX YJOCKOHAJICHb
"kaacuyHMX" MeToaiB. BinbliicTs i3 mpencraBieHuX y orisdi 3-(kapOokcU(eHiT)XpOMOHIB Oy OTpUMaHi 3 BUKOPUCTAHHSAM IiIXOJIB, MOMYJSAPHUX Y
cuHTe3l i30¢uaBoHiB — peakuii ['yOena-Xema 3 HacTymHOK LMKIi3aliel0o a0 KaTaliTUYHOI'O APWIIIOBAaHHS 3-raloreHoXpoMoHiB. CTpykTypa
3-(kapOoKCcH(EeHIT)XPOMOHY Ma€ TaKOX 0araTto MOXIMBOCTEH A Moau(ikauii, 30KpeMa: CHHTE3 aMijliB 3a KapOOKCHIIbHOK (YHKLI€I0, aHETIOBaHHS
JIOATKOBUX TETEPOLMKIIYHUX (ParMeHTIiB, OJlep)KaHHS 4aCTKOBO HACHYEHHX 3a KijbleM C MOXiTHUX Ta HPOAYKTIB PELHKJI3auii XpOMOHOBOI CHCTEMH.
Iepeniueni neperBopeHHs Oynu peai3oBaHi HA MPAKTUII i NPUBEIN IO CTBOPEHHS HOBUX 010JIOTiYHO aKTHBHHX CIIOJYK, II0 0e33amepedHo MiATBepIKy€E
MOTEHIiaJ1 HOAANIBIIOr0 PO3BUTKY XiMii 3 -(kapOokcH eHiT)XpOMOHIB.

Kuao4oBsi ciioBa: XpoMoHH, i30(aBoHH, 01010ri4HA AKTUBHICTb, CHHTE3.
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of 1,3-oxazole-4-carboxylates
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Abstract: A series of new 2-aryl 5-sulfonyl-1,3-oxazole-4-carboxylates for NCI anticancer screening protocol against 60 cancer cell lines
were synthesized. Screening was performed in vitro on 60 cell lines of lungs, kidneys, CNS, ovaries, prostate, and breast cancer, leukemia,
and melanoma. Methyl 5-benzylsulfonyl-2-phenyl-1,3-oxazole-4-carboxylate 15 exhibited potent and broad range of cytotoxic activity
against tested human cancer cells with average Glso, TGI, and LCso values of 5.37-10°, 1.29-10 and 3.6-10"° mol/L respectively.
Molecular docking was used to evaluate the possible interaction of compound 15 with tubulin as well as a complex formation with CDK2.

Keywords: 5-sulfonyl-1,3-oxazole-4-carboxylates; synthesis; anticancer activity; selectivity; molecular docking.

Introduction

During the last years, the search for new biologically
active compounds, in particular anticancer agents, among @A SN /@Ai <
1,3-0xazole-4-carboxylates has stimulated considerable Q\Me S

synthetic efforts [1-3]. Oxazoles I-VIII containing

arylsulfonyl [4] or sulfonamide [5-6] moiety displayed cl

considerable cytotoxicity and selectivity towards diverse ®/< § NH

cancer subpanels with sub-micromolar Glso values

(Figure 1). It has been proposed that possible ways of

anticancer influence of sulfonamide derivatives are {OMe {OMe
\

associated with inhibition of the tubulin polymerization, N O N "

similar to E7010 [5], DNA damage, BCL6, and NSD2 ©/< 9 o//S‘N}j © g PN
inhibition [6]. So, previous works [4-6] have focused HoN HoN
mostly on 4-cyano-substituted 1,3-oxazoles. v v

In the present work, we replaced the nitrile with an ester

CN CN
. . . N N
group in oxazole derivatives and synthesized new @A&Sp /4§\SP
S-sulfonyl derivatives of 1,3-oxazole-4-carboxylate, g \©\Br FUO o OMe

investigated their anticancer screening and elucidated the

Vi CN vil
N
Me Il & 02
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possible mechanism of their action by molecular docking
approaches.

Although the nitrile group is quite robust and, in most
cases, is not readily metabolized, there are some confirmed
facts of its cleavage and modification leading to increased
cytotoxicity [7]. Ester group in comparison with nitrile is
less cytotoxic for normal cells and it is perspective moiety
for the introduction in 1,3-oxazole-5-sulfonamide pharma-
cophore for the new anticancer drugs search.

Accordingly, in this study, we report the synthesis,
characterization and biological activity of novel molecules
combined 2-aryl-1,3-oxazole-4-carboxylate and sulfonami-
de scaffolds.

Results and Discussion

Chemistry

The synthesis of target compounds was accomplished by
the reaction sequence illustrated in Scheme 1 and 2. The
previously described in the literature [8] dichloroacrylates
1a,b were chosen as the starting materials.

1,3-Oxazole-5-sulfonamides 3-12 were prepared from
methyl 5-chlorosulfonyl-2-phenyloxazole-4-carboxylate (2)
by refluxing with appropriate amines [9].

The preparation of arylsulfonyl derivatives 17 and 18
involves the reaction sequences as in Sheme 2. The starting
methyl 2-(benzoylamino)-3,3-dichloroacrylate (1a) was
reacted with sodium sulfide to yield methyl 5-mercapto-2-
phenyl-1,3-oxazole-4-carboxylate (13), which was conver-
ted into methyl 5-(benzylsulfonyl)-2-phenyl-1,3-oxazole-4-
carboxylate (15) by alkylation with benzyl chloride and
oxidation with hydrogen peroxide [10].

5-((3-Methoxyphenyl)sulfonyl)-2-(4-methylphenyl)-1,3-

oxazole-4-carbonitrile (18) was synthesized following the
transformation sequence 1b — 16 — 17 — 18 in Sheme 2.
Reaction of methyl 3,3-dichloro-2-((4-methylbenzoyl)-
amino)acrylate (1b) with benzenemethanethiol in the
presence of triethylamine yielded methyl 3,3-bis((3-
methoxyphenyl)thio)-2-((4-methylbenzoyl)amino)acrylate
(16), that was cyclized in the presence of silver carbonate to
form  methyl  5-((3-methoxyphenyl)thio)-2-(4-methyl-
phenyl)-1,3-oxazole-4-carboxylate (17). The latter was
converted into the corresponding sulfonyl derivative 18 by
oxidation with hydrogen peroxide [10].

The structure and composition of all obtained
compounds 3-12, 15, and 18 have been in good agreement
with IR, NMR (‘H and '3C NMR) spectroscopy,
chromato-mass spectrometry (LC-MS), and elemental
analysis data. The CH-protons of the methoxy group at the
4™ position of the oxazole ring of synthesized compounds
appear as a singlet at 3.61-3.93 ppm. All CH, and CH-
proton signals of sulfamides 3-12 are visible in the '"H NMR
spectra. The signal of the OH group of 6 and 7 is located in
"H NMR at 4.80-4.68 ppm. The signal at 8.32 ppm belongs
to NH group of compound 3. The strong absorption bands
of SO, group appeared at 1152 to 1192 cm™ and 1353 to
1386 cm™ in the IR spectra of all compounds. Also, the
broad strong bands at 1731 to 1732 ecm™ corresponded to
C=0 bond of esters.

In vitro evaluation of the anticancer activity

The synthesized 5-sulfonyl-1,3-oxazole-4-carboxylates
were screened on human cancer cell lines at the NIH,
Bethesda, Maryland, USA, under the drug discovery
program of the NCI. Results for each compound were
reported as a mean graph of the percent growth (GP%) of
the treated cells when compared to the untreated control
cells and one-dose screening data are summarized in
Table 1.

o) 0
OMe OMe
AN A Y.
o Cl Ph™ ™07 75~ o
OMe
1a 2 N
0 Ad/ \d; r N\ Q9 3
Ph™ o7 J5-N R
OMe /y K 4 LN
10-12

N o}
3,4 OMe
N
I\ //o R
Ph™ ™07 5-N Ph
Cl
5.6 OH

! X =0 (3), CH (4);

\ O 2 1 R'=H (5), Me (6);
! R2 = 3-Me (7), C(O)NH, (8), 4-Me (9);
' R®=H (10), 4-MeO (11), 3-CI (12)

____________________________________

Scheme 1. Synthesis of 5-sulfamide derivatives of 2-phenyl-1,3-oxazole-4-carboxylate 3-12. Reagents and conditions: (a) 2.5 eq. NaSH;

(b) BnClI; (c) Clz, AcOH, H20; (d) amine, EtsN.
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Scheme 2. Synthesis of 5-aryl-1,3-oxazole-4-carboxylates 15, 18. Reagents and conditions: (a) 2.5 eq. Naz2S; HCI; (b) PhCH2Cl, Et;N;
(c) H202, AcOH; (d) 2 eq. 3-MeOCsH4SH, 2 eq. EtsN; (e) 2.5 eq. Ag2COs3; (f) H202, AcOH, reflux.

The synthesized compounds showed differential
anticancer activity pattern against different types of cancer

Table 1. Anticancer NCI one-dose screening data (10 M)
for compounds 3-12, 15, 18

and cell lines according to the primary one-dose anticancer

assay [11-15]. The most active methyl 5-(benzylsulfonyl)- Compd  Mean Range  Most ser(1)51tlve cell line

2-phenyl-1,3-oxazole-4-carboxylate (15) had anticancer NSC §r°“’th’ of h growth, %

activity range from -78.70 to 109.63%. Thus, com- g g/rOWt ’

pound 15 revealed high cytotoxic effect on leukemia i

CCRF-CEM (GP = -6.08%), MOLT-4 (GP = -9.29%), SR 3 65.66 from -21.00 (CCRF-CEM/Leukemia)

(GP = -11.55%), colon cancer COLO 205 (GP = -42.98%), 802758 21.00to  4.12 (HL-60(TB)/Leukemia)

melanoma MALME-3M (GP = -78.70%), renal cancer 120.90 13.37 (K-562/Leukemia)

ACHN (GP = -35.00%) cell lines. 7.96 (MOLT-4/ Leukemia)
Since compound 15 possessed a significant anticancer Z:Z Efsi/l\iiz:i;eummla)

effect against several cell lines, it was tested additionally in 23.78 (NCL-H522/ Non-small cell

the fifth-dose assay (10-10"® M) [13, 16] (Table 2). Three Jung cancer)

dose-dependent ~ values  were  extrapolated  from 18.71 (SW-620 / Colon cancer)

concentration-response curves for each cell line: 31.67 (MCF7/Breast cancer)

Glso — the drug concentration of the compound that 29.94 (MDA-MB-468/ Breast cancer)

inhibited 50% net cell growth; TGI — concentration of

tested compound with total cell growth inhibition, 4 66.95 from -19.22 (CCRF-CEM/Leukemia)

LCso — concentration of compound leading to 50% net cell 802759 -1922t0  17.47 (HL-60(TB)/Leukemia)

death. 116.57 9.15 (K-562/Leukemia)
Compound 15 exhibited a potent and broad range of ;0732(1:4&;2/222?1;?;;12‘)

cytotoxic activity against tested human cancer cells with 3.58 (SR/ Leukemia)

average Glso, TGI, and LCso 5.37-10°, 1.29-10°, and 25.60 (NCI-H522/ Non-small cell

3.6:10”° mol/L respectively. Glso values were ranged from lung cancer)

1.48 uM (renal cancer UO-31 cell line) to 70.2 pM (ovarian 5 '

cancer SK-OV-3 cell line), TGI - from 3.12 uM (non-small 93.48 from 67.00 (SR/ Leukemia)

cell lung cancer NOP-92 cell line) to >100 pM (CNS 67.00t0  67.05 (MDA-MB-468/ Breast cancer)

Cancer SF-395 cell line, and Ovarian cancer SK-OV-3 cell 136.78

line), and LC50 — from 5.45 pM (renal cancer UO-31 cell 6 65.83 from 16.16 (CCRF-CEM/Leukemia)

line) to >100 uM (leukemia panel, non-small cell lung  gp2761 245810 -24.58 (HL-60(TB)/Leukemia)

cancer AS549/ATCC cell line, ovarian cancer SK-OV-3, 112.08 22.17 (K-562/Leukemia)

breast cancer MCF7, HS 578T, T-47D).

6.31 (MDA-MB-468/ Breast cancer)

15
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Table 1. (Contd.)

Table 2. Anticancer NCI five-dose-response parameters for
compound 15.

Compd Mean Range  Most sensitive cell line
NSC  growth, of growth, % Panel Cell line Glsu, M TGLM  LCso, M
% growth,
% Leukemia =~ CCRF-CEM  291-10¢  841-10®  >1.00-10*
7 72.07 from 1.21 (CCRF-CEM/Leukemia) HL-60(TB) 23010 6.22:10° >1.00-10*
802781 0.92 to 14.99 (HL-60(TB)/Leukemia) K-562 2.07-10° 5.29-10° >1.00-10
110.17 17.71 (K-562/Leukemia) MOLT-4 2.11-10° 5.57-10° >1.00-10*
6.09 (MOLT-4/ Leukemia)
0.92 (SR/ Leukemia) Non-Small ~ HOP-92 1.61-10° 3.12-10° 6.06-10
28.58 (NCI-H522/ Non-small cell Cell Lung (o1 nso 152106 32910  7.13-10%
lung cancer) Cancer
29.19 (MDA-MB-468/ Breast cancer)
. Colon COLO 205 1.84-10° 3.66-10° 7.30-10°
8 58.77 from -3.72 (CCRF-CEM/Leukemia) Cancer
802782 3325t0  -33.25 (HL-60(TB)/Leukemia) HCT-116 258100 6.23-10¢  2.16-10°
110.68 14.77 (K-562/Leukemia) HCT-15 1.79-10° 3.58-10° 7.15-10°
1.95 (MOLT-4/ Leukemia) SW-620 20510 414109  8.33-10%
-3.16 (SR/ Leukemia)
0.81 (NCI-H522/Non-small cell lung  Melanoma ~ MALME-3M  1.73:10%  3.44:10¢  6.85:10¢
cancer)
20.64 (COLO 205/Colan cancer) Ovarian ~ OVCAR-3 194106 352106 640109
25.38 (SW-620 / Colon cancer) Cancer
16.19 (OVCAR-3/Ovarian cancer) OVCAR-4 1.82-10° 3.40-10° 6.32-10°
23.15 (TK-10/Renal cancer)
-14.59 (MDA-MB-468/ Breast cancer) gzgir ACHN 1.77-10° 3.15-10¢ 5.62:10¢
9 69.91 from 12.35 (CCRF-CEM/Leukemia) CAKI-1 1.84:10¢  342:10° 63710
802797 1235t0  22.72 (K-562/Leukemia) RXF 393 1.87-106  3.50-106  6.55-10°
113.24 23.59 (MOLT-4/ Leukemia) TK-10 1.74-10° 3.19-10° 5.86-10°
17.56 (NCI-H522/ Non-small cell U0-31 1.48-10 2.84-10° 5.45-10°
lung cancer)
38.26 (SW-620/ Colon cancer) Breast MDA-MB- 1.85-106  4.02-106  8.75-10%
16.19 (OVCAR-3/Ovarian cancer) Cancer 468
10 91.60 from 61.48 (CCRF-CEM/Leukemia)
802783 61.48 to 62.10 (SR/ Leukemia) Average values 5.37-10° 1.29-10°% 3.6-107
111.90
Previously, anticancer activity of 2-substituted
1 7226 from -11.85 (CCRF-CEM/Leukemia) 5-arylsulfonyl-4-cyano-1,3-oxazoles was proposed to be
802784 1185t 21.81 (HL-60(TB)/Leukemia) related to the inhibition of tubulin polymerization [5].
121.22 2041 (K-562/Leukemia) Given the interest in microtubule-targeting agents [17], as
-1.38 (SR/ Leukemia) well as to possible inhibitors of oncogenic signaling
22.65 (MDA-MB-468/ Breast cancer)  pathways [18], two series of molecular docking simulations
12 74.57 from 4.91 (CCRF-CEM/Leukemia) for the 5-sulfonyl-1,3-oxazole-4-carboxylates were carried
802796 491 to out in this paper. The compounds were docked into
111.22 colchicine binding site of tubulin (PDB code 1SAO [19])
Is 69.01 fom 6.08 (CCRE-CEM/Leukemia) and ATP-binding sites of cyclin-dependent kinases CDKI1,
802778 78.70t0  2.87 (K-562/Leukemia) CDK2, CDK7 and CDK9 (PDB codes 4Y72. [20], 3QQ.J’
109.63 929 (MOLT4/ Leukemia) 1UA2 [21], 4BCF [22], respectively). The highest affinity
i of compound 15 was observed towards CDK2.
-11.55 (SR/ Leukemia)
-42.98 (COLO 205/Colon cancer) The molecular docking of 5-benzylsulfonyl derivative of
-78.70 (MALME-3M/ Melanoma) 1,3-oxazole-4-carboxylate 15 into colchicine binding site of
-35.00 (ACHN/ Renal cancer) af-tubulin heterodimer structure showed calculated binding
5.41 (TK-10/Renal cancer) affinity of -8.0 kcal/mol. According to the obtained model
18 7838 fom 9.09 (CCRF-CEM/Leukemia) (Figure 2A),. the 5—(benzylsglfonyl)oxazole fragment of
202780 123010 11.58 (K-562/Leukemia) ligand prlovllded e.lectros.tatlc, _van der 'Waals, and
109.75 7,44 (MOLT-4/ Leukemia) hydrophobic interactions with amino acids residues Val238,

0.69 (SR/ Leukemia)
-8.96 (COLO 205/Colon cancer)
-12.30 (MALME-3M/ Melanoma)
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Leu248, Leu255, Lys352, and 11e378 of B-tubulin subunit
(B chain). The complex exhibited hydrogen bond of methyl
acetate moiety of ligand with backbone amino group of
Ala250 (B chain). The 5-benzylsulfonyl fragment of the



ligand was located near amino acids residue AsnlOl,
Thr179, Alal80, and Vall81, which belong to a-tubulin
subunit (A chain).

Binding mode of compound 15 into ATP-binding
site of cyclin-dependent kinase 2 with binding affinity
-9.2 kcal/mol is shown in Figure 2B. In this model,
5-(benzylsulfonyl)-oxazole fragment of ligand was located
in hydrophobic pocket and had electrostaticc, Wan der
Waals, and hydrophobic interaction with amino acids
residues Vall8, Ilel0, Ala31l, Val64, Phe80, Leu83,
Leul34, and Alal44 as well as showed =-stacking
interaction with Phe82. The sulfonyl group of
5-benzylsulfonyl moiety was adjacent to GIn85, Asp86, and
Lys89 residues.

Figure 2. Possible binding modes of 5-benzylsulfonyl derivative
of 1,3 oxazole-4-carboxylate 15 into colchicine binding site of
tubulin (A) and ATP-binding site of CDK2 (B).

Conclusions

All the reported in this paper substances showed
significant inhibitory activity and selectivity over 60 cell
lines. Leukemia and non-small cell lung cancer NCI-H522
cell lines were particularly sensitive to all synthesized
compounds except 5 and 10. Colon cancer COLO 205 cell
line was sensitive to compounds 15, 18, and 8. Melanoma
MALME-3M cell line appeared to be sensitive to
compounds 15 and 18.
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The study of the antitumor activity of 5-sulfonyl
derivatives of 1,3-oxazole-4-carboxylates towards the
NCI 60 human cancer cell lines revealed «leader com-
pound» — methyl 5-benzylsulfonyl-2-phenyl-1,3-oxazole-4-
carboxylate (15). The Non-Small Cell Lung Cancer, Colon
Cancer, Melanoma, Ovarian, Renal and Breast Cancer cell
lines showed a significant sensitivity to this compound with
sub-micro molar LCs, values.

The results of NCI screening make the reported
1,3-oxazole-4-carboxylate derivatives not only interesting
for further chemical optimization but also for the
elucidation of their mechanism of action. In this regard,
molecular docking approaches were used to evaluate the
possible interaction between compound 15 and tubulin as
well as in silico binding to CDK2.

Experimental section

Chemistry

All reagents and solvents used in synthetic procedures
were purchased from Aldrich and used as received.
Reaction progress was monitored by TLC on Merck Silica
gel 60 Fas4 aluminium sheets. Melting points were
determined on a Fisher-Johns apparatus. FT-IR (KBr pellet)
spectra were performed on a Bruker VERTEX 70 spectro-
meter and only the most representative frequencies were
reported. Absorption bands are reported in cm™. "H and '3C
NMR spectra were recorded on a Bruker Avance DRX 500
(500 and 125 MHz, respectively) or Varian Mercury 400
(400 MHz) spectrometers in DMSO-ds taking its residual
protons signal as a standard. Mass spectra were recorded on
an Agilent 1200 LCMSD SL instrument (chemical
ionization (APCI), electrospray ionization (ESI)).
Combustion elemental analysis was performed in the
V.P. Kukhar Institute of Bioorganic Chemistry and
Petrochemistry analytical laboratory, their results were
found to be in good agreement (£0.4%) with the calculated
values. The carbon and hydrogen contents were determined
using the Pregl gravimetric method, nitrogen — using the
Duma's gasometrical micromethod, sulfur — by the
Scheininger titrimetric method, chlorine by the
mercurometric method.

General procedure for preparation of compounds (3-12).

A mixture of a solution of 0.001 mol of methyl 5-(chlo-
rosulfonyl)-2-phenyl-1,3-oxazole-4-carboxylate (2), 15 ml
of anhydrous dioxane, 0.001 mol of the corresponding
amine, and 0.001 mol of Et;N was refluxed for 2 h. Then
the mixture was incubated at 20-25 °C during 12 h; the
precipitate was filtered off, and the solvent was removed in
vacuum. The residue was treated with water, filtered off,
dried, and recrystallized.

Methyl 5-(((2-(4-chlorophenyl)-2-morpholin-4-ylethyl)-
amino)sulfonyl)-2-phenyl-1,3-oxazole-4-carboxylate (3).

Yield: 036 g, 71%; mp 172-174°C. 'H NMR
(500 MHz, DMSO-ds) & 8.32 (s, 1H, NH), 8.01-7.98 (m,
2H, Ar), 7.64-7.58 (m, 3H, Ar), 7.29-7.25 (m, 2H, Ar),
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7.18-7.15 (m, 3H, Ar), 3.88 (s, 3H, OCHj3), 3.67-3.63 (m,
1H, CH), 3.57-3.55 (m, 1H, CH), 3.43-3.40 (m, 5H, CH,
CH,), 2.52 (br s, 1H, CH), 2.24 (m, 2H, CH>), 2.16 (m, 2H,
CH,). IR (KBr) v, 2817, 1718 (C=0), 1552, 1486, 1400,
1342 (SOy), 1237, 1161, 1113, 1073, 1056, 852, 714, 688.
LC/MS (CI) m/z 5059 (M+1)". Anal. Calcd. for
Ca3H24CIN3O6S: C, 54.60; H, 4.78; Cl, 7.01; N, 8.30;
S, 6.34. Found: C, 54.58; H, 4.76; Cl, 7.14; N, 8.45; S, 6.52.

Methyl  5-(((2-(4-chlorophenyl)-2-piperidin-1-ylethyl)-
amino)sulfonyl)-2-phenyl-1,3-oxazole-4-carboxylate (4).

Yield: 0,37 g, 73%; mp 134-136 °C. '"H NMR (500 MHz,
DMSO-ds) 6 8.01-7.98 (m, 2H, Ar), 7.65-7.57 (m, 3H, Ar),
7.27-7.24 (m, 2H, Ar), 7.15-7.11 (m, 2H, Ar), 3.87 (s, 3H,
OCH53), 3.65-3.58 (m, 2H, CH,), 2.53 (br s, 1H, CH), 2.24
(br s, 2H, CH, CH>), 2.04 (br s, 2H, CH>), 1.33 (br s, 4H,
CH,), 1.15 (br s, 2H, CH>). IR (KBr) v, 3198 (NH), 2935,
2797, 1718 (C=0), 1558, 1490, 1397, 1340 (SO,), 1245,
1188, 1158, 1069, 820, 714, 689. LC/MS (CI) m/z 504.0
(M+1)". Anal. Caled. for CasHz6CIN3OsS: C, 57.19; H,
5.20; Cl, 7.03; N, 8.34; S, 6.36. Found: C, 57.16; H, 5.18;
Cl, 7.19; N, 8.45; S, 6.26.

Methyl  5-(((2-hydroxyethyl)amino)sulfonyl)-2-phenyl-
1,3-oxazole-4-carboxylate (5).

Yield: 0,25 g, 76%; mp 108-110 °C. '"H NMR (500 MHz,
DMSO-ds) 0 8.41 (br s, 1H, NH), 8.03-7.99 (m, 2H, Ar),
7.65-7.56 (m, 3H, Ar), 4.71-4.68 (m, 1H, OH), 3.86 (s, 3H,
CHj3), 3.43-3.37 (m, 2H, CH>), 3.14-3.09 (m, 2H, CH:).
IR (KBr) v, 3538 (OH), 3213 (NH), 2955, 2887, 1726
(C=0), 1556, 1484, 1354, 1338 (SO»), 1235, 1179, 1153,
1056, 820, 710, 616. LC/MS (CI) m/z 326.3 (M+1)*. Anal.
Calcd. for C13H14N>O6S: C, 47.85; H, 4.32; N, 8.58; S, 9.83.
Found: C, 47.82; H, 4.31; N, 8.68; S, 9.93.

Methyl  5-(((2-hydroxyethyl)(methyl)amino)sulfonyl)-2-
phenyl-1,3-oxazole-4-carboxylate (6).

Yield: 0,26 g, 75%; mp 119-121 °C. '"H NMR (500 MHz,
DMSO-ds) 6 8.02-8.01 (m, 2H, Ar), 7.65-7.57 (m, 3H, Ar),
4.80-4.79 (m, 1H, OH), 3.87 (s, 3H, OCHj3), 3.54-3.53 (m,
2H, CH.), 3.00 (s, 3H, NCH;), 2.52 (br s, 2H, CH:).
IR (KBr) v, 3434 (OH), 2950, 2873, 1742 (C=0), 1557,
1486, 1375 (S0O»), 1297, 1224, 1173, 1082, 1069, 987, 924,
814, 714, 598. LC/MS (CI) m/z 340.4 (M+1)". Anal. Calcd.
for CisHiuN2O6S: C, 49.41; H, 4.74; N, 8.23; S, 9.42.
Found: C, 49.38; H, 4.76; N, 8.33; S, 9.52.

Methyl  5-((3-methylpiperidin- 1-yl)sulfonyl)-2-phenyl-
1,3-oxazole-4-carboxylate (7).

Yield: 0,27 g, 73%; mp 100-102 °C. 'H NMR (400 MHz,
DMSO-de) 6 8.05-8.01 (m, 2H, Ar), 7.69-7.61 (m, 3H, Ar),
3.90 (s, 3H, OCH;), 3.69 (dd, J 22,1 Hz, J 11,6 Hz, 1H,
CH), 2.88 (t, J 12 Hz, 1H, CH), 2.59-2.54 (m, 1H, CH),
1.75-1.61 (m, 3H, CH, CH>), 1.52-1.43 (m, 1H, CH), 1.06-
0.98 (m, 1H, CH), 0.87 (d, J 6,8 Hz, 3H, CH;). 3C NMR
(125 MHz, DMSO-ds): 6 161.8, 160.4, 147.0, 134.8, 133.0,
129.9, 127.5, 125.3, 53.3, 52.6, 46.4, 31.5, 30.7, 24.7, 19.0.
IR (KBr) v, 2954, 2929, 1749 (C=0), 1545, 1481, 1374
(SO»), 1363, 1224, 1179, 1144, 1070, 1053, 1008, 930, 818,
749, 716, 621, 581. LC/MS (CI) m/z 364.4 (M+1)*. Anal.
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Calcd. for C17H20N20:58S: C, 56.03; H, 5.53; N, 7.69; S, 8.80.
Found: C, 56.00; H, 5.50; N, 7.79; S, 8.89.

Methyl 5-((4-(aminocarbonyl)piperidin-1-yl)sulfonyl)-2-
phenyl-1,3-oxazole-4-carboxylate (8).

Yield: 0,28 g, 77%; mp > 210 °C. 'H NMR (400 MHz,
DMSO-ds) 6 8.05 (d, J 7.6 Hz, 2H, Ar), 7.69-7.60 (m, 3H,
Ar), 7.17 (s, 1H, C(O)NH->), 6.70 (s, 1H, C(O)NH>), 3.91 (s,
3H, OCH;), 3.83 (d, J 12,4 Hz, 2H, CH>), 2.98 (t, J 10.8 Hz,
2H, CH>), 2.26 (t, J 10.8 Hz, 1H, CH), 1.84 (d, J 10.4 Hz,
2H, CH,), 1.62-1.53 (m, 2H, CH>). IR (KBr) v, 3380
(NHamide), 3192, 2943, 1749 (C=0), 1651, 1552, 1449, 1372
(SOy), 1336, 1299, 1221, 1178, 1148, 1067, 1054, 954, 815,
720, 714, 675, 610, 582. LC/MS (CI) m/z 364.4 (M+1)".
Anal. Calcd. for Ci7H19N306S: C, 56.03; H, 5.53; N, 7.69;
S, 8.80. Found: C, 51.90; H, 4.87; N, 10.68; S, 8.15.

Methyl  5-((4-methylpiperidin-1-yl)sulfonyl)-2-phenyl-
1,3-oxazole-4-carboxylate (9).

Yield: 0,28 g, 78%; mp 102-104 °C. '"H NMR (400 MHz,
DMSO-ds) 6 8.04 (d, J 7.6 Hz, 2H, Ar), 7.67-7.60 (m, 3H,
Ar), 3.90 (s, 3H, OCH;), 3.78 (d, J 12,4 Hz, 2H, CH>), 2.89
(t, J 12 Hz, 2H, CH,), 1.71 (d, J 13,2 Hz, 2H, CH>), 1.48
(br s, 1H, CH), 1.14 (dd, J 23.6 Hz, J 13.2 Hz, 2H, CH,),
0.88 (d, J 6.4 Hz, 3H, CHj3). IR (KBr) v, 2942, 1746 (C=0),
1547, 1449, 1371 (SO»), 1337, 1221, 1157, 1049, 927, 815,
726, 689, 617, 592. LC/MS (CI) m/z 365.2 (M+1)". Anal.
Calcd. for C17H20N20s5S: C, 56.03; H, 5.53; N, 7.69; S, 8.80.
Found: C, 55.90; H, 5.50; N, 7.58; S, 8.19.

Methyl  2-phenyl-5-((4-phenylpiperazin-1-yl)sulfonyl)-
1,3-oxazole-4-carboxylate (10).

Yield: 0,31 g, 73%; mp 119-121 °C. "H NMR (500 MHz,
DMSO-ds) ¢ 8.01 (d, J 8 Hz, 2H, Ar), 7.66-7.57 (m, 3H,
Ar), 7.19 (t, J 7 Hz, 2H, Ar), 6.92 (d, J 7.5 Hz, 2H, Ar),
6.79 (t, J 7.5 Hz, 1H, Ar), 3.90 (s, 3H, OCHj;), 3.48 (br s,
4H, 2CH,), 3.25 (br s, 4H, 2CH,). 3C NMR (125 MHz,
DMSO-ds): 0 161.6, 159.9, 150.4, 146.1, 134.9, 132.5,
129.5, 129.0, 127.1, 125.0, 119.7, 116.2, 52.9, 48.2, 45.6.
IR (KBr) v, 2842, 1737 (C=0), 1598, 1555, 1495, 1451,
1380 (S0O»), 1322, 1225, 1181, 1149, 1069, 1052, 953, 816,
771, 713, 698, 688, 596. LC/MS (CI) m/z 427.5 (M+1)".
Anal. Calced. for C;1H21N3Os5S: C, 59.00; H, 4.95; N, 9.83;
S, 7.50. Found: C, 59.03; H, 4.91; N, 9.70; S, 7.62.

Methyl 5-((4-(4-methoxyphenyl)piperazin-1-yl)sulfonyl)-
2-phenyl-1,3-oxazole-4-carboxylate (11).

Yield: 0,34 g, 74%; mp 119-121 °C. 'H NMR (500 MHz,
DMSO-ds) 0 8.02 (d, J 7 Hz, 2H, Ar), 7.66-7.58 (m, 3H,
Ar), 6.88 (d, J 9 Hz, 2H, Ar), 6.82-6.79 (m, 2H, Ar), 3.90
(s, 3H, OCHj3), 3.65 (s, 3H, OCH;), 3.47 (br s, 4H, 2CH,),
3.11 (br s, 4H, 2CH,). 3C NMR (125 MHz, DMSO-ds):
0 161.6, 160.3, 153.6, 146.0, 144.7, 134.9, 132.6, 129.5,
129.0, 127.1, 125.0, 118.3, 114.4, 55.2, 52.9, 49.6, 45.8.
IR (KBr) v, 2832, 1747 (C=0), 1552, 1513, 1485, 1449,
1374 (SO»), 1323, 1270, 1249, 1224, 1180, 1151, 1116,
1034, 1052, 951, 818, 732, 716, 688, 614, 601. LC/MS (CI)
m/z 457.5 (M+1)*. Anal. Calcd. for C22H23N306S: C, 57.76;
H, 5.07; N, 9.18; S, 7.01. Found: C, 57.78; H, 5.04; N, 9.26;
S, 7.13.



Methyl 5-((4-(3-chlorophenyl)piperazin-1-yl)sulfonyl)-2-
phenyl-1,3-oxazole-4-carboxylate (12).

Yield: 0,34 g, 75%; mp 119-121 °C. '"H NMR (500 MHz,
DMSO-ds) 0 8.00 (d, J 7 Hz, 2H, Ar), 7.66-7.58 (m, 3H,
Ar), 6.88-6.79 (m, 4H, Ar), 3.87 (s, 3H, OCH;), 3.61 (s, 3H,
OCH;), 3.42 (br s, 4H, 2CH:), 3.15 (br s, 4H, 2CH>).
BCNMR (125 MHz, DMSO-ds): 6 162.0, 160.3, 151.9,
146.4, 135.3, 134.3, 133.0, 130.9, 130.0, 127.5, 125.4,
119.2, 115.7, 114.7, 53.3, 47.9, 45.8. IR (KBr) v, 2849,
1738 (C=0), 1596, 1556, 1484, 1450, 1380 (SO,), 1320,
1220, 1181, 1147, 954, 856, 786, 724, 712, 687, 599, 543.
LC/MS (CI) m/z 4619 (M+1)". Anal. Calcd. for
C21H20CIN3OsS: C, 54.60; H, 4.36; N, 9.10; S, 6.94. Found:
C,54.62; H, 4.38; N, 9.19; S, 6.99.

Synthesis of methyl 5-(benzylsulfonyl)-2-phenyl-1,3-
oxazole-4-carboxylate (15).

To a suspension of 0.01 mol of methyl 2-benzoylamino-
3,3-dichloroacrylate (1a) in 40 ml of methanol 0.025 mol of
sodium sulfide was added while stirring, the suspension was
mixed for 2-3h, then kept for 12 h at 20-25°C. The
precipitate was filtered off. The filtrate was diluted with
water, acidified with hydrochloric acid to pH < 7, to form
red precipitate 13.

A mixture of methyl 5-mercapto-2-phenyl-1,3-oxazole-
4-carboxylate (13, 0.01 mol), chloromethylbenzene (0.01
mol) and triethylamine (0.01 mol) was refluxed for 2-3 h.
The precipitate was filtered off, the solvent was removed in
vacuo, the residue was treated with water, filtered off, and
dried to form compound 14.

A solution of 0.01 mol of methyl 5-benzylthio-2-phenyl-
1,3-oxazole-4-carboxylate (14) in 40 ml of glacial acetic
acid was heated to reflux, then H,O, was added in three
portions during 2 h, then the reaction mixture was left for
12 h at room temperature. The mixture was kept for 8 h at
20-25 °C, and the precipitate was filtered off and purified
by recrystallization from ethanol to form compound 15.
Yield: 0,26 g, 72%; mp 143-145 °C. 'H NMR (400 MHz,
DMSO-dg) 6 7.95 (d, J 7.6 Hz, 1H, Ar), 7.84 (d, J 6.4 Hz,
1H, Ar), 7.68-7.58 (m, 1H, Ar), 7.41-7.35 (m, 7H, Ar), 5.05
(s, 2H, CH>), 3.93 (s, 3H, OCHj3). IR (KBr) v, 2954, 1739
(C=0), 1614, 1545, 1494, 1345 (S0O,), 1318, 1301, 1237,
1180, 1140, 1085, 1062, 825, 776, 736, 696, 652, 640, 540,
522. LC/MS (CI) m/z 3574 (M+1)". Anal. Calcd. for
CisHisNOsS: C, 60.49; H, 4.23; N, 3.92; S, 8.97. Found: C,
60.46; H, 4.21; N, 3.99; S, 8.85.

Synthesis of 5-((3-methoxyphenyl)sulfonyl)-2-(4-
methylphenyl)-1,3-oxazole-4-carbonitrile (18).

A mixture of 3,3-dichloro-2-((4-methylbenzoyl)-
amino)acrylate (1b, 0.01 mol), triethylamine (0.02 mol) and
the corresponding 3-methoxybenzenethiol (0.02 mol) in 30
ml of acetonitrile was stirred on a magnetic stirrer at
20-25°C C for 8 h. The precipitate was filtered off, the
solvent was removed in vacuo, the residue was treated with
water, filtered and dried. The mixture of formed N-(1-
cyano-2,2-bis((3-methoxyphenyl)thio)vinyl)-4-methylbenz-
amide (16, 0.01 mol) and dried silver carbonate (0.025 mol)
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in 40 ml of acetonitrile was stirred on a magnetic stirrer at
reflux for 8-10 h, then left at 20-25°C for 8 h. The
precipitate was filtered off, the solvent was removed in
vacuo, the residue was washed with water, filtered off, dried
and purified by recrystallization.

The formed 5-((3-methoxyphenyl)thio)-2-(4-methyl-
phenyl)-1,3-oxazole-4-carbonitrile (19, 0.01 mol) was
heated to boiling in glacial acetic acid (20 ml), then 30%
H,0O, was added in three 2 ml portions over 2 hours. The
mixture was left at 20-25°C for 8 hours. The precipitate
formed was filtered off, dried and recrystallized from
ethanol. Yield: 0,27 g, 70%; mp 93-95°C. 'H NMR
(400 MHz, DMSO-d¢) 6 7.91 (d, J 7.6 Hz, 2H, Ar), 7.71-
7.61 (m, 3H, Ar), 7.40-7.37 (m, 3H, Ar), 3.90 (s, 3H,
CH;0), 3.86 (s, 3H, CH30), 2.39 (s, 4H, 2CH>). IR (KBr) v,
3530, 1742 (C=0), 1597, 1496, 1482, 1353 (SO,), 1333,
1291, 1251, 1227, 1172, 1144, 1036, 821, 734, 702, 677,
642, 618, 534. LC/MS (CI) m/z 387.4 (M+1)*. Anal. Calcd.
for CioHi7NO6S: C, 58.91; H, 4.42; N, 3.62; S, 8.28. Found:
C, 58.93; H, 4.40; N, 3.70; S, 8.39.

In vitro anticancer assay

In vitro screening methodology, screening interpretation
information and cancer cell growth calculation method is
described in details at the NCI Development Therapeutics
Program site [23].

Molecular docking calculation

Molecular docking was carried out by Autodock Vina
software [24]. Before the calculation, ligands, water
molecules and amino acids conformers were removed from
crystal structures of tubulin (PDB code 1SAOQ [18]), CDKI1,
CDK2, CDK7, and CDK9 (PDB codes 4Y72 [20], 3QQ]J,
1UA2 [21], and 4BCF [22], respectively), which were
downloaded from PDB server (https://www.rcsb.org) [25].
The structure of 5-benzylsulfonyl derivative of 1,3 oxazole-
4-carboxylate 15 was drawn using MarvinSketch [26] and
optimized with the AMI semi-empirical quantum
mechanical method in MOPAC software [27]. Files for
docking were prepared by using AutoDockTools (version
1.5.6) [28]. Analysis of models was performed in program
Discovery Studio 3.5 Visualizer (Accelrys Inc., San Diego,
CA, USA).
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CuHTe3 Ta MPOTUMYXJIMHHA AKTUBHICTD S-CyNb(OHUIBHUX MOX1THUX
1,3-okcazoin-4-kapOoKcHiIaTiB

C. T Iimwo, O. I1. Ko3auyenko, B. B. XKupnor, M. B. Kauaesa, O. JI. Ko63ap, A.I. Boek, B. C. BpoBapenp*
Inemumym 6ioopeaniunoi ximii ma nagpmoximii im. B. I1. Kyxaps HAH Ykpainu, eyn. Mypmancoka, 1, Kuis, 02094, Vkpaina

Pesrome: Ha ocHOBI IornepenHix A0CIiKEHb IPOTUITYXIMHHOT aKTUBHOCTI S-cysb(oHin3amimenux 1,3-okca3oiiB 6ys10 CHHTE30BaHO PsiJi HOBUX 2 -apHuI-5-
cynbdoHin-1,3-okca3on-4-kapOOKCHUIATIB Ul NMPOBENCHHS CKPUHIHTY mono 60 pakoBux KmiTMHHUX JiHiE NCI: HexpiOHOKJIITHHHOTO paKky JIereHb
(A549/ATCC, EKVX, HOP-62, HOP-92, NCI-H226, NCI-H23, NCI-H322M, NCI-H460, NCI-H522), paxy Hupok (786-0, A498, ACHN, CAKI-1, RXF
393, SN12C, TK-10, UO-31), IIHC (SF-268, SF-295, SF-539, SNB-19, SNB-75, U251), seunuxis (IGROV1, OVCAR-3, OVCAR-4, OVCAR-5,
OVCAR-8, NCI/ADR-RES, SK-OV-3), npocratu (PC-3, DU-145), ToBcroro kumkusnika (COLO 205, HCC-2998, HCT-116, HCT-15, HT29, KM12,
SW-620), momnounoi 3anosu (MCF7, MDA-MB-231/ATCC, HS 578T, BT-549, T- 47D, MDA-MB-468), neiikemii (CCRF-CEM, HL-60 (TB), K-562,
MOLT-4, RPMI-8226, SR) ta Mmenanomu (LOX IMVI, MALME-3M, M14, MDA-MB-435, SK-MEL-2, SK-MEL-28, SK-MEL-5, UACC-257, UACC-62).
Cepenl IOCIIKYBAHUX PEUOBUH «CIOJIYKOIO-TIJICPOM» BHSIBUBCS METWI 5-OeH3UICynboHin-2-penin-1,3-okcazon-4-kapookcunar (15), skuit mokasas
3HAYHY IIUTOTOKCHYHICTh Ha 0AraTthoX JIHIAX JOCIIKEHUX PAKOBUX KINTHH JIIOIUHE i3 cepenuim 3HaueHHsm Glsp, TGI ta LCs 5,37-10°, 1,29:10° Ta
3,6:10 mMonb/n BiamoBigHO. MonekynsapHuil TOKIHT 6YII0 BHKOPHCTAHO ISl OLIHKK B3a€MOJIii MiXk crionykoro 15 i TyOysiHOM, a TAaKOXK I MOJIETIOBAHHS
KoMIutekciB crionyku 15 3 CDK2, eHepris 38°s13yBaHHS B SKOMY CTaHOBMIIA -9.2 KKkay/MoJib. Cepell HOBUX MOXiAHUX 1,3-0Kca30i1y 3HAWIEHO MepCIIeKTHBHI
CMOJIYKH JJIs TOJAIBLIOrO JOCTIIKEHHs IPOTUPAKOBOI aKTHBHOCTI LIOAO Pi3HUX JIiHII.

Korouogi ciroBa: 5-cynbonin-1,3-okca3on-4-kapOOKCUIATH; CHHTE3; NPOTHITYXJIMHHA aKTUBHICTh; CEIEKTUBHICTh; MOJICKYJIIPHUN JOKIHT.
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Abstract: The multicomponent reactions of 5-amino-3-methylthio-1,2,4-triazole with aromatic aldehydes and pyruvic acid were studied
using conventional thermal heating and ultrasonic activation at room temperature. Under conventional heating, dihydrotriazolopyrimidine
derivatives were formed in both two- and three-component treatments. In the case of ultrasonic activation, the multicomponent reaction led

to the formation of 7-hydroxytetrahydrotriazolopyrimidines.

Keywords: 5-Amino-3-(methylthio)-1,2,4-triazole, multicomponent reaction, ultrasonication, pyruvic acid, heterocyclization.

Introduction

Pyrimidine derivatives and their sulfur analogs have
attracted much attention because of their wide range of
biological activities involving antibacterial [1], anti-
inflammatory [2-3], analgesic [3], antitumour [4-5], anti-
microbial [6], anti-infective [7] and antifungal [8-9] activities.

In our previous work, the multicomponent reactions of
3-amino-1,2,4-triazole with aromatic aldehydes and pyruvic
acid (arylpyruvic acids) were discussed from the viewpoints
of their selectivity and molecular diversity. Different types
of heterocycles depending on the structures of the reagents,
the solvent, the temperature mode, and the activation
method were formed [10-13]. In particular, the
multicomponent approaches based on the reaction of
3-amino-1,2,4-triazole, aromatic aldehydes, and pyruvic
acid  were  described for the  synthesis  of
dihydrotriazolopyrimidine-5-carboxylic acids I, 7-hydroxy-
tetrahydropyrimidine-7-carboxilic acid II, benzotriazo-
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looxadiazocine-5-carboxylic acids III and 3-hydroxy-
triazolyldihydropyrrolones IV (Scheme 1). The reaction
conditions were found for the selective synthesis of each of
these compounds (I-IV). Application of non-classical
activation methods like ultrasonication and microwave
irradiation have appeared as convenient tools for tuning the
multicomponent treatments.
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Scheme 1. Diversity of heterocyclizations of 3-amino-1,2,4-
triazole with aldehydes and pyruvic acids.

© Sakhno Ya. N. et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits unrestricted
use, distribution, and reproduction in any medium, provided the original author and source are credited.


mailto:chebanov@isc.kh.
https://orcid.org/0000-0001-5556-9147

Ya. N. Sakhno, M. V. Mikhailenko, M. A. Kolosov et al.

N
N-
| »—NH;
R H3C\S N>_
1
N~
AcOH, A N AcOH, A
OYR s L \ c +
HsC N™ “N~ ~COOH C R_._~~ _COOH
H H \/\H/
O A 4a-d
2a-d oH o)
Hsc)%]/ 6a,b
H +
| »—NH; 3
HsCg” N B HNOOC oH
AcOH, US ~N
1 S_<//k
/ —
H3C N N R
5a-d H

Scheme 2. Switchable heterocyclizations of 3-(methylthio)-1H-1,2,4-triazol-5-amine with aldehydes and pyruvic acids.

Some reactions involving sulfur-containing substituents
in the 3™ position of 3-amino-1,2,4-triazole were described
in the literature as well [14-19].

Results and Discussion

Here, we report the Doebner-type synthesis of
undescribed 2-methylthiotetrahydrotriazolo[ 1,5-a]pyri-
midine-7-carboxylic acids, and 2-methylthiodihydro-
triazolo[1,5-a]pyrimidine-5-carboxylic acids. The type of
final heterocycle forming in the multicomponent reaction
between 3-(methylthio)-1H-1,2,4-triazol-5-amine, aromatic
aldehydes and pyruvic acid depends on the reaction
conditions — conventional heating or ultrasonication.

In particular, it was found that the three-component
treatment of an equimolar mixture of 3-(methylthio)-1H-
1,2,4-triazol-5-amine (1), aromatic aldehydes 2a-d, and
pyruvic acid (3) under conventional heating at reflux in
glacial acetic acid for 4 hours selectively led to the
formation of a dihydropyrimidine ring and thus
2-(methylthio)-7-aryl-4,7-dihydro-[1,2,4]triazolo[ 1,5-a]py-
rimidine-5-carboxylic acids 4a-d were isolated as the only
products of the interaction in satisfactory yields (Scheme 2,
Method A, and Table 1).

On the other hand, the multicomponent reaction of the
same starting materials 1, 2a-d, and 3 in glacial acetic acid
under ultrasonication at room temperature for 2 hours led to
the formation of 7-hydroxy-2-(methylthio)-5-aryl-4,5,6,7-
tetrahydro-[1,2,4]triazolo-[1,5-a]pyrimidine-7-carboxylic
acids Sa-d (Scheme 2, Method B, and Table 1). Mechanical
stirring at room temperature instead of ultrasonication led to
the formation of compounds 5a-d as well. However, this
procedure required a longer reaction time (ca. 30 h) and the
yield and purity of the products were significantly lower.
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It should be noted, that dihydropyrazolopyrimidine
carboxylic acids 4 were formed by sequential procedure as
well. The linear pathway included two steps: the synthesis
of arylidenpyruvic acids 6a,b starting from appropriate
aromatic aldehyde 2 and pyruvic acid 3, and their further
heterocyclization with 3-(methylthio)-1H-1,2,4-triazol-5-
amine 1 in glacial acetic acid under conventional heating for
30 min gave dihydropyrazolopyrimidine carboxylic acids
4a,b (Scheme 2, Method C). Thus, the final reaction
products 4 were identical to the compounds isolated from
the multicomponent reaction (Scheme 2, Method A) in
similar yields (Table 1).

The structures of the heterocyclic carboxylic acids 4a-d
and Sa-d were established by MS, 'H and '3C NMR spectral
data. The 'H NMR spectra of 2-(methylthio)-7-aryl-4,7-
dihydro-[1,2,4]triazolo[ 1,5-a]pyrimidine-5-carboxylic acids
4a-d show the following signals: a broad singlet for NH
group (9.82-9.99 ppm), signals of aromatic H-atoms and
terminal groups, a doublet for H-atom in position 7 of the
heterocycle (6.12-6.30 ppm, J = 3.9 Hz), a doublet for
ethylene H-atom at C-5 (5.72-5.77 ppm, J = 3.7 Hz), a
singlet for methyl group (2.38-2.39 ppm). The 'H NMR
spectra of 7-hydroxy-2-(methylthio)-5-aryl-4,5,6,7-tetra-
hydro-[1,2,4]-triazolo[ 1,5-a]pyrimidine-7-carboxylic acids
5a-d show a broad signal for the pyrimidine NH at § = 7.78-
7.94 ppm, a singlet for methyl group (2.42-2.43 ppm), a
multiplet for the CH group at C-5 at J = 4.54-4.80 ppm, a
multiplet for the CH, group at C-6 at 6 = 2.03-2.41 ppm,
and peaks for aromatic protons as well as signals for other
substituents.

The structure of compounds 4a-d and S5a-d was
additionally confirmed by the comparison of their 'H NMR
spectra with literature data for similar pyrimidines [10-12].

MS and *C NMR are also in an agreement with the
proposed structures.
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Table 1. Synthesis of compounds 4a-d and Sa-d.

Entry Starting materials Ri?riéon Conditions Yield
Pathway Product
Compd. R (hours) A or US (%)
1 2a CeHs 4 A A 4a 37
2 2b 4-Cl-CsH,y 4 A A 4b 64
3 2¢ 4-CH;0-CeH,4 4 A A 4c 44
4 2d 4-COOCH;3-CgHy 4 A A 4d 43
5 2a CeHs 2 B us S5a 67
6 2b 4-C1-C¢Hy4 2 B us 5b 40
7 2¢ 4-CH;30-C¢H4 2 B us Sc 69
8 2d 4-COOCH;3-CgHy 2 B us 5d 64
9 6a 4-C1-C¢Hy4 0.5 C 4b 40
10 6b 4-CH;30-C¢H4 0.5 C 4c 43
Conclusions

Thus, we showed that the multicomponent reactions
involving 5-amino-3-methylthio-1,2,4-triazole, aromatic
aldehydes, and pyruvic acid can be switched between two
different pathways using either conventional thermal
heating in acetic acid or ultrasonic activation at room
temperature in the same solvent. Under conventional
heating 2-(methylthio)-7-aryl-4,7-dihydro-[1,2,4]triazolo-
[1,5-alpyrimidine-5-carboxylic acids were formed both in
the three-component treatment and in sequential two-step
reaction via preliminary synthesis of arylidenpyruvic acid.
In the case of ultrasonic activation the multicomponent
reaction led to the formation of 7-hydroxy-2-(methylthio)-
S-aryl-4,5,6,7-tetrahydro-[1,2,4]triazolo-[ 1,5-a]pyrimidine-
7-carboxylic acids.

Experimental section

Melting points were determined with a Kofler apparatus
and were uncorrected. The 'H and '*C NMR spectra were
recorded in DMSO-ds at 400 MHz (100 MHz for '3C NMR)
with a Varian MR-400 spectrometer.

The mass spectra were measured Shimadzu GCMS-2020
instrument (70 eV ionizing energy) using the direct inlet
(DI) method. Elemental analysis was performed on a Euro
Vector EA-3000.

Ultrasound-assisted experiments were carried out using a
standard ultrasound bath (SELDI, Ukraine) with a working
frequency of 44.2 kHz.

Arylidenpyruvic acids 4a-b were synthesized according
to the literature procedure [20]. 3-(Methylthio)-1H-1,2,4-
triazol-5-amine (1), 2-oxopropa-noic acid 2, and substituted
aldehydes 3a-d were commercially available and were
purchased from Merck.
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General procedure for the preparation of compounds
S5a-d:

Method A: 100 mg (0.77 mmol) of 3-(methylthio)-1H-
1,2,4-triazol-5-amine (1) were dissolved in glacial AcOH
(2mL), then pyruvic acid (2; 0.77 mmol) and the
appropriate aldehyde (2a-2d; 0.77 mmol) were added. The
mixture was refluxed for 4h, then it was cooled and allowed
to stand overnight. After that, the resulting precipitate was
collected by filtration and dried in air, yielding a colorless
solid.

2-(methylthio)-7-phenyl-4,7-dihydro[1,2,4]triazolo-[1,5-
alpyrimidine-5-carboxylic acid (4a):

Yield: 27 mg, 37%; Colorless solid; mp 259-261 °C.
'"H NMR (400 MHz, DMSO-ds) & 9.86 (s, 1H, NH), 7.15-
7.42 (m, 5H, ArH), 6.18 (d, J 3.9 Hz, 1H), 5.77 (d, J 3.7 Hz,
IH), 2.39 (S, 3H, SCH3). Anal. Calcd. for C13H12N40zSZ C,
54.16; H, 4.20; N, 19.43. Found C, 54.08; H, 4.27; N,
19.51. MS (EI 70 eV) m/z (%) 288 (M", 100), 243 (30),
211 (61), 193 (45), 165 (27), 115 (50), 77 (39).

7-(4-chlorophenyl)-2-(methylthio)-4, 7-dihydro-[1,2,4]
triazolo[1,5-a]pyrimidine-5-carboxylic acid (4b):

Yield: 76 mg, 64%; Colorless solid; mp 285-287 °C.
"H NMR (400 MHz, DMSO-ds) J 9.89 (s, 1H, NH), 7.20-
7.46 (m, 4H, ArH), 6.22 (d, J 3.9 Hz, 1H, CH), 5.76 (d,
J 3.7 Hz, 1H, CH), 2.39 (s, 3H, SCH;). *)C NMR
(100 MHz, DMSO-ds) 6 163.7; 159.9; 150.6; 140.6; 133.9;
129.8; 129.7; 128.5; 106.9; 59.6; 14.4. Anal. Calcd. for
Ci3HiiCIN4OsS: C, 48.38; H, 3.44; N, 17.36. Found C,
48.25; H, 3.47; N, 17.39. MS (EL 70 eV) m/z (%) 322 (M",
30), 290 (11), 286 (18), 241 (18), 211 (65), 193 (56), 165
(52), 140 (60).

7-(4-methoxyphenyl)-2-(methylthio)-4, 7-dihydro-[1,2,4]
triazolo[1,5-a]pyrimidine-5-carboxylic acid (4c):

Yield: 106 mg, 44%; Colorless solid; mp 273-275 °C.
'"H NMR (400 MHz, DMSO-ds) 6 9.82 (s, 1H, NH), 6.87-



7.18 (m, 4H, ArH), 6.12 (d, J 3.9 Hz, 1H, CH), 5.75 (d,
J 3.7 Hz, 1H, CH), 3.73 (s, 3H, OCHs), 2.39 (s, 3H, SCH).
Anal. Caled. for C14H1sN4OsS: C, 52.82; H, 4.43; N, 17.60.
Found C, 52.72; H, 4.51; N, 17.65. MS (EL 70 V) m/z (%)
318 (M, 89), 271 (65), 211 (34), 193 (40), 158 (100), 145
(72), 128 (50).

7-(4-(methoxycarbonyl)phenyl)-2-(methylthio)-4, 7-di-
hydro[1,2,4]triazolo[ 1,5-a]pyrimidine-5-carboxylic ~ acid
(4d):

Yield: 120 mg, 43%; Colorless solid; mp 255-257 °C.
'"H NMR (400 MHz, DMSO-ds) § 9.99 (s, 1H, NH), 7.32-
8.02 (m, 4H, ArH), 6.30 (d, J 3.9 Hz, 1H, CH), 5.78 (d,
J 3.7 Hz, 1H, CH), 3.84 (s, 3H, OCHa), 2.38 (s, 3H, SCHa).
3C NMR (100 MHz, DMSO-ds) § 165.9; 162.7; 159.0;
149.8; 145.6; 129.8; 129.5; 127.6; 127.1; 105.8; 59.1; 52.2;
13.5. Anal. Calcd. for CisHi4N4O4S: C, 52.02; H, 4.07; N,
16.18. Found C, 51.96; H, 4.16; N, 16.25. MS (EI, 70 eV)
m/z (%) 346 (M™, 1), 211 (28), 165 (36), 140 (40), 128 (36),
119 (45), 115 (77).

The same compounds as 4b and 4¢ were obtained via
two-component reaction (Method C) including appropriate
arylidenpyruvic acids 6a-b and 3-(methylthio)-1H-1,2,4-
triazol-5-amine (1). 100 mg (0.77 mmol) of 3-(methylthio)-
1H-1,2,4-triazol-5-amine (1) were dissolved in glacial
AcOH (2 mL), then appropriate 2-oxo-4-arylbut-3-enoic
acids were added. The mixture was refluxed for 30 min,
then it was cooled and allowed to stand overnight. After
that, the resulting precipitate was collected by filtration and
dried in air, yielding a colorless solid.

Method B: 100 mg (0.77 mmol) of 3-(methylthio)-1H-
1,2,4-triazol-5-amine (1) were dissolved in glacial AcOH
(2 mL), then the appropriate aldehyde (2a-d; 0.77 mmol)
and pyruvic acid (3; 0.77 mmol) were added. The mixture
was put into the ultrasound bath for 120 min. Then the
mixture was allowed to stand overnight. After that, the
resulting precipitate was collected by filtration and dried in
air, yielding a colorless solid.

7-hydroxy-2-(methylthio)-5-phenyl-4, 5,6, 7-tetrahydro-
[1,2,4]triazolo[1,5-a]pyrimidine-7-carboxylic acid (5a):

Yield: 160 mg, 67%; Colorless solid; mp 152-154 °C.
"H NMR (400 MHz, DMSO-ds); 6 7.84 (s, 1H, NH), 7.26-
7.66 (m, 5H, ArH), 4.57-4.70 (m, 1H, CH), 2.42 (s, 3H,
SCH3), 2.04-2.32 (m, 2H, CH). Anal. Caled. for
Ci3H14N40sS: C, 50.97; H, 4.61; N, 18.29. Found C, 50.87;
H, 4.66; N, 18.32. MS (EI, 70 eV) m/z (%) 288 (M"—H,O,
8), 243 (15), 211 (18), 130 (100).

5-(4-chlorophenyl)-7-hydroxy-2-(methylthio)-4,5,6,7-
tetrahydro-[1,2,4]triazolo[ 1,5-a]pyrimidine-7-carboxylic
acid (5b):

Yield: 115 mg, 40%; Colorless solid; mp 169-171 °C.
"H NMR (400 MHz, DMSO-ds) J 7.79 (s, 1H, NH), 6.89-
7.51 (m, 4H, ArH), 4.59-4.70 (m, 1H, CH), 3.06 (s, 3H,
O-CH3), 242 (s, 3H, SCH3), 2.04-2.32 (m, 2H, CH>).
3C NMR (100 MHz, DMSO-ds) 6 170.6; 159.4; 155.4;
133.1; 128.2; 114.4; 81.6; 55.6; 50.8; 42.4; 13.9. Anal.
Calcd.. for Ci3Hi3CIN4OsS: C, 45.82; H, 3.85; N, 16.44.
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Found C, 45.76; H, 3.91; N, 16.52. MS (EL 70 eV) m/z (%)
322 (M™-H,0, 3), 211 (6), 165 (87), 137 (46), 130 (79).

7-hydroxy-5-(4-methoxyphenyl)-2-(methylthio)-4, 5,6, 7-
tetrahydro-[1,2,4]triazolof 1,5-a]pyrimidine-7-carboxylic
acid (5¢):

Yield: 180 mg, 69%; Colorless solid; mp 168-170 °C.
'"H NMR (400 MHz, DMSO-ds) § 7.79 (s, 1H, NH), 6.88-
7.41 (m, 4H, Ar), 4.54-4.63 (m, 1H, CH), 3.75 (s, 3H,
OCHs), 2.42 (s, 3H, SCH;), 2.03-2.31 (m, 2H, CH,).
Anal. Calcd. for Ci4H6N4O4S: C, 49.99; H, 4.79; N, 16.66.
Found: C, 50.07; H, 4.76; N, 16.71. MS (EI, 70 eV)
m/z (%) 318 (M™ —H,0, 20), 271 (21), 151 (100), 133 (52),
130 (61).

7-hydroxy-5-(4-(methoxycarbonyl)phenyl)-2-(methyl-
thio)-4,5,6,7-tetrahydro-[1,2,4]triazolo[ 1,5-a]pyrimidine-7-
carboxylic acid (5d):

Yield: 179 mg, 64%; Colorless solid; mp 159-161 °C.
'"H NMR (400 MHz, DMSO-ds) 6 7.74 (s, 1H, NH), 7.46-
8.20 (m, 4H, Ar), 4.68-4.80 (m, 1H, CH), 3.90 (s, 3H,
OCHs), 2.43 (s, 3H, SCH;), 2.13-2.41 (m, 2H, CH,).
Anal. Calcd. for C;sH16N4OsS: C, 49.44; H, 4.43; N, 15.38.
Found: C, 49.36; H, 4.51; N, 15.41. MS (EI, 70 eV)
m/z (%) 346 (M"—H,0, 3), 189 (67), 145 (40), 130 (100).
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[Tepeknrogaemi 3a paxyHOK YMOB 0araTOKOMITOHEHTHI1 peaKilii
5-amiHO-3-(MeTunTI0)-1,2,4-TpHa3zoiy, apOMaTUYHUX aJIbJIET1/IB
Ta MIPOBUHOIPATHOI KUCIOTH

. 1. Caxuno', M. B. Muxaiinenko'?, M. O. Konocos?, O. I. IlIseus”, B. I. Mycaros', H. B. Yopua',
C. M. Jlecenko', B. A. Uebanos'**

! Haykoso-mexnonoziunuii komnaexc «Incmumym monoxpucmaniey HAH Yipainu, np. Hayxu, 60, Xapxis, 61072, Yipaina

? Xapxiecoxutl nayionanvhutl ynieepcumem imeni B. H. Kapasina, nn. Ceo600u, 4, Xapxie, 61077, Ykpaina

Pesiome: BuBueHo 0araTOKOMIOHEHTHI peakuii 5-amiHO-3-MeTHiaTio-1,2,4-TpHua3ony 3 apOMAaTHYHUMH ajbJerilaMyd Ta MipPOBUHOTPAJHOI KHCIOTOH i3
3aCTOCYBaHHSAM 3BHYAallHOTO TEPMIYHOrO HArpiBy Ta NpPH BHUKOPHCTAaHHI YJbTPa3sBYKOBOI aKTHBAalil MpH KIMHATHIH TeMmeparypi y TOMYy X CamMOMy
po3unHHUKY. [Ipyu 3BMYAiiHOMY HarpiBaHHi B OLTOBIiil KHCIIOTI yTBOpHOBAJNHCh 2-(METHINTIO)-7-apui-4,7-muriapo-[1,2,4]rpuasomno-[1,5-a]nipuminns-5-
KapOOHOBI KHCJIOTH, SIK HpPH TPUKOMIIOHEHTHIM peakilii, Tak i HpH MOCHIIOBHIiil JBOXKOMIIOHEHTHIH peakiii, NUIIXOM HONEPEIHBOr0 CHHTE3Y
ApWIIIICHNTIPOBUHOTPaJHAX KUCIOT. Y BHUIAJKY YJIbTPa3BYyKOBOI aKkTHBAIlil 6araTOKOMIOHEHTHA PEakilist B OLTOBIH KMCIIOTI 3a KiMHATHOI TeMIIEpaTypH
NMPUBOAMJIA 10 YTBOPEHHs 7-Tifpokcu-2-(MeTuirio)-5-apun-4,5,6,7-rerparigpo-[1,2,4]rpuasono-[1,5-a]nipuminns-7-kapooHoBux kucnor. I[loganmbiie
BUBYCHHSI OCOOJIMBOCTEH YTBOPEGHHS [JaHMX PEYOBHH Ma€ CyTTeBe (DyHZaMEHTalbHE 3HAYCHHS I ACTAILHOTO PO3YMIHHS MEXaHi3MiB (pOpMyBaHHs
A30JI0a3MHOBUX CHCTEM, III0 € BaKITHBUM IS IIECIIPSIMOBAHOTO CHHTE3Y I'eTEPOLHUKIIIYHAX CHCTEM, sIKi MalOTh 3a3/jaJerib 3aaHi BnacTuB ocTi. [TokaszaHo

MePCIEeKTUBHICTh CHHTE3y HOBHUX I'€TePOLMKIIYHHX CHOIYK IBOTO KJIacy, SKi MPOrHO30BAHO MAIOTh IMPOKUH CHEKTp 610JI0TiYHOI aKTHBHOCTI.

Kurouosi ciioBa: S-amino-3-(MetunTio)-1,2,4-rpuasosn, 6araTOKOMIOHEHTHA PEaKIlis, YIbTPa3BYK, MIPOBUHOTPaHA KUCIIOTA, T€TEPOILIMKITI3allis.
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Amino acid sulfonamides based on
4-(1-oxo0-1H-isochromen-3-yl)-benzenesulfonyl chloride
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Abstract: The creation of new amino acid derivatives of 4-(1-oxo-1H-isochromen-3-yl)benzenesulfonyl chloride 1 was investigated. The
interaction of the sulfonyl chloride 1 with amino acid methyl esters (hydrochlorides) in 1,4-dioxane in the presence of triethylamine led to
the corresponding amino acid sulfonamide derivatives of isocoumarin. The reaction of the sulfonyl chloride 1 with phenylalanine in the
basic aqueous solution was complicated by the lactone system disclosure and led to 2'-carboxydeoxybenzoin ultimately (namely, 2-(2-(4-
(N-(1-carboxy-2-phenylethyl)sulfamoyl)phenyl)-2-oxoethyl)benzoic acid). Similar product was obtained by the alkali hydrolysis of methyl
((4-(1-0x0-1H-isochromen-3-yl)phenyl)sulfonyl)leucinate.

Keywords: sulfonamides, amino acids, 3-phenylisocoumarin, sulfochlorination.

Introduction reactions for isocoumarin compounds have not been widely
explored as a possible route for their chemical modification.
Synthetic [1-2] and natural [2-3] compounds that contain It can be viewed as an opportunity to tackle the problem.
the isocoumarin (1H-isochromen-1-one) fragment are well [10-12].
known group of oxygen containing heterocycle. These
substances have a tremendous potential as starting materials
in synthetic organic chemistry (synthesis of isoquinolines
[4]) or as bioactive compounds [5-6]. However,
isocoumarins can be found in the scientific literature not as
often as isomeric chromones and coumarins. It can be
explained by the fact that the existing methods for synthesis
of isocoumarins and their derivatives [1, 7] do not allow
obtaining structures with certain functional groups.
Moreover, different polyfunctionalized chromones and
coumarins can be easily constructed using phenols as a
starting material [8, 9] whereas the synthesis of
isocoumarins requires prefunctionalized and not readily
available compounds. The electrophilic substitution

One of the promising electrophilic substitution reactions
for the isocoumarin system is a chlorosulfonation. The
reaction medium for the chlorosulfonation combines the
high activity of the electrophilic particle and weak oxidizing
properties, that is especially important for the electron
deficient and disposed to oxidative degradation of
isocoumarin system. The possibility of preparative
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Scheme 1. The basic directions of chlorosulfonation in the 3-aryl-
isocoumarins [14].
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chlorosulfonation of isocoumarin derivatives was confirmed
by the preparation of 7-chlorosulfonylisocoumarin-3-

carboxylic acid in this way [13].
O O
n-Pr OH i n-Pr (6]
N — N _
n-Pr”"S n-Pr” S Ph
7\
(OJN©)

¢ 00
Probenecid

(uricoduric drug, antigout) OSiMej;

i: amidation, [Rh] cat. coupling with )\ph , hydrolysis [15]

ii: [Pd] cat. coupling with ==—SiMej, SiMe; deprotection (TBAF),
halogenation (NBS), amidation; iii: acid cat. cyclization, R" = H [16];

R’
iv: [Pd] cat. coupling with R"—— N: ,R"'=Bn, R" = Me [17]
_____________________________________________ S
o (0}
R R
acid cat.
NHTs > Pz
R’
RO o 0 TsHN
(obtained o
by [Pd] cat. coupling) 0 / PIDA [18]
=
40
R’
2 OH HN o
R — T
S ZSoMme
Cl
O~ OMe

irreversible inhibitors of human neutrophil
elastase and porcine pancreatic elastase

v: cyclization and chlorination (POCIs3), NO, group reduction,
acylation [19]

OMe
t-Bu
(obtained in 4 stage
from 3-tert-butyl-
2-hydroxybenzaldehyde)

t-Bu

potent non-nucleoside inhibitors of
Hepatitis C virus NS5B [20]

NMs,

MeOOC
vi: [Pd] cat. coupling with :©/ )
Br

AuCl3 cat. with MW cyclization, one Ms deprotection [20]

COOH HOOC

vii: sulfochlorination with CISO3H [13], Ala, OH™ [21]

Scheme 2. Previously reported methods for the synthesis of
sulfonamide-containing isocoumarins [15-21].
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Earlier, we investigated the basic directions of
chlorosulfonation in the 3-arylisocoumarins [14]. For
unsubstituted 3-phenylisocoumarin, this reaction proceeds
on the 4-position of the phenyl substituent and leads to the
sulfonyl chloride 1 (Scheme 1).

The formation of sulfonamides in the reaction of sulfonyl
chlorides with selected aromatic and aliphatic amines was
also reported [14]. Only several examples of isocoumarins
with a sulfonamide group are known to date. The synthetic
methods that was developed for obtaining such compounds
often required specific substrates, numerous steps,
expensive reagents and catalysts (Scheme 2) [15-20].
Moreover, the sulfonamide fragment is attached to
isocoumarin mainly by the nitrogen atom and just a few
cases of reaction of chlorosulfonyl isocoumarins with
amines have been described [21].

The isocoumarins with fragments of amino acid have
been attracting significant attention due to their high
biological activity [22]. The most known representatives of
this class of compounds are ochratoxins [5] and
amicoumacins [6] (Figure 1). Therefore, we chose amino
acids as an amino component to continue developing
synthetic methods and to understand the reactivity of
isocoumarins in the following row: isocoumarin
chlorosulfonyl isocoumarin — sulfonamide isocoumarin.

HOOC O OH O OH O
(‘\H o Op y OH NH,
Ph N

cl O OH COOH

Ochratoxin A
(strong mycotoxin)

Amicoumacin B
(natural antibiotic)

Figure 1. Natural amino-acids derivatives of 3,4-dihydroiso-
coumarins.

Results and Discussion

The simple 3-phenylisocoumarin (Scheme 1, R = H) as a
convenient and available substrate for its transformation
into  sulfonamide derivative was selected. The
chlorosulfonation of this substance occurs easily over a
wide temperature range (from room temperature up to
60 °C) [14], and the sulfonyl chloride 1 was obtained
without any by-products (Scheme 1). Only the mechanical
losses during the isolation process can decrease the reaction
yield at this stage.

However, the formation of sulfonamides by the reaction
of sulfochloride 1 with phenylalanine in a slightly alkaline
solution at room temperature is accompanied by a partial
opening of the lactone ring. To increase solubility of amino
acids during reaction water has to be used as a solvent. At
first, we carried out this reaction in an aqueous solution
using sodium bicarbonate as a base, so the observed
hydrolysis of the lactone was not surprising. However,
when a 1,4-dioxane-water solution (5 : 1, respectively) in
the presence of triethylamine was used the mixture of
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1socoumarin 2
obtained.

and deoxybenzoin3 (Scheme3) was

H,N.__COOH + 1

J

iorii \ O o
y o Ph
Ph COOH /N\H
3 S

7\

0 0 coo
H

/)
O COOH T

NaHCO3, H,0, 60 °C, 4 h

i:NaHCO3, H,0, r.t; ii: EtsN, 1,4-dioxane, water, r.t.;2:3=1:1

Scheme 3. The interaction of 4-(1-oxo-1H-isochromen-3-yl)-
benzenesulfonyl chloride (1) with glycine.

The fast hydrolysis of 2 is atypical for these lactones. It
can be explained by both the electron-withdrawing effect of
sulfonyl group and the higher solubility of 2 due to the
amino acid fragment. Interestingly, the addition of racemic
alanine to 7-chlorosulfonylisocoumarin-3-carboxylic acid
under mild basic conditions (K>CO;) in the water-acetone
mixture occured without opening the lactone cycle
(Scheme 2) [21].

According to LCMS analysis, substances 2 and 3 are
formed in approximately equal proportions. The two are
very difficult to separate because they have similar
physicochemical properties. The additional heating of this
mixture in an aqueous solution with the presence of sodium
bicarbonate yields the pure deoxybenzoin 3 (Scheme 3). It
is worth noting that the isocoumarin cycle of the
sulfonamide derivative was opened under stronger
conditions (heating with KOH in a water-alcohol solution)
while saving of the sulfonamide fragment [15].

Therefore, making the reaction of sulfonyl chloride 1
with methyl esters of amino acids in an anhydrous 1,4-
dioxane in the presence of Et;N solved this problem and
gave sulfonamides 4a-d easily and without undesirable by-
products (Scheme 4). The yields of compounds 4 did not
depend on the nature of substituent in the amino acid
fragment.

o)
NH, « HCI Et3N 0
1+ _
R” “COOMe 1,4-dioxane, =
rt, 3h 4a-d 2
R=H (a), Me (b), Hﬁo .
Me ?; /S\/\J{
W/\ > (©) Me @ COOMe
Me

Scheme 4. Reaction of 4-(1-oxo-1H-isochromen-3-yl)-
benzenesulfonyl chloride (1) with amino acid esters.

To confirm the higher hydrolytic stability of sulfonamide
group compare to ester or lactone fragments, the leucine
methyl ester derivative 4c was heated in an aqueous

solution with a large excess of NaHCOs; for 4 h. After
acidification the sulfonamide 5 with two carboxylic groups
was isolated with high yield (Scheme 5).

49

1. NaHCO3, Hzo,

60 °C, 4 h
4 — H
2. HCI, H,0 COOH N
5 77\

o COOH

Scheme 5. Hydrolysis reaction of isochromone cycle of the
compound 4c.

The sulfonamides 4a as well as deoxybenzoins 3 and 5
are the colorless crystalline solids. The structures of
compounds 4a-d were confirmed 'H, *C and IR
spectroscopic data that correlated with a previously known
data for isochromone derivatives. The '"H NMR resonance
signal for the sulfonamide proton appeared as a broad
dublet or broad singlet in a weak field at ~ 8.4 ppm and the
methyl ester group appeared as a singlet at 3.4-3.5 ppm.
Characteristically, the '"H NMR spectra of deoxybenzoins 3
and 5 showed a resonance signal for the CH, group of
CH»C=0 fragment at ~ 4.7 ppm.

The characteristic absorption bands associated with
N-H, C=0, and S=O bonds of compounds 3-4 can be easily
identified in the IR spectra; the absorption bands associated
with two (compounds 4) or three (acids 3, 5) C=0 groups
can appears as two separated bands or appears as one very
strong broad band at 1693 (compound 3) or 1721
(compounds 4b,d) cm™.

Conclusions

The reaction of 4-(1-ox0-1H-isochromen-3-
yl)benzenesulfonyl chloride with amino acids in the
alkaline water-containing solution occurred with the
opening of the lactone ring and can be recommended for
synthesis of 2'-carboxydeoxybenzoins that contains the
amino acid sulfamide group. At the same time, the reaction
of this sulfochloride with amino acid esters in 1,4-dioxane
in the presence of triethylamine yielded the corresponding
isocoumarin sulfonamide derivatives.

Experimental section

All solvents were purified according to the standard
procedures [23]. All materials were purchased from
commercial sources and used without further purification.
'H and '*C NMR spectra were recorded on a Mercury-400
spectrometer (400 and 100 MHz respectively) in DMSO-ds
solutions. Chemical shifts are reported in ppm downfield
from TMS as internal standards. FT-IR (KBr pellet) spectra
were performed on a Bruker VERTEX 70 spectrometer.
Melting points were determined by using a Kofler-type
Leica Galen III micro hot stage microscope and are
uncorrected. LC-MS/MS analyses were performed using an
Agilent 1200 LCMSD SL system equipped with
DAD/ELSD/LCMS-6120 diode matrix and mass-selective
detector (chemical ionization (APCI), electrospray



ionization (ESI)). Elemental analyses for C, H, and N were
determined using Perkin-Elmer CHN Analyzer. All the
experiment values are in a good agreement (+0.4%) with
the calculation results.

Synthesis of the mixture of isocoumarin 2 and
deoxybenzoin 3.

Method 1. To a solution of 330 mg (2 mmol) of
phenylalanine and 504 mg (6 mmol) of NaHCO; in 10 mL
of water 321 mg (1 mmol) of sulfonyl chloride 1 was added
by three portion with a vigorous stirring at room
temperature. The reaction mixture was stirred at room
temperature for 3h to a clear solution formation; the
medium should remain alkaline all the time. The solution
was acidified by IN HCI to pH 4-5 and leaved for a night.
The precipitate was filtered, washed with water, and dried.

Method 2. To a solution of 321 mg (1 mmol) of sulfonyl
chloride 1 in 7.5 mL of 1,4-dioxane 330 mg (2 mmol) of
phenylalanine, 1.5 mL of water, and 0.55 mL (4 mmol) of
EtsN were added. The reaction mixture was heated slightly
(up to 40 °C) with stirring to a homogeneous condition, and
was stirred at room temperature for 30 min. Then the
mixture was poured into ice and acidified by IN HCI to
pH 4-5. The precipitate was filtered, washed with water,
and dried.

2-(2-(4-(N-(1-carboxy-2-phenylethyl)sulfamoyl)phenyl)-
2-oxoethyl)benzoic acid (3).

The obtained mixture of isocoumarin2 and
deoxybenzoin 3 was suspended in 20 mL water with
336 mg (4 mmol) of NaHCOj3, and was stirred at 60 °C to a
clear solution formation. The solution was cooled to room
temperature and acidified by 1IN HCI to pH 4-5. The
precipitate was filtered and washed with water obtaining
pure deoxybenzoin 3. Yield: 257 mg, 55% (after two stage
through Method 1) or 313 mg, 68% (after two stage through
Method 2), mp 114-115 °C. '"H NMR (400 MHz, DMSO-dj)
08.50 (brd, J 8.2 Hz, 1H, NH), 8.01 (d, J 8.0Hz, 2H,
H-3'5"), 7.97 (d, J 7.8 Hz, 1H, H-6), 7.66 (d, J 8.0 Hz, 2H,
H-2'.6"), 7.55 (t, J 7.4 Hz, 1H, H-4), 7.42 (t, J 7.4 Hz, 1H,
H-5),7.37 (d, J 7.4 Hz, 1H, H-3), 7.20-7.14 (m, 3H, CsH5),
7.14-7.08 (m, 2H, C¢Hs), 4.75 (s, 2H, CH>CO), 3.99-3.89
(m, 1H, CH.CH), 3.01-2.92 (m, 1H, CH.CH), 2.78-2.65 (m,
1H, CH-CH). *C NMR (100 MHz, DMSO-ds) § 197.2,
172.7, 168.6, 145.1, 139.8, 137.1, 133.3, 132.5, 131.0,
129.6, 128.8, 128.6, 127.6, 127.0, 126.9, 58.0, 45.3, 38.2.
IR (KBr) v 3539 (br), 3304 (br, NH), 3069, 3034, 2963,
2928, 2911, 1693 (vs, br, C=0), 1602, 1577, 1496, 1454,
1423, 1400, 1349 (S=0), 1294, 1235, 1211, 1162 (S=0),
1094, 1079, 999, 952, 832, 749, 727, 702, 651, 621, 584,
549. LC/MS (CI) m/z (M+H)" 468.

General procedure for preparation of sulfonamides 4a-d.

To a solution of 321 mg (1 mmol) of sulfonyl chloride 1
in 5 mL of 1,4-dioxane 2 mmol of hydrochloride of amino
acid methyl ester, and 0.55 mL (4 mmol) of Et;N were
added. The reaction mixture was stirred vigorously at room
temperature for 3 h; then 30 mL of water was added. The
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forming precipitate was filtered, washed with water, and
recrystallized from isopropyl alcohol (5-10 mL).

Methyl  ((4-(1-oxo-1H-isochromen-3-yl)phenyl)sulfonyl)-
glycinate (4a).

Yield: 209mg, 56%, mp 196-197°C. 'HNMR
(400 MHz, DMSO-d) 835 (brs, 1H, NH), 8.19 (d, J
7.5 Hz, 1H, H-8), 8.09 (d, J 8.5 Hz, 2H, H-3',5"), 7.95-7.85
(m, 3H, H-6,26), 7.74 (d, J 7.6 Hz, 1H, H-5), 7.70-7.60
(m, 2H, H-4,7), 3.76 (s, 2H, CH>), 3.51 (s, 3H, COOMe).
BCNMR (100 MHz, DMSO-ds) § 169.9, 160.8, 151.3,
142.1, 137.3, 136.0, 135.7, 129.8, 129.5, 127.7, 127.5,
126.0, 120.7, 104.7, 52.3, 44.2. IR (KBr) v 3335 (br, NH),
3100, 2987, 2955, 1751 (s, C=0), 1720 (vs, C=0), 1637,
1603, 1485, 1455, 1407, 1328 (S=0), 1239, 1207, 1162
(5=0), 1112, 1066, 977, 830, 756, 727, 686, 630, 612, 540.
LC/MS (CI) m/z (M+H)* 374.

Methyl  ((4-(1-oxo-1H-isochromen-3-yl)phenyl)sulfonyl)-
alaninate (4b).

Yield: 195mg, 50%, mp 177-178°C. 'HNMR
(400 MHz, DMSO-dg) 6 8.45 (br d, J 5.6 Hz, 1H, NH), 8.19
(d,J 8.1 Hz, 1H, H-8), 8.09 (d, J 7.6 Hz, 2H, H-3'5'), 7.93-
7.84 (m, 3H, H-6,2',6"), 7.74 (d, J 7.6 Hz, 1H, H-5), 7.70-
7.61 (m, 2H, H-4,7), 3.99-3.89 (m, 1H, CHCHz3), 3.39 (s,
3H, COOMe), 1.18 (d, J 6.4 Hz, 3H, CHCH;). *C NMR
(100 MHz, DMSO-ds) 6 172.5, 161.3, 151.4, 142.1, 137.1,
136.1, 135.5, 129.8, 129.5, 127.7, 127.5, 125.7, 120.6,
104.8, 54.5, 52.4, 17.1. IR (KBr) v 3286 (br, NH), 3097,
2957, 1721 (vs, C=0), 1638, 1604, 1485, 1454, 1434, 1408,
1339 (S=0), 1237, 1212, 1168 (S=0), 1131, 1093, 1065,
1014, 972, 834, 756, 727, 686, 631, 614, 560. LC/MS
(CT) m/z (M+H)" 388,

Methyl  ((4-(1-oxo-1H-isochromen-3-yl)phenyl)sulfonyl)-
leucinate (4c).
Yield: 338mg, 79%, mp 194-195°C. 'HNMR

(400 MHz, DMSO-ds) 6 8.48 (br d, J 8.2 Hz, 1H, NH), 8.20
(d, J 7.9 Hz, 1H, H-8), 8.10 (d, J 8.4 Hz, 2H, H-3',5'), 7.94-
7.84 (m, 3H, H-6,2'6"), 7.75 (d, J 7.8 Hz, 1H, H-5), 7.69 (s,
1H, H-4), 7.65 (t, J 8.1 Hz, 1H, H-7), 3.87-3.73 (m, 1H,
NHCH), 3.37 (s, 3H, COOMe), 1.62-1.50 (m, 1H,
CH(CHs),), 1.50-1.33 (m, 2H, CH>), 0.82 (d, J 6.5 Hz, 3H,
CHCH;), 0.72 (d, J 6.4 Hz, 3H, CHCH;). *C NMR
(100 MHz, DMSO-de) d 172.3, 161.5, 151.2, 142.0, 137.2,
136.0, 135.5, 129.7, 129.4, 127.6, 127.4, 125.8, 120.7,
104.7, 54.4, 52.3, 41.0, 24.3, 22.9, 21.4. IR (KBr) v 3314
(br, NH), 3281 (br, NH), 3097, 2956, 2935, 2870, 1739 (s,
C=0), 1720 (vs, C=0), 1617, 1586, 1512, 1469, 1414, 1340
(S=0), 1311, 1297, 1237, 1169 (S=0), 1141, 1091, 1065,
1012, 966, 887, 833, 756, 685, 634, 569, 537. LC/MS
(CI) m/z (M+H)* 430.

Methyl  ((4-(I-oxo-1H-isochromen-3-yl)phenyl)sulfonyl)
methioninate (4d).

Yield: 288mg, 64%, mp 182-183°C. 'HNMR
(400 MHz, DMSO-ds) & 8.52 (br. d, J 8.8 Hz, 1H, NH),
8.20 (d, J 7.6 Hz, 1H, H-8), 8.11 (d, .J 8.2 Hz, 2H, H-3'5),
7.92-7.84 (m, 3H, H-626", 7.75 (d, J 7.6 Hz, 1H, H-5),
7.70-7.61 (m, 2H, H-47), 4.04-3.98 (m, 1H, NHCH), 3.38
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(s, 3H, COOMe), 2.44-2.26 (2H, m, CH>CH,SCH3), 1.93 (s,
3H, SCH;), 1.88-1.72 (2H, m, CH,CH,SCH;). 3C NMR
(100 MHz, DMSO-de) 6 172.3, 161.6, 151.1, 141.8, 137.1,
135.8, 135.6, 129.6, 129.5, 127.6, 127.2, 126.0, 120.6,
104.8, 54.2, 52.0, 24.4, 22.8, 21.3. IR (KBr) v 3272 (br,
NH), 3094, 2956, 2917, 1721 (vs, C=0), 1638, 1604, 1485,
1451, 1430, 1408, 1341 (S=0), 1282, 1233, 1209, 1162
(S=0), 1092, 1066, 974, 864, 834, 755, 728, 685, 633, 615,
564. LC/MS (CI) m/z (M+H)" 448.

2-(2-(4-(N-(1-carboxy-3-methylbutyl)sulfamoyl)phenyl)-
2-oxoethyl)benzoic acid (5).

The sulfonamide 4¢ (200 mg, 0.47 mmol) was suspended
in 20 mL water with 2 mL of ethanol and 672 mg (8 mmol)
of NaHCO;, and was stirred at 60 °C near 4 h to a clear
solution formation. The solution was cooled down to room
temperature and acidified by IN HCI to pH4-5. The
precipitate was filtered, washed with water, dried to give
deoxybenzoin 5. Yield: 192 mg, 95%, mp 188-189 °C.
'"H NMR (400 MHz, DMSO-ds) ¢ 8.20-8.10 (m, 3H, H-3',5',
NH), 8.01 (d, J 7.5 Hz, 1H, H-6), 7.90 (d, J8.2 Hz, 2H,
H-2',6", 7.51 (t, J 7.0 Hz, 1H, H-4), 7.38 (t, J 7.0 Hz, 1H,
H-5), 7.30 (d, J 7.2 Hz, 1H, H-3), 4.73 (s, 2H, CH-CO),
3.80-3.70 (m, 1H, NHCH), 1.79-1.66 (m, 1H, CH(CHjs),),
1.55-1.35 (m, 2H, CH.), 0.91 (d, J 6.5 Hz, 3H, CHCH};),
0.85 (d, J 6.4 Hz, 3H, CHCH;). 3C NMR (100 MHz,
DMSO-ds) d 196.6, 173.3, 168.4, 145.4, 140.1, 137.2,
133.0, 132.0, 131.1, 130.6, 128.5, 127.2, 127.1, 54.5, 45.2,
41.5, 24.4, 23.1, 21.4. IR (KBr) v 3604, 3525, 3395 (br),
3240 (br), 2963. 2874, 2629, 1711 (s, C=0), 1691 (vs,
C=0), 1400, 1330 (S=0), 1294, 1251, 1214, 1168 (S=0),
1146, 1081, 1000, 934, 842, 811, 752, 729, 715, 624, 582.
LC/MS (CI) m/z (M+H)" 434,
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Onep>xaHHsI aMIHOKUCTIOTHUX CYJb(DOHAMIJIIB HA OCHOBI
4-(1-oxco-1H-130xpoMeH-3-11)0eH3eHC YIb(HOHUTXIIOPUIY

A. A. Ps6uenxo’, O. B. Illa6muxina'**, C. B. Illunin', C. A. Uymauenko’, B. IT. Xuns'

! Kuiscoruii nayionansnuil ynisepcumem imeni Tapaca Ileeuenka, eyn. Borooumupcoka, 60, Kuis, 01601, Yipaina
2 Incmumym 6ioopaaniunoi ximii ma nagmoxinii in. B.I1. Kyxapsa HAH Ypainu, syn. Mypmanceka, 1, Kuis, 02094, Yxpaina

Pesrome: IlpencraBieHo JoCIiKeHHs ocobamBocTel B3aemouii 4-(1-okco-1H-i30xpoMen-3-in)oeH3eHcyibponiixnopuny (1) 3 moXiqHUMH aMiHOKHCIIOT,
0 Bele MO YTBOPEHHS BIANOBiHUX cyibpoHaMmiHiB. Ha mouaTky cTaTTi HOJaHO KOPOTKHIl OV CIOCOOIB CHHTE3y pIAKICHHX Ha ChOTOIHI
1 H-i30xpoMoHiB (i30KyMapHHiB) 13 cynb(hoHaMiTHUMU (parMeHTaMu. [30KyMapHHU Ta CIIOPIAHEH] 1O HUX MOJIEKYIIH, IK CHHTETUYHOI0, TaK 1 IPUPOIHOrO
TIOXO/KEHHS — JIaBHO 3HaHA TPyNa OKCHUI'€HOBMICHHX reTepouukiis. Lli pedoBHHM IIiKaBi 3 TOUKM 30py iX 610aKTHBHOCTI, @ TAKOX MAIOTh JIy’Ke BEIMKHI
MOTEHI[ia]l BUKOPHCTAHHS CHHTETHYHIH OpraHiuHiil Ximii (Hanmpukian, s OTpHUMaHHS i30XiHOMIHIB). Ha »anib, iCHyI04i METOIH CHHTe3y i30KyMapHHiB
OOMEXYIOTh MOXJIMBOCTI MOOYZOBH MOJEKYT 3 TEBHMMH (YHKIIOHAJBHUMHU TpynaMu. 30KpeMa, BiIOMO jayxke Hebararo HpHKIaiB OAEpKaHHSI
I30KyMapHHIB i3 cyabhaMiTHUMU TpymaMy; MepeBaKHO METOAM CHHTE3y TAaKUX MHOXITHUX 0a3yroThes Ha Nanafili-kaTadi30BaHHX CIOTYyYEHHSIX I3
BUKOPHCTaHHSAM JOCHTh BapTICHUX BUXiJHHX PEYOBHUH, a MPsIMa TOCITIOBHICTE Cy/Ib()OXIOPYBaHHS i30KyMapuHy — aMilyBaHHs BUKOPHUCTOBYBAJACh JIHIIE
Kinbka pasiB. Panime Hamm Oyi0 MOKa3aHO, MO CyJIb(OXIOPYBAHHS i3 HACTYIHUM YTBOPEHHSAM Cyib(aMiniB Moxe OyTH 3 IMpenapaTMBHUMH BHXOJaMH
NPOBEIICHO B psidy 3-apuii3oKyMapuHiB. B maniit po6oti cyinboninxmopus 1 Oyno 3amyueHO B peakiilo 3 aMiHOKHCIOTHHMH MOXiZHMMH. BHacmimok
B3aeMmonil cymbdonutxaopuay 1 i3 QeninasaHiHoM B NPHCYTHOCTI OCHOBU Ta IPH HAsBHOCTI HAaBITh HEBENMKHX KUIbKOCTEl BOOM B peakuiifHOMYy
CepeIOBUIII YTBOPEHHS CyJb(OHAMITHOrO (GparMeHTy YCKIaJHIOEThCSA YaCTKOBHM PO3KPUTTAM XPOMOHOBOTO Imkiy. JlogaTkoBa oOpoOka Takoi cyminri
CIIa0KOTY’)KHUM BOAHMM PO3YMHOM 3aBEPIIYE PO3KPUTTS LUKIY Ta MPHUBOJIMUTH JIO YTBOPEHHs MOXiAHOI me3okcuben3oiny 3 — 2-(2-(4-(N-(1-kapbokcu-2-
teninerni)cynbdamoin)denin)-2-okcoeTnn)oeH30iHol  kucnotiH. HaromicTe B pe3ynbTaTi peakuii cyibdoHinxaopuay 1 3 METHIOBHMH ecTepaMu
amiHOKHCIIOT (Y (opMi Tizpoxyopuais), o Gyna mpopeneHa y 0e3BopHoMy 1,4-1iokcaHi Ta 3 10AaBaHHIM TPHETHIAMiHy Y SIKOCTI OCHOBH, JIETKO Ta 6e3
MOOIYHNX MPOJYKTIB YTBOPIOIOTHCSA BIINMOBIMHI CyNb()OHAMIAM; BHACIIZOK 4Oro Oylo CHHTE30BAaHO i30KyMapHHOBI Cyimb(oHaMigH i3 QparmeH TaMu
IJILUHY, alaHiHy, JeiuHy Ta MeTioHiHy. 11lo6 mpoxeMoHcTpyBatn Ounblly, HiX y ectepy abo JAKTOHY, TiAPONITUYHY CTabiIbHICTB Cyib(oHaMiTHOT
TPYNU y CHHTE30BaHHX CIIONYKaX, OJMH i3 ecTepiB 4 (moxinHa neiiuHy 4¢) OyB oOpoOuennii Boguum posunHoM NaHCO; mpu narpiBanwi. ITicns
HiKHUCIICHHS OyJI0 BUAUICHO 3 Malke KUTbKICHUM BHXOJ0M Cyab(OHaMiA 5 3 1BoMa KapOOKCUIIBHUMH IPyNaMy, CHOpigHeHuit croyi 3.

Kurouosi ciioBa: cynb(hoHaminy; aMiHOKHCIOTH; 3-()eHiNi30KyMapuH; Cyab(oXI0pyBaHHS.
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Synthesis and evaluation of new thiazole-containing
rhodanine-3-alkanoic acids as inhibitors of protein tyrosine
phosphatases and glutathione S-transferases

Oleksandr L. Kobzar, Vitaliy O. Sinenko, Yuriy V. Shulha, Vladyslav M. Buldenko,
Diana M. Hodyna, Stepan G. Pilyo, Volodymyr S. Brovarets and Andriy I. Vovk*

V. P. Kukhar Institute of Bioorganic Chemistry and Petrochemistry of the NAS of Ukraine, 1 Murmanska St., Kyiv, 02094, Ukraine

Abstract: Thiazole-containing derivatives of rhodanine-3-alkanoic acids with propanoic or undecanoic acid groups were synthesized and
evaluated as inhibitors of some protein tyrosine phosphatases and glutathione S-transferases. The rhodanines bearing longer carboxylated
N-alkyl chain were found to inhibit PTP1B, MEG1, MEG2, and VE-PTP as well as GST from equine liver and GSTA1-1 with ICso values
in the low micromolar range. The inhibitory effect on protein tyrosine phosphatase activity depends on substituent at position 2 of the
thiazole ring. The best compound showed a competitive type of VE-PTP inhibition. In case of GST from equine liver, the inhibition was of
mixed or non-competitive type with respect to glutathione or CDNB substrate, respectively. Possible binding modes of the inhibitors were
discussed based on molecular docking calculations.

Keywords: rhodanine; thiazole; protein tyrosine phosphatase, glutathione S-transferase; enzyme inhibition; molecular docking.

Introduction se I [11], as well as Bcl-XL and Mcl-1 families of the
proteins [13]. Antibacterial effects of rhodanine derivatives
Thiazole derivatives represent a number of natural and  can be realized via inhibition of bacterial penicillin-binding
synthetic biologically active compounds with anticancer proteins [ 14] and B-lactamases [ 15-16].
[1], antibacterial [2], and antiviral activities [3]. Many of
rhodanine-based compounds turned out to have low
toxicity, exhibit antidiabetic, anti-inflammatory, anti-
Alzheimer's, anticancer, antibacterial, antifungal, and
antiviral activities [4]. The best known anti-hyperglycemic,
hypoglycemic and hypolipidemic effects of rhodanine
derivatives are based on their agonist activity against
PPARs and FFARI receptors, as well as inhibition of
ALR2, PTP1B, and a-glucosidase [5]. Anticancer activity
of the compounds can be attributed to the inhibition
capacity against pan-PIM kinases [6-7], protooncogene
transcription factor c-Myc [8-9], protein disulfide isomerase
(PDI) [10], histone acetyltransferases [11], topoisomera-

The protein tyrosine dephosphorylation is a fundamental
regulatory mechanism of many signal transduction
pathways in processes of growth, proliferation,
differentiation, or survival of eukaryotic cells. It was shown
that elevated activity of classical non-receptor and receptor-
like protein tyrosine phosphatases (PTPs) coincides with a
number of pathologies [17-18]. PTP1B, being a negative
regulator of insulin and leptin signaling is considered as a
promising therapeutic target for treatment of type 2 diabetes
and obesity [19]. Overexpression of this phosphatase was
also found to contribute to tumorigenesis of cells [20-21].
Megakaryocyte protein tyrosine phosphatase MEG-2 which
involved in regulating of hematopoietic signaling and blood
glucose homeostasis is of interest as a therapeutic target for

Received: 22.10.2020 treatment of type 2 diabetes and myeloproliferative
Revised: 29.10.2020 disorders [23-25]. PTPB, also called as vascular endothelial-
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protein tyrosine phosphatase (VE-PTP), downregulates Tie2
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signaling and often associated with development of variety
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Among them, aryl and hetaryl compounds [26],
including derivatives of rhodanine [27-29] and its closely
related analog, thiazolidinedione [30-31], were studied as
PTPs inhibitors. Compounds bearing carboxylic [32],
phosphonic [33-34], sulfonic groups [35] were designed as
pTyr mimetics for inhibition of PTP1B. As a drug for
treatment of diabetic macular edema, diabetic retinopathy,
and ocular hypertension, the inhibitor of VE-PTP
AKB-9778/Razuprotafib was developed [36-38].

It was reported previously that thiazolyl-2,4-
thiazolidinedione/rhodanine compounds possess anticancer
activities against hepatocellular carcinoma cell lines having
resistance to chemotherapeutic agents [39]. The drug
resistance caused by drug-metabolizing enzymes is
considered a serious problem in treatment of cancer
diseases [40]. Glutathione S-transferases (GSTs) comprise a
superfamily of multifunctional phase II detoxification
enzymes catalyzing the conjugation of glutathione (GSH)
with a variety of exogenous and endogenous xenobiotics.
The glutathione conjugates having less cytotoxicity and
greater hydrophilicity excreted from the cells via the
mercapturic acid pathway [41]. Overexpression of GSTs
was noticed in a number of tumor cases [42-44].
Chemotherapeutic alkylating agents such as busulfan,
melphalan, chlorambucil, brostallicin, and
immunosuppressant azathioprine described as the substrates
of these enzymes. Therefore, many compounds including
analogs of glutathione and its conjugates as well as
derivatives of benzoquinone, benzophenone,
nitrobenzoxadiazole, and curcumin were designed as
inhibitors of GSTs [41-44].

Previously, a series of rhodanine-3-alkanoic acid
derivatives were described as potential inhibitors of protein
tyrosine phosphatase [45]. In the current study, we report
synthesis of thiazole-containing rhodanine-3-alkanoic acids
and their in vitro evaluation as inhibitors of PTPs and
GSTs.

Results and discussion

Synthesis of 5-(thiazol-5-ylmethylene)-2-thioxothiazo-
lidin-4-one derivative

The synthesis of thiazole-containing rhodanine-3-
carboxyalkyl acids 3a-f is outlined in Scheme 1. The
compounds were obtained by Knoevenagel condensation of
corresponding rhodanines with aldehydes. Ethanol solution
containing a proper 1,3-thiazolecarbaldehyde (compounds
la-c), N-alkyl carboxylated rhodanine (compounds 2a, b),
and 2-aminoethanol was heated for 3h. The obtained
precipitate was filtered off and recrystallized from ethanol
[46]. The compounds were obtained in moderate to good
yield and were characterized by 'H NMR, '3C NMR and
mass spectra. The data of NMR spectra showed that the
newly synthesized compounds are represented by one of
two Z/E isomeric forms. It should be noted that similar
thiazole-contained rhodanine derivatives were described as
Z-isomers [39].

Biological evaluation of thiazole-containing rhodani-
ne-3-alkanoic acids as inhibitors of protein tyrosine phos-
phatases and glutathione S-transferases

Human recombinant protein tyrosine phosphatases
PTP1B, VE-PTP, MEG1, and MEG2 were used for in vitro
assays of the synthesized thiazole-containing rhodanine-3-
carboxyalkyl acids 3a-f. Values of the half maximal
inhibitory concentrations (ICsp) for the compounds are
presented in Table 1.

As can be seen from Table 1, rhodanine derivatives 3a-c¢
containing shorter alkyl carboxylated group were less
effective inhibitors of PTPs than derivatives 3d-f bearing
longer N-alkyl chain. Compound 3a, which possesses
butyric acid fragment in N-3 position of rhodanine scaffold
and phenyl substituent at C-2 position of 1,3-thiazol-5-
ylmethylene moiety, was found to be a weak inhibitor of

R3
N
R® o) r . H
1
N R EOH, NH,(CH,),0H Rz’ks
+ >
Rz/k reflux 3h o
S S
o S” s
)y N
1a-c 2a,b daf g
o R R2 RS
' 32 (CH,)3-COOH Ph H o
+ 3b  (CHg)3-COOH CeHa-p-Cl H |
' 3¢ (CH,)3-COOH N(CH3), Ph
+ 3d  (CHy)10-COOH Ph H |
1 3e  (CHy)10-COOH CeHa-p-Cl H |
| 3f  (CHz)10-COOH N(CHa); Ph

Scheme 1. Synthesis of thiazole-containing rhodanine-3-alkanoic acids.
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Table 1. ICs values of thiazole-containing rhodanine derivatives 3a-f as inhibitors of protein tyrosine phosphatases”

IC50, MM
Compd

PTPIB MEGI MEG2 VE-PTP
3a >25 >25 >25 >25
3b 17.0+4.4 >25 18.7£3.2 >25
3¢ >25 >25 >25 >25
3d 41+12 23.1+39 24+04 24+0.7
3e 0.82+0.17 124+35 0.54+0.12 0.43+0.07
3f 25+0.6 11.0+14 24+0.5 3.1+0.6

"ICsp values represent the mean of 2-3 assays + standard deviation.

PTPs. The introduction of a chlorine substituent into the
para-position of phenyl group of this rhodanine derivative
slightly increases inhibitory effects of compound 3b against
PTPIB and MEG2. However, the replacement of
4-chlorophenyl residue by dimethylamino one, as well as
introduction of phenyl group at C-4 position of 1,3-thiazol-
5-ylmethylene moiety (compound 3c¢) caused a decrease in
inhibitory effects. The rhodanine derivative 3d bearing
undecanoic acid fragment at position N-3 showed
significant increase in inhibition of PTP1B, VE-PTP, and
MEG2 as compared to structure of compound 3a with
butyric acid fragment. Similarly to the effects obtained for
rhodanine derivative 3b, the introduction of chlorine atom
in the para-position of phenyl group of 1,3-thiazol-5-
ylmethylene moiety of compound 3d led to increased
inhibitory potential of rhodanine derivative 3e. ICsy values
of this compound were 0.82 uM, 0.54, and 0.43 uM uM for
PTP1B, MEG2, and VE-PTP, respectively.

Kinetic studies were carried out to elucidate the possible
mechanism of protein tyrosine phosphatases inhibition by
the thiazole-containing rhodanine derivatives. According to
Lineweaver-Burk plots (Figure 1), compound 3e is a
competitive-type inhibitor of protein tyrosine phosphatase

VE-PTP with the calculated value of inhibition constant K;
0f 0.20 uM.

Figure 1. Lineweaver-Burk plots for inhibition of VE-PTP by
compound 3e. The inhibitor concentrations were 0 (o) and
0.5 uM (o).

Figure 2. Possible binding modes of rhodanine derivative 3e to human recombinant VE-PTP with open (A) and closed (B) conformations.
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Molecular docking was performed to predict possible
binding mode of carboxylated rhodanine derivative with
PTPs. Synthetic studies described 5-ene-rhodanines mainly
as Z-isomeres [4, 39]. In this connection, Z-isomer of
compound 3e was chosen to be docked into the active site
region of the open and closed conformations of human
VE-PTP. The estimated affinity of carboxylated rhodanine
derivative 3e to the active site of VE-PTP in open
conformation was found to be -5.9 kcal/mol. The rhodanine
scaffold of the inhibitor formed hydrogen bonds with amino
acids residues of Lys1811 and Argl910. The carboxylic
group of the alkyl chain occupies active site near catalytic
Cys1904 forming hydrogen bonds with amino acid residues
Alal1906, Gly1906, Val1908, and Gly1909, while thiazole
ring provided m-stacking interaction with Tyr1733 (Figure
2A).

In case of closed enzyme conformation, the estimated
binding energy was -6.4 kcal/mol. The obtained model
indicates that compound may be oriented into the active site
of VE-PTP by carboxylic group of alkyl chain. This
fragment form hydrogen bonds with amino acid residues
Ser1905, Alal906, and Argl910. The thiazole ring of
compound 3e is involved in hydrogen bond formation with
GIn1948 and m-cation interaction with His1945. The
2-chlorophenyl group forms m-cation interactions with
Lys1711 and Argl940 as well as halogen bond of chlorine
atom with Arg1940 (Figure 2B).

The thiazole-containing rhodanine-3-carboxyalkyl acids
were studied as inhibitors of GST from equine liver and
human recombinant GSTA1l-1. The obtained results
(Table 2) demonstrated that compounds 3d-f were more
potent inhibitors in comparison with derivatives 3a-c
bearing butyric acid fragment at N-3 position of rhodanine
scaffold. Better inhibition effects against GST from equine
liver were observed in the case of compounds 3d-f modified
at N-3 position of rhodanine ring with undecanoic acid
group. Further studies showed that these compounds can
also inhibit the recombinant form of human GSTA1-1 with
ICsp values in the low micromolar range.

Table 2. Inhibition activity of 5-(thiazol-5-ylmethylene)-2-
thioxothiazolidin-4-one derivatives 3a-f against GST from
equine liver and human recombinant GSTA1-1".

1Cs0, uM
Compd

GST from equine liver GSTAI1-1
3a >25
3b 241+2.7
3¢ >25
3d 52+14 1.1+0.2
3e 45+0.5 0.83+0.22
3f 62+09 27+0.7

*ICs values are the means of 2-3 assays =+ standard deviation.

Lineweaver-Burk plots (Figure 3) showed mixed-type or
non-competitive inhibition of GST from equine liver by
compound 3d toward glutathione or CDNB substrate.
According to the mixed-type inhibition, the calculated
values of inhibition constants K; and K;' were 12.9+3.7 uM
and 20.24+5.8 puM, respectively, while the non-competitive
inhibition constant K; was 6.8+1.8 uM.

The results of computer modeling suggest that Z-isomer
of rhodanine derivative 3d may occupy interdomain cavity
near active site of human GSTA1-1 (Figure 4A) with the
calculated docking energy of -9.3 kcal/mol. Deregulation of
the interdomain contacts in structure of GSTAIl-1 was
shown to lead to disruption of the enzyme catalytic
functions [47] which may explain the inhibition of the
enzyme. The compound position (Figure 4B) is
characterized by interaction of the inhibitor with
hydrophobic amino acid residues Thr68, Leu72, 1196,
11e99, Alal00, Ile106, Leul07, and Leul63. Thiazole ring
at C-5 position of rhodanine scaffold formed n-stacking
interaction with Tyr166, while phenyl fragment at C-2
position of the thiazole ring provided m-cation interaction
with Argl3. Hydrogen bond was observed between oxygen
atom of rhodanine scaffold and Ser18. Carboxylate group of
the inhibitor is adjacent to the active G-site and provides

Figure 3. Lineweaver-Burk plots for inhibition of GST from equine liver by compound 3d. The inhibitor concentrations were 0 (©),

5 uM (A) and 7.5 puM (o).
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Figure 4. Possible binding mode of rhodanine derivative 3d to homodimer structure of human GSTA1-1.

hydrogen bonds with amino acid residues Arg69 and Argl5
which is involved in interaction with GSH.

Conclusions

The study reported synthesis of new rhodanine-3-
alkanoic acids with propanoic or undecanoic acid groups.
The data obtained showed that compounds 3d-f bearing
undecanoic acid group at N-3 position of rhodanine scaffold
possess good inhibitory effects against PTP1B, MEGI,
MEG?2, and VE-PTP as well as GSTA1-1. According to
kinetic data, thiazole-containing rhodanines can be
competitive-type inhibitors of VE-PTP. In case of GST
from equine liver, the compounds can be considered as
mixed-type inhibitors toward GSH and non-competitive
toward CDNB substrate. Molecular docking results indicate
that the inhibitors may occupy VE-PTP active site, while
inhibition of GSTA1-1 might be explained by the location
of rhodanine derivative between C- and N-terminal subunits
of the enzyme.

Experimental section

Chemistry

'H (500 MHz) and '3C (125 MHz) NMR spectra were
recorded on Bruker Avance DRX 500 spectrometer in
DMSO-ds solution. IR spectra were recorded on a Vertex
70 spectrometer from KBr pellets. Melting points were
measured with a Biichi melting point apparatus and are
uncorrected. LC-MS spectra were obtained using HPLC
apparatus, Agilent 1100 Series, equipped with diode-matrix
and mass-selective detector Agilent LC/MSD SL.

General procedure for synthesis of compounds 3a-f

A solution of 0.002 mol of rhodanine derivative 2a or 2b
in 5 mL of ethanol and 0.02 mL of 2-aminoethanol were
added to a solution of 0.002 mol of corresponding aldehyde
(1a-¢) in 5 mL of ethanol. The mixture was refluxed for 3 h
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and cooled. The precipitate filtered off and

recrystallized from EtOH.

was

4-{4-Ox0-5-[(2-phenyl-1,3-thiazol-5-yl)methylidene]-2-
sulfanylidene-1,3-thiazolidin-3-yl}butanoic acid (3a).

Yield: 0.531 g (68%); yelow crystals; mp 190-191 °C.
"H NMR (500 MHz, DMSO-d) 6 12.11 (br s, 1H, COOH),
8.48 (s, 1H, CH), 8.12 (s, 1H, C*-Hipiazo1), 8.03 (d, J 7.7 Hz,
2H, Ph), 7.49-7.59 (m, 3H, Ph), 4.06 (t, J 6.8 Hz, 2H, CH>),
2.30 (t, J 7.2 Hz, 2H, CH)), 1.84-1.95 (m, 2H, CH.,).
3C NMR (125 MHz, DMSO-ds) 6 192.5, 174.1, 172.8,
166.8, 151.2, 133.7, 132.6, 132.0, 129.9, 127.1, 123.7,
123.2, 444, 31.4, 22.4. LC/MS (CI) m/z 391 (M)". Anal.
Calcd. for C;7H14N203S;3: C, 52.29; H, 3.61; N, 7.17; S,
24.63. Found: C, 52.35; H, 3.60; N, 7.10; S, 24.64.

4-(5-{[2-(4-Chlorophenyl)-1,3-thiazol-5-yl] methylide-
ne}-4-oxo-2-sulfanylidene-1,3-thiazolidin-3-yl)butanoic
acid (3b).

Yield: 0.484 g (57%); yelow crystals; mp 201-202 °C.
'H NMR (500 MHz, DMSO-de) d 12.12 (br s, 1H, COOH),
8.47 (s, 1H, CH), 8.10 (s, 1H, C*-Hiiazo1), 8.02 (d, J 8.5 Hz,
2H, CsH4p-Cl), 7.56 (d, J 8.5 Hz, 2H, CsH4p-Cl), 4.05 (t,
J 6.8 Hz, 2H, CH>), 2.31 (t, J 7.1 Hz, 2H, CH>), 1.83-1.93
(m, 2H, CH>). 3C NMR (125 MHz, DMSO-ds) § 190.2,
171.9, 169.0, 164.6, 148.9, 134.4, 131.8, 129.2, 127.7,
126.5, 121.7, 120.8, 42.2, 29.2, 20.1. LC/MS (CI) m/z 426
(M)*. Anal. Caled. for Ci7H13CIN,O5S3: C, 48.05; H, 3.08;
N, 6.59; S, 22.64. Found: C, 48.14; H, 3.04; N, 6.53;
S, 22.54.

4-(5-{[2-(Dimethylamino)-4-phenyl-1,3-thiazol-5-yl]
methylidene}-4-oxo-2-sulfanylidene- 1,3-thiazolidin-3-
yl)butanoic acid (3c).

Yield: 0.702 g (81%); yelow crystals; mp 179-180 °C.
"H NMR (500 MHz, DMSO-de) § 7.63 (s, 1H, CH), 7.50-
7.62 (m, 5H, Ph), 3.98 (t, J 6.5 Hz, 2H, CH>), 3.20 (s, 6H,
N(CHj3)2), 2.16 (t, J 7.2 Hz, 2H, CH>), 1.74-1.87 (m, 2H,
CH;). 3C NMR (125 MHz, DMSO-ds) 6 191.2, 174.2,
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172.2, 166.4, 161.8, 133.6, 129.7, 129.4, 128.7, 125.4,
116.9, 113.8, 44.0, 41.7, 32.0, 22.5. LC/MS (CI) m/z 434
(M)*. Anal. Calcd. for Ci9H19N3O3S3: C, 52.64; H, 4.42;
N, 9.69; S, 22.19. Found: C, 52.68; H, 4.39; N, 9.68; S,
22.12.

11-{4-Oxo0-5-[(2-phenyl-1,3-thiazol-5-yl)methylidene]-2-
sulfanylidene-1,3-thiazolidin-3-yl}undecanoic acid (3d).

Yield: 0.733 g (75%); yelow crystals; mp 141-142 °C.
"H NMR (500 MHz, DMSO-ds) d 8.43 (s, 1H, CH), 8.07 (s,
1H, C*Huiazol), 7.99 (d, J 8.1 Hz, 2H, Ph), 7.46-7.56 (m,
3H, Ph), 3.94 (t, J 7.3 Hz, 2H, CH>), 2.16 (t, J 7.4 Hz,
2H, CH)), 1.54-1.64 (m, 2H, CH,), 1.41-1.51 (m, 2H,
CH>), 1.16-1.29 (m, 12H, (CH:)s). *C NMR (125 MHz,
DMSO-dg) ¢ 192.1, 1749, 172.8, 166.6, 151.3, 133.6,
132.6, 132.0, 129.8, 127.1, 123.5, 123.4, 44.9, 34.1, 29.3,
29.3,29.2,29.0,29.0, 26.7, 26.6, 25.0. LC/MS (CI) m/z 489
(M)*. Anal. Calcd. for C4H2sN203S5: C, 58.99; H, 5.78;
N, 5.73; S, 19.68. Found: C, 59.10; H, 5.73; N, 5.70;
S, 19.69.

11-(5-{[2-(4-Chlorophenyl)-1, 3-thiazol-5-yl]methylide-
ne}-4-oxo-2-sulfanylidene-1,3-thiazolidin-3-yl)undecanoic
acid (3e).

Yield: 0.764 g (73%); yelow crystals; mp 173-174 °C.
"H NMR (500 MHz, DMSO-d¢) 6 11.76 (br s, 1H, COOH),
8.41 (s, 1H, CH), 8.06 (s, 1H, C*-Hthiazol), 7.99 (d, J 7.7 Hz,
2H, CsHsp-Cl), 7.54 (d, J 7.7 Hz, 2H, C¢Hsp-Cl), 3.94-
4.00 (m, 2H, CH>), 2.16 (t, J 7.4 Hz, 2H, CH,), 1.58-1.65
(m, 2H, CH,), 1.44-1.51 (m, 2H, CH>), 1.19-1.30 (m, 12H,
(CH)s). C NMR (125 MHz, DMSO-ds) ¢ 189.8, 172.4,
169.1, 164.4, 148.9, 134.4, 131.8, 129.3, 127.7, 126.5,
121.7, 1209, 42.7, 31.9, 27.0, 26.9, 26.9, 26.7, 26.7, 24.4,
24.3, 22.7. LC/MS (CI) m/z 524 (M)". Anal. Calcd. for
C24H27C1N203S32 C, 55.10; H, 5.20; N, 5.35; S, 18.39.
Found: C, 55.14; H, 5.15; N, 5.32; S, 18.37.

11-(5-{[2-(Dimethylamino)-4-phenyl-1,3-thiazol-5-yl]-
methylidene}-4-oxo-2-sulfanylidene-1,3-thiazolidin-3-
ylundecanoic acid (3f).

Yield: 0.744 g (70%); yelow crystals; mp 114-115 °C.
"H NMR (500 MHz, DMSO-ds) 6 7.67 (s, 1H, CH), 7.47-
7.63 (m, 5H, Ph), 3.89-3.99 (m, 2H, CH>), 3.21 (s, 6H,
N(CH3;)), 2.15 (t, J 6.6 Hz, 2H, CH>), 1.54-1.62 (m, 2H,
CH>), 1.42-1.50 (m, 2H, CH>), 1.16-1.29 (m, 12H, (CH>)s).
BC NMR (125 MHz, DMSO-ds) 6 189.3, 172.5, 170.5,
164.5, 160.0, 131.9, 127.6, 1269, 123.7, 123.6, 115.1,
112.0, 42.5, 32.0, 26.9, 26.9, 26.8, 26.8, 26.7, 26.6, 24.5,
24.3, 22.8. LC/MS (CI) m/z 532 (M)". Anal. Calcd. for
C26H33N303831 C, 58.73; H, 6.26; N, 7.90; S, 18.09. Found:
C, 58.79; H, 6.26; N, 7.84; S, 18.03.

Biological tests

In vitro study of thiazole-containing rhodanine-3-
alkanoic acid derivatives as inhibitors of protein tyrosine
phosphatases and glutathione S-transferases

Protein tyrosine phosphatases were purchased in Sigma-
Aldrich. Prior to experiments, the defined volume of
PTP1B, VE-PTP, MEGI and MEG2 were diluted in a
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solution of 50 mM Bis-Tris buffer (pH 7.2) containing 30%
glycerol, 3 mM EDTA, 2 mM DTT, 75 mM NaCl, and
0.05% Tween-20. The system for inhibition study consisted
of 50 mM Bis-Tris buffer (pH 7.2), 100 mM NaCl, 3 mM
EDTA, 1 mM DTT, 1 vol. % DMSO, inhibitor and enzyme.
The mixture was thermostated at 30 °C during 5 min and
reaction was started by adding the substrate (pNPP) at
concentration near K, value for each of the enzymes. The
activity of enzymes was measured spectrophotometrically at
410 nm. The molar extinction coefficient of 18300 M-'cm!
was used for calculation of p-nitrophenol concentration.

GST from equine liver and human recombinant
GSTA1-1 was purchased from Sigma-Aldrich. Before use
in the experiments, 0.25 mg of GST from equine liver was
diluted in 1 ml of distillated water, and 25 pL of GSTAI1-1
was diluted in 1 ml of solution consisted of 50 mM
Tris-HCI buffer (ph 7.5), 50 mM NaCl, 1 mM DTT, 5 mM
EDTA and 50 vol. % glycerol. The rhodanine derivatives
were dissolved in DMSO. In vitro studies were carried out
in system consisting of 0.1 M sodium-phosphate buffer
(pH 6.5), 0.1 mM EDTA, 2.5 vol. % DMSO, water, 20 pl of
enzyme solution and inhibitor. After incubation of this
mixture at 25 °C during 5 min, the reaction was started by
addition 200 uL of 10 mM reduced L-glutathione (GSH)
and 20 puL of 100 mM 1-chloro-2,4-dinitrobenzene
(CDNB). The enzyme activity was monitored
spectrophotometrically at 340 nm. The molar extinction
coefficient of 9600 M-'cm™! was used for calculation of
dinitrophenyl-S-glutathione concentration [48].

Molecular docking calculation

Crystal structures of open and closed conformation of
VE-PTP (PDB code 2AHS and 2H02, respectively) and
GSTAI-1 (PDB code 6ATO) were downloaded from PDB
server  (https://www.rcsb.org) [49]. Before docking
calculation, the ligands, water molecules and amino acids
conformers were removed from obtained PDB files. The
structure of thiazole-containing rhodanine derivatives were
drawn using MarvinSketch [50] and optimized with
MMFF94s force field in Avogadro software [51]. Docking
files were prepared using AutoDockTools (version 1.5.6)
[52]. The docking calculations were carried out by
Autodock Vina software [53]. The models visualizations
and analysis was performed using Discovery Studio 3.5
Visualizer (Accelrys Inc., San Diego, CA, USA).
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CuHTE3 Ta OIlIHKa HOBUX Tia30JIOBMICHUX POJIaHIH-3-aJIKaHOBUX KHUCIIOT SIK 1HT101TOpIB
npoTeinTupo3nH(ocdaras Ta riryraTioH-S-TpaHcdepas

0. JI. Ko63ap, B. O. Cunenxo, 1O. B. lllynera, B. M. Bynnenko, [I. M. T'oguna, C. I'. ITinso, B. C. Bposaperp, A. 1. Bok

Incmumym 6ioopeaniunoi ximii ma nagpmoximii im. B. I1. Kyxaps HAH Ykpainu, eyn. Mypmanceka, 1, Kuis, 02094, Vkpaina.

Pesrome: Tia3onoBMicHI MOXiHI posiaHiH-3-aIKaHOBOI KMCIOTH, MOIH(IKOBaHI 3aJIMIIKaMHI IIPOTIAHOBOT UM YHJEKaHOBOI KHCIIOT, CHHTE30BAHO Ta OIiIHEHO
SIK 1HTI0ITOpH AesIKUX mpoTeiHTHpo3uH(ocharas Ta rayratioH-S-tpaHchepas. Cromyku OTpuMaHo 3a peakiiielo KHoBeBeHaremst B3a€MOMIEIO BiAMOBITHUX
poJaHiHIB 3 anmpjerifamu. BcTaHOBIEHO, IO POJAHIHM 3 JTOBIIMM KapOOKCHMIBOBAHMM N-aJIKiTbHUM JaHIIOTOM iHTiOytoTh aktHBHICTE PTP1B, MEGI,
MEG2 ta VE-PTP, a takoxx GST 3 newiHku KoHS Ta JiojcbKy pekomOiHanTHY GSTAL-1 3i 3HauenHsmu ICsy y HU3bKOMY MiKpOMOJISIPHOMY Iialla3oHi.
IuribyBanpHuit eeKT Ha aKTUBHICTh TPOTEIHTHPO3UH(OCHhATa3 3amexnaB BiJ 3aMiCHUKA B 2 TMOJOKEHH] Tia30JI0BOTO KiNbIs, TOMI K MPUPOIa 3aMICHHKIB Y
TIOJIO’KEHHI 2 Ta 4 Maja He3HayHWil BIUIMB Ha iHTiIOyBalbHY aKTHBHICTB CITONYK INOJAO TiyTaTioH-S-TpaHcdepas. Haiikpama cmomyxa, 11-(5-{[2-(4-
xaopdenin)-1,3-riazon-5-in]mernninen} }-4-oxco-2-cynbdanininen-1,3-riazomiguH-3-i1)yHIeKaHOBa KHCIIOTa, ITIPOAEMOHCTPYBala KOHKYPEHTHHH THIT
inrioyBannss VE-PTP. ¥V Bumaaky GST 3 me4iHKM KOHS CHOJNyKa BHSBWIIACh 3MilIaHMM iHTiIOiTOopom mpu BukopuctanHi GSH sk cyOcrpary Ta
HEKOHKYPeHTHHUM iHribiTopom y pa3si CDNB. Pesynpratn MoneKymIspHOro JOKIiHTY BKa3ylOTh Ha Te, IO iHTIOITOp MoXke 3aliMaTH aKTHBHUH IIEHTP
npoteinTuposnapocdarasu VE-PTP, Toxi sk inribysanns mozcekoi pekombinanTHOT GSTA1-1 Mose OyTH NOSCHEHO pO3TallyBaHHIM MOXiTHOI pOJlaHiHy
Mik C- Ta N-KiHIEBUMH JOMEHAMHU OHI€l 3 CyOOMUHHIb (HEPMEHTY.

Kurouosi ciioBa: ponanin; Tiason; nporeinTuposuadocdarasa; riryration-S-tpancdepasa; iHriOyBaHHS QepMEHTY; MOTEKYIISIPHHI TOKIHT.
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Some pharmacological properties of 4-[3-(5-bromo-2-hydroxyphenyl)-5-
phenyl-3,4-dihydropyrazol-2-yl]-SH-thiazol-2-one

Anna Kryshchyshyn-Dylevych*

Danylo Halytsky Lviv National Medical University, 69 Pekarska, Lviv, 79010, Ukraine

Abstract: A series of 3,5-diaryl pyrazolyl thiazolinones were designed and synthesized as potential biologically active compounds. The
study of anticancer activity of 4-[3-(5-bromo-2-hydroxyphenyl)-5-phenyl-3,4-dihydropyrazol-2-yl]-5H-thiazol-2-one (1) revealed its high
antiproliferative activity against a panel of cancer cells with the lowest growth inhibition concentration (Glso) towards leukemic cell line
SR (0.0351 uM) and ovarian cancer cell line OVCAR-3 (0.248 uM). It was also found that pyrazolyl thiazolinone 1 inhibited growth of
Trypanosoma brucei brucei by 98,8% at a concentration of 10 ug/mL. The in-depth cytotoxicity study of compound 1 on human
hepatocellular carcinoma HepG2 cells and non-tumorigenic murine fibroblast Balb/c 3T3 in MTT, NRU, TPC and LDH assays showed
that normal cells were less sensitive to compound 1 than the cancer cells; its action had led to a disintegration of the cell membrane,
inhibition of mitochondrial and lysosomal activity, and proliferation of cancer cells. The highest selectivity were detected in the LDH
assay.

Keywords: pyrazolyl thiazolinone hybrids, antitumor activity, antitrypanosomal activity, cytotoxicity.

Introduction lung cancer cell lines [6]. Cytotoxicity of pyrazole
derivatives includes inhibition of the topoisomerase I and II
activity for pyrazoloacridine [7] or inhibition of the Janus-
activated kinase (JAK1/2) for the Ruxolitinib [8]. The

pyrazolyl thiazol/thiazolidinone-based hybrids as biologi-

The hybrid pharmacophore approach has been used to
develop a drug-like molecules with anticancer properties
[1]. Pyrazole and thiazole/thiazolidinone cycles are

considered as favored scaffolds and have been used to
design novel drug-like molecules possessing antiprolife-
rative activity [2-3]. A combination of the above
heterocycles in one molecule is likely to provide more
efficient pyrazolyl-thiazole/thiazolidone conjugates via
synergistic anticancer effects. For example, a 2-amino-
iminothiazolidinone derivative with a pyrazole moiety at
position 5 inhibited necroptosis [4], pyrazolyl-4-thiazolid-
inones exhibited dose-dependent cytotoxic effect in human
breast cancer cells (MCF-7 line) [5], a series of 2-(5-aryl-3-
phenyl-4,5-dihydro-1H-pyrazol-1-yl)-1,3-thiazol-4(5 H)ones
inhibited growth of leukemia cell lines and non-small cell
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cally active compounds have been studied for anti-parasitic
activity [9-10]. For example, some of the 5-(3,5-diaryl-4,5-
dihydropyrazol-1-ylmethylene)-2-thioxothiazolidin-4-ones
showed ICso level of activity within 0.6-0.7 uM in vitro
assay towards Trypanosoma brucei gambiense [11];
5-[5-aryl-3-naphthalen-2-yl-4,5-dihydropyrazol-1-yl]-thia-
zolidine-2,4-dione and 2-{5-[5-aryl-3-naphthalen-2-yl-4,5-
dihydropyrazol-1-yl]-2,4-dioxothiazolidin-3-yl }-N-arylace-
tamides inhibited growth of the Trypanosoma brucei brucei
and Trypanosoma brucei gambiense at micromolar
concentrations [12]. Thiazole/thiazolidinone phenylindole/
imidazothiadiazoles comprise another highly active class of
antitrypanosomals [13]. The combination of different
pharmacophores in one molecule may lead to novel drug-
like molecules that will exhibit biological activity. Thus, the
above mentioned polypharmacological [14] and hybrid-
pharmacophore approaches [1] inspire the design and
synthesis of pyrazolyl-thiazolinones as potential anticancer
and antiparasitic agents.
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Scheme 1. Synthesis of a pyrazolyl-thiazolinone 1 and its 5-arylidene derivatives 2a-c.

Results and Discussion

A 4-[3-(5-bromo-2-hydroxyphenyl)-5-phenyl-3,4-dihyd-
ropyrazol-2-yl]-5H-thiazol-2-one (1) was synthesized in the
reaction of  3,5-diarylpyrazoline  with  4-thioxo-2-
thiazolidinone (isorhodanine) in the ethanol by known
approach [6]. 5-arylidene derivatives 2a-c¢ were synthesized
in high yields by the Knoevenagel reaction with correspon-
ding aldehydes (Scheme 1). 4-[3-(5-Bromo-2-hydroxyphe-
nyl)-5-phenyl-3,4-dihydro-pyrazol-2-yl]-5H-thiazol-2-one
(1) was selected by National Cancer Institute (NCI,
Bethesda, USA) Developmental Therapeutic Program
(DTP) for anticancer screening at one dose assay (10 M)
using a panel of 59 cancer cell lines that represented
different types of cancer (leukemia, melanoma, lung, colon,
CNS, ovarian, renal, prostate and breast cancers). The
anticancer activity of compound 1 showed the mean growth
percent for the whole cancer cell panel and it was about
25% [15-17]. Moreover, the tested pyrazolyl thiazolinone 1
demonstrated the cytotoxic effects to five leukemic cell
lines (CCRF-CEM, HL-60(TB), MOLT-4, RPMI-8226,
SR), a non-small cell lung cancer cell line (HOP-92), a CNS
cancer cell line (SF-295), and an ovarian cancer cell line
(IGROV1). The high growth inhibition rates of compound 1
justified the in-depth screening at a range of concentrations
using 55 cell lines. The percentage of growth was evaluated
spectrophotometrically versus control that were not treated
with tested compound after 48 h of exposure. The SRB
protein assay was used to estimate cells’ viability or growth.
Three dose-response parameters for antitumor activity were
found for each cell line: GIso — molar concentration of the
compound that inhibits 50% net cell growth; TGI — molar
concentration of the compound leading to the total
inhibition; and LCso — molar concentration of the compound
leading to 50% net cell death. The high antiproliferative
activity of compound 1 against the majority of cell is
reported in Table 1. The lowest inhibitory concentrations
for compound 1 were observed against the leukemia panel.
The most sensitive leukemic cell line was the SR line (Glso
= 0.0351 uM). It inhibited growth of CCRF-CEM, HL-60,
MOLT-4 and SR leukemia lines at submicromolar concen-
trations (TGI). The high cytotoxic activity of 1 was found
against non-small cell lung cancer line NCI-H322M and
EKVX as well as colon cancer line HCT-116, ovarian
cancer OVCAR-3, and breast cancer MCF7 lines.
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The antitrypanosomal activity of pyrazolyl-thiazolinone
1 on against 7. brucei brucei was investigated in vivo by the
polypharmacological approach. A combination of pyrazo-
line and thiazolinone cycles in one molecule did not only
contribute to the anticancer properties, but also increased
the antiparasitic activity. It was found that 4-[3-(5-bromo-2-
hydroxyphenyl)-5-phenyl-3,4-dihyd-ropyrazol-2-yl]-5H-
thiazol-2-one (1) inhibited growth of 7. brucei brucei by
98,8% at a concentration of 10 pg/mL. Lowering
concentration to 1 pg/mL led to sharp decrease in the
inhibition activity (11,87 % of inhibition).

The biological assays demonstrated high antitumor and
antitrypanosomal activities of pyrazolyl thiazolinone 1.
High activities inspired further in-depth studies of 1 against
human hepatocellular carcinoma HepG2 cells and non-
tumorigenic murine fibroblast Balb/c 3T3. Four different
biochemical endpoints were measured: mitochondrial
activity, lysosomal activity, total protein content, and
cellular membrane integrity in MTT assay, NRU assay,
TPC assay and LDH assay respectively (after 24, 48 and
72 h exposition).

The cells viability after the exposure to tested compound
was found to be a time-, a concentration- and a cell line-
dependent (Figure 1). Human hepatoma HepG2 cells were
more sensitive to the compound 1 compared to normal
murine Balb/c 3T3 fibroblast cells. The first sign of
anticancer activity of compound 1 was seen at the lowest
concentrations after 24 h of exposure (LDH assay).
Moreover, the toxic effect for normal fibroblasts cell line in
the same assay was observed at a concentration of 0.9 pM
(CCy) after 48 h of exposure (Figure 1). The calculated
cytotoxic concentrations values (CCz, CCso, and CCys) for
the cancer HepG2 cell line and for the non-tumorigenic
immortalized Balb/c 3T3 cell line are shown in Table 2. It is
worth to note that the lowest cytotoxic concentrations
(CCy) that inhibits 20% of cell growth were calculated for
all tests regardless of the exposure time. CCsy values
indicated that the first step of anticancer action of
compound 1 was the first disintegration of cellular
membranes leading to the inhibition of mitochondrial
activity with further inhibition of proliferation and
lysosomal activity. It is noteworthy that compound 1
exhibits low toxicity against normal murine embryonic
fibroblast cell line (Balb/c 3T3). Its toxic action led to dis-
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Table 1. Influence of the 4-[3-(5-bromo-2-hydroxyphenyl)-5-phenyl-3,4-dihydropyrazol-2-yl]-5H-thiazol-2-one (1) on the
growth of the most sensitive tumor cell lines in in vitro test (104-10M).

Cancer cell lines Glso, pM TGI, uM LCso, uM
CCRF-CEM 0.339 2.70 >100.0
HL-60 0.306 0.923 >100.0
Leukemia K-562 0.959 >100.0 >100.0
MOLT-4 0.397 17.7 >100.0
SR 0.0351 0.282 >100.0
A549/4TCC 6.55 >100.0 >100.0
EKVX 0.382 >100.0 >100.0
Non-small cell lung
NCI-H23 0.819 >100.0 >100.0
cancer
NCI-H322M 0.306 15.3 >100.0
NCI-H460 0.619 >100.0 >100.0
HCC-2998 1.94 8.58 >100.0
HCT-116 0.302 >100.0 >100.0
Colon cancer
HCT-15 0.767 >100.0 >100.0
SW-620 0.694 >100.0 >100.0
SF-268 0.805 >100.0 >100.0
CNS cancer
SF-295 0.636 >100.0 >100.0
MALME-3M 0.843 22.3 >100.0
M4 0.907 28.4 >100.0
Melanoma
MDA-MB-435 1.92 >100.0 >100.0
SK-MEL-5 1.18 20.8 >100.0
OVCAR-3 0.248 0.682 >100.0
OVCAR-4 0.464 >100.0 >100.0
Ovarian cancer
NCI/ADR-RES 0.830 20.7 >100.0
SK-OV-3 1.84 36.0 >100.0
ACHN 1.44 >100.0 >100.0
Renal cancer CAKI-1 0.723 4.06 >100.0
TK-10 1.62 >100.0 >100.0
Prostate cancer DU-145 2.24 >100.0 >100.0
MCF7 0.301 - >100.0
Breast cancer T-47D 0.377 >100.0 >100.0
MDA-MB-468 0.631 67.6 >100.0

integration of the cell membrane, inhibition of mitochondri-
al and lysosomal activity of cancer cells.

The selectivity indexes (SI), which indicates the
cytotoxic selectivity (i.e. drug safety) were calculated for
HepG2 cell line against corresponding normal cell line
(Figure 2). Higher values of SI indicate higher anticancer
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specificity. Compounds with SI above 3.0 are considered
highly selective [18]. The highest values of SI were
detected in the LDH assay for compound 1. The SI
increased from 167 to 4975 with increase of the exposure
time from 24 h to 72 h whereas SI values for the cisplatin
increased only from 13 to 1429 (Figure 2).
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Figure 1. Cytotoxic concentrations (CCz0; CCso; CCso) (M) calculated for compound 1 in normal and cancer cells.
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Conclusions

High anticancer activity of 4-[3-(5-bromo-2-hydro-
xyphenyl)-5-phenyl-3,4-dihydropyrazol-2-yl]-5H-thiazol-2-
one (1) against a series of cancer cell lines with increased
selectivity against leukemic cell lines had been

A. P. Kryshchyshyn-Dylevych

demonstrated. (3,4-Dihydropyrazol-2-yl)-5H-thiazol-2-one
(1) showed a good antitrypanosomal activity in the in vitro
experiment against 7. brucei brucei. The dual anticancer
and antitrypanosomal activity along with high selectivity
indices as well as low cytotoxicity would justify further in-
depth studies of compound 1 as a perpective drug candidate.

Table 2. The values of cytotoxic concentrations (CCa; CCso; CCso) (uM) calculated for compound 1 in MTT, NRU, TPC

and LDH assays.
Cell line Method Time (h) CCyo CCso CCgo*
2% 0.940.3 8.9:0.9
MTT 48 0.840.2 5.840.6 52.145.2
72 0.1+0.1 254038 74405
2% 24511 . )
NRU 48 0.2+0.1 71415
72 0.05£0.002 21410 71403
Balb/c 3T3
2% 23410 ] )
TPC 48 0.6+0.3 6.0+0.5
7 0.00620.002 28407 6.520.9
2 - - ;
LDH 48 9.240.6 - ;
7 0.540.1 19.942.6 92.9+2.5
2 0.940.09 6.940.5 ;
MTT 48 0.140.04 5.5402 421425
72 0.03£0.01 0.44£0.02 0.970.04
2 0.0740.02 342417 ;
NRU 48 0.04£0.01 5.940.7 ;
HepG2 7 0.001£0.0003 1.320.1 6.60.1
24 0.7+0.2 95.5+0.5 -
TP 48 0.05+0.02 5.4+0.4 ;
7 0.001£0.0002 0.9+0.04 6.240.1
2 0.06£0.01 0.6:0.02 ;
LDH 48 0.006+0.001 0.540.07 47.944.9
7 0.0003£0.0001 0.0040.001 0.320.07

* CCy, CCso and CCyo (uM) represents the concentrations of compound 1 that is required for 20%, 50% and 80 % inhibition using the MTT, NRU, TPC,
and LDH assays. Data are expressed as the mean + SEM and were calculated from the dose response curves of at least three independent experiments.
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Figure 2. Selectivity indices (SI) calculated for compound 1 and cisplatin against HepG2 cells.

Experimental section

Chemistry

Commercial reagents were purchased from Merck and
used without purification. Melting points were measured in
open capillary tubes on a BUCHI B-545 melting point
apparatus and are uncorrected. The elemental analyses were
performed using the Perkin-Elmer 2400 CHN analyzer. The
"H NMR spectra were recorded on Varian Gemini ('H at
400 and *C at 100 MHz) instrument in DMSO-ds using
tetramethylsilane (TMS) as an internal standard.

The starting 3,5-diaryl-4,5-dihydropyrazole was synthe-
sized according to known method from chalcone [19].

4-[3-(5-Bromo-2-hydroxyphenyl)-5-phenyl-3,4-dihydro-
pyrazol-2-yl]-5H-thiazol-2-one (1).

A mixture of 4-thioxo-2-thiazolidinone (0.01 mol) and
4-bromo-2-(3-phenyl-4,5-dihydro-1H-pyrazol-5-yl)phenol
(0.01 mol) was refluxed in 100 ml of ethanol for 1.5h.
After cooling the reaction mixture to room temperature,
formed precipitate was filtered off, washed with methanol
and recrystallized. Yield: 65%; pale yellow solid; mp 232-
234 °C, (DMF-EtOH 1:2). '"HNMR (400 MHz, CDCls) &
7.86 (d, J 8.2 Hz, 2H, Ar), 7.47-7.56 (m, 3H, Ar), 7.24 (dd,
J2.7,82 Hz, 1H, Ar), 7.10 (d, J 2.7 Hz, 1H, Ar), 6.83 (d,
J 82 Hz, 1H, Ar), 5.75 (dd, J 3.3, 20.0 Hz, 1H, CsH-
pyraz.), 4.87 (d, J 16.8 Hz, 1H, C4H-thiaz.), 4.65 (d, J 16.8
Hz, 1H, C4H-thiaz.), 4.00 (dd, J 11.1, 20.0 Hz, 1H, CsH-
pyraz.), 3.25 (dd, J 3.3, 20.0 Hz, 1H, C4H-pyraz.). Anal.
Calcd. for C;sH4BrN;O,S: C, 51.93; H, 3.39; N, 10.09.
Found: C, 52.05; H, 3.45; N, 9.93.

General procedure for synthesis of compounds 2a-c

The equimolar amounts of  4-[3-(5-bromo-2-
hydroxyphenyl)-5-phenyl-3,4-dihydropyrazol-2-yl]-5 H-thi-
azol-2-one (1) (0.01 mol) with the appropriate aromatic
aldehyde (0.01 mol) and sodium acetate (0.01 mol) in the
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acetic acid medium were refluxed for 3-4 hours. After
cooling the reaction mixture formed precipitate was filtered
off and recrystallized.

5-Benzylidene-4-[3-(5-bromo-2-hydroxyphenyl)-5-phe-
nyl-3,4-dihydropyrazol-2-yl]thiazol-2-one (2a).

Yield: 72%; yellow solid; mp 242-244 °C, (DMF-EtOH
1:3). '"HNMR (400 MHz, CDCl3) § 7.86 (d, 2H, J 8.2 Hz,
Ar), 7.66 (m, 4H, Ar), 7.40-7.55 (m, 5H, Ar, CH=), 7.19 (d,
1H, Ar), 7.04 (d, J7.3 Hz, 1H, Ar), 6.84 (d, J 8.0 Hz, 1H,
Ar), 6.04 (dd, J 3.3, 20.0 Hz, 1H, CsH-pyraz.), 3.98 (dd,
J 11.1, 20.0 Hz, 1H, C4H-pyraz.), 3.26 (dd, J 3.3, 20.0 Hz,
1H, C4H-pyraz.). Anal. Caled. for C,sH;sBrN;O,S: C,
59.53; H, 3.60; N, 8.33. Found: C, 59.62; H, 3.68; N, 8.29.

4-[3-(5-Bromo-2-hydroxyphenyl)-5-phenyl-3,4-dihydro-
pyrazol-2-yl]-5-[ (4-methoxyphenyl)methylene]thiazol-2-one
(2b).

Yield: 78%; yellow-orange solid; mp > 250 °C, (DMF-
EtOH 1:3). 'H NMR (400 MHz, CDCl5) 6 9.89 (s, 1H, OH),
7.88-7.93 (m, 2H, Ar), 7.64 (d, J 8.0 Hz, 2H, Ar), 7.50-7.54
(m, 3H, Ar, CH=), 7.19 (d, 1H, Ar), 7.06 (d, J 7.3 Hz, 3H,
Ar), 6.83 (d, J 8.0 Hz, 1H, Ar), 6.03 (dd, J 3.3, 20.0 Hz, 1H,
CsH-pyraz.), 3.98 (dd, J 11.1, 20.0 Hz, 1H, CsH-pyraz.),
3.29 (dd, J 5.0, 10.0 Hz, 1H, CsH-pyraz.), 1.91 (s, 3H,
CH;). Anal. Calcd. for CasHy0BrN3OsS: C, 58.43; H, 3.77;
N, 7.86. Found: C, 58.50; H, 3.85; N, 7.80.

4-[3-(5-Bromo-2-hydroxyphenyl)-5-phenyl-3,4-dihydro-
pyrazol-2-yl]-5-[(3-nitrophenyl)methylene]thiazol-2-one
(2¢c).

Yield: 69%; yellow-orange solid; mp > 250 °C, (DMF-
EtOH 1:3). 'HNMR (400 MHz, CDCl3)d 10.26 (s, 1H,
OH), 9.16 (s, 1H, Ar), 8.36 (d, 2H, J 8.0 Hz, Ar), 7.98-8.10
(m, 4H, Ar), 7.60 (m, 3H, Ar, CH=), 7.31 (d, 1H, Ar), 7.20
(s, 1H, Ar), 6.86 (d, J 8.0 Hz, 1H, Ar), 6.02 (dd, J 3.3, 20.0
Hz, 1H, CsH-pyraz.), 4.09 (dd, J 11.1, 20.0 Hz, 1H, C4H-
pyraz.), 3.39 (dd, J 5.0, 10.0 Hz, 1H, Cs4H-pyraz.). Anal.



Calcd. for C,sHi9BrN4O4S: C, 54.45; H, 3.47; N, 10.16.
Found: C, 54.60; H, 3.40; N, 10.03.

Biological tests

Anticancer in vitro screening methodology as well as
data interpretation are described in details at the NCI
Development Therapeutics Program site [20].

Cytotoxicity assays

The human hepatoma cell line (HepG2) was purchased
from the American Type Culture Collection (ATCC HB-
8065). The cells were cultured in Minimum Essential
Medium Eagle (MEME) (ATCC, USA). The murine
fibroblasts cell line (Balb/c 3T3 clone A31) (gift from
Department of Swine Diseases of the National Veterinary
Research Institute in Pulawy, Poland) was cultured in
Dulbecco’s Modified Eagle's Medium (DMEM) (ATCC,
USA). The media were supplemented with 10% BCS
(Balb/c 3T3), 10% FBS (HepG2), 1% L-glutamine, 1%
antibiotic solution. The cells were maintained in 75 cm? cell
culture flasks (NUNC) in a humidified incubator at 37 °C,
in an atmosphere of 5% CO,. The medium was refreshed
every two or three days and the cells were trypsinized by
0.25% trypsin-0.02% EDTA after reaching 70-80%
confluence. Single cell suspensions were prepared and
adjusted to a density of 2x10° cell/mL (HepG2) and 1x10°
cell/mL for 24h, 48h exposition or 5x10* cell/mL for 72 h
exposition (Balb/c 3T3). The cell suspension was
transferred to 96-well plates (100 pl/well) and incubated for
24 h before the exposure to the studied compound. Stock
solution of the studied compound was prepared in DMSO
and diluted with culture medium to obtain a concentration
range from 103-10% uM. The cells were also exposed to the
reference drug — cisplatin used as internal laboratory
control. The final concentration of DMSO was 0.1% in the
medium and had no influence on cell growth. The medium
used for test solutions and in control preparation did not
contain serum and antibiotics. As negative control, cultured
cells were grown in the absence of study compound. Each
concentration was tested in six replicates with three
independent experiments. Cytotoxicity was assessed after
24, 48 and 72 h of exposure the cells to tested compound.
The medium was not changed during the incubation time.

MTT assay. The metabolic activity of living cells was
assessed by the measurement of the activity of
dehydrogenases [21].

NRU assay. The method is based on staining living cells
with neutral red which readily diffuses through the plasma
membrane and accumulates in lysosomes [22].

TCP assay. The assay was based upon staining total
cellular protein (proliferation) [23].

LDH leakage assay. The integrity of the plasma
membrane was assessed through the test of lactate
dehydrogenase (LDH) release [24], which was monitored
using the commercially available Cytotoxicity Detection Kit
(LDH) (Roche Diagnostics, Poland). The absorbance was
measured at microplate reader (Synergy HTXmulti-mode
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reader (BioTek® Instruments Inc., USA)) at 570 nm, using
blank as a references. Cytotoxicity was expressed as a
percentage of the negative control (0.1% DMSO) [25].

Selectivity index.

To determine the cytotoxic selectivity of the tested
compound, the selectivity index (SI) was calculated
according to the following equation:

Sl = CCSO“O cancer cells/CCSOcancer cells

If a SI was found to be > 3 the compound can be considered
to be selective [18].

A Dbeneficial SI>3.0 indicates a drug with efficacy
against tumor cells greater than toxicity against normal
cells. The results of the cytotoxicity assessment were
expressed as mean arithmetic values from three independent
experiments. The percentage of viability inhibition was
calculated in comparison with the untreated controls. The
CCy, CCsp, CCsg values (cytotoxicity concentrations) are
the compound’s concentrations that inhibit the cell viability
by 20%, 50% and 80%were calculated by GraphPad Prism
5 software (San Diego, CA, USA) using nonlinear
regression.
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Jlesiki hapMakoJIoTiuH1 BJACTUBOCTI
4-[3-(5-6pomo-2-rigpokcudenin)-5-benin-3,4-nuriapomipazon-2-ii]-SH-tiaz01-2-ony

A. I1. Kpunums-J{unesuy

JIvgiscokuil HayionaneHuti meouunu ynieepcumem imeni Januna Ianuyvkozo, eya. Ilexapceka, 69, Jlvsis, 79010, Yrpaina

Pestome: Po3po0iieHO Ta CHHTE30BAaHO Psj Mipa3oii-Tia30JiAMHOHIB SK MOTEHUIHHMX Ol0JIOriYHO aKTUBHMX CIOJYK. J[OCHIIKEHHS MPOTHITYXJIMHHOT
akTMBHOCTI  4-[3-(5-Opom-2-rigpokcudenin)-5-penin-3,4-nurigpomnipason-2-in]-SH-riazon-2-ony (1) BHABWIO HOro BHCOKI aHTUNpOipepaTuBHI
BJIACTUBOCTI 1100 MaHeni Oinbul, HiX 50-TH pakoBMX KIITHHHMX JIHIM 3 HalHMKYOI KOHLEHTpauieo npurhideHHs pocry (Glso) obuncneHorw pis miHii
neiikemii SR (0,0351 MxM) Ta niHii paky sitHukiB OVCAR-3 (0,248 mxM). Kpim Toro, mipa3zomnin-tiazoninuaon 1 nosHicTio npuriivysas pict (TGI) ninii
neiikemii CCRF-CEM, HL-60, MOLT-4 ta SR npu cyOMiKpOMOJISIpHUX 3Hau€HHAX KoHLeHTpauii. Kpim niuiil nefikemii, uyrauBumu 1o il cnoayku 1 6ynu
JiHIT HeApIOHOKIITHHHOTO paky nerenb NCI-H322M ta EKVX, ninis paky toBcroro kumkiBHuka HCT-116, paky sitHukiB OVCAR-3 Ta paky MOJOYHOL
3anosn MCF7. Takox Oys0 BCTaHOBJIEHO, 1O Mipa3ouin-TiasoniauHoH 1 iHribye pict Trypanosoma brucei brucei na 98,8% y xonnentpauii 10 Mxr/mi, mo
CBITYMUTH MPO MEPCIEKTUBHICTH PO3POOKH JAHOI'O areHTY B paMKax KOHLENMIl «IoiidapMaKkonoriyHux Jikapchkux 3aco0iB». Ilormmbiene 1ocmimKeHHsS
LUTOTOKCUYHOCTI CIIOMYKH 1 Ha KIITMHAX renaTouemoispHoi kapuuHomu moguHn HepG2 ta HopmansHuX Mumiayux (idpobiacrax Balb/c3T3 y MTT,
NRU, TPC ta LDH Tectax noka3saio, 10 HOpMajbHi KIITHHH MEHII YyTJIMBI O Ail mipazounii-TiazonianHony 1, HbX pakosi. BinnosinHo no 3HaueHs CCso,
MEepIIMM €TarnoM NPOTUIYXJUHHOI nii cmonykn 1 Oyjo NOIIKO[KEHHS KIITHHHHX MEMOpaH, W0 NPU3BOAMTH A0 IHriOyBaHHS MiTOXOHAPiaJbHOL
AaKTHBHOCTI, 3 IIOCJIIIOBHUM IHriOyBaHHAM mpomidepanii Ta 1i30COMaIbHOI aKTUBHOCTI pakoBUX KiiTuH. [{ng 4-[3-(5-6pom-2-rinpokcudenin)-5-penin-3,4-
nuriaponipason-2-in]-5H-ria3on-2-ony (1) 00UMCIEHO IHAGKCH CENEKTUBHOCTI, W0 Oynu BuummMmu y Tecti LDH, HiK Taki Ans mpenapaTy HOpPiBHSHHS
LUCIUIATHHY.

Kuo4oBi ciioBa: mipazosiH-Tia30J1iJUHOHOBI TiOPUIM, MPOTUITYXIMHHA AKTUBHICTh, aHTUTPUIIAHOCOMHA aKTUBHICTh, IMTOTOKCUYHICTb.
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In silico study of binding affinity of nitrogenous bicyclic heterocycles:
fragment-to-fragment approach

Yevheniia S. Velihina', Nataliya V. Obernikhina®*, Stepan G. Pilyo', Maryna V. Kachaeva',
Oleksiy D. Kachkovsky', Volodymyr S. Brovarets'

'y, P. Kukhar Institute of Bioorganic Chemistry and Petrochemistry of the NAS of Ukraine, 1 Murmanska St., Kyiv, 02094, Ukraine
0. O. Bogomolets National Medical University, 13 Shevchenko Blvd., Kyiv, 01601, Ukraine

Abstract: The binding affinity of model aromatic amino acids and heterocycles and their derivatives condensed with pyridine were carried
out in silico and are presented in the framework of fragment-to-fragment approach. The presented model describes interaction between
pharmacophores and biomolecules. Scrupulous data analysis shows that expansion of the z-electron system by heterocycles annelation
causes the shifting up of high energy levels, while the appearance of new the dicoordinated nitrogen atom is accompanied by decreasing of
the donor-acceptor properties. Density Functional Theory (DFT) wB97XD/6-31(d,p)/calculations of possible z-complexes of the
heterocycles 1-3 with model fragments of aromatic amino acids, which were formed by 7z-stack interaction, show an increase in the
stabilization energy of z-complexes during the moving from phenylalanine to tryptophan. DFT calculation of pharmacophore complexes
with model proton-donor amino acid by the hydrogen bonding mechanism (H-B complex) shows that stabilization energy (AE) increases
from monoheterocycles to their condensed derivatives. The expansion of the z-electron system of compounds 1a-c¢ by the pyridine cycle
reduced the stabilization energy of 7~complexes and H-B complexes in comparison with the expansion of the z-electronic system by
introducing phenyl radicals at positions 2 and 5 of the oxazole ring [18].

Keywords: fragment-to-fragment approach, binding affinity, [Pharm-BioM] complex, z-stacking interaction, hydrogen bonds.

Introduction bicyclic molecules were synthesized and were evaluated in

vitro for anti-cancer and other biological activities [8-9].
Pharmacologically active compounds, which are based

on the nitrogenous conjugated bicyclic compounds, are
well-known by their vital role in the metabolism of all
living cells [1-3]. These compounds are suitable to design
new perspective molecules using so-called Fragment-Based ! Y . A o
Drug Discovery (FBDD) method [4-5]. The simplest 1S @ growing interest in the in silico studies in search of
nitrogenous heterocycles (oxazole, pyrazole and their novel blologlcally active molftcules. Partlculgﬂy,
heterosubsituted and annelated derivatives) were found to deve}opmicnt in the field of quantitative structure—reactlylty
be convenient synthetic intermediates and were often used relationships  (QSAR) [10-12] and molecular docking

as perspective scaffolds in combinatorial medical chemistry [7, 10, 13] are gaini.ng .tr.action. As the next step. in jrhe
[6-7]. Recently, series of new nitrogenous conjugated development of the in silico approach, the approximation
based non-empirical quantum-chemical calculation using

the fragment-to-fragment approach. This technique is used

The preliminary search of new  perspective
pharmacophores requires information about the chemical
composition, spatial and electron structure, and other
properties, including the affinity to the biomolecules. There

Received: 10.11.2020 as opposed to the traditional methods and is able to evaluate
Revised: 18.11.2020 the biological activity by the chemical structures of the
Accepted: 02.12.2020 pharmacophore molecules and the involved fragments of
Published online: 30.12.2020 biomolecules [14]. Specifically, the proposed method

allows to quantitatively evaluate a donor/acceptor property
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bonding n-levels. All required parameters can be
experimentally measured by photo-electron and absorption
spectroscopies [15-17]. Similar in silico approaches
discover ways for better analysis of the binding affinities of
the bioactive molecules.

A biological activity can unambiguously depend on the
chemical structures of both a pharmacophore and a target
molecules that includes their 3D geometry and electron
structure. Recently, we reported [18] the influence of the
various conjugated groups (donors, acceptors as well as
ambivalent phenyls) in a mono-cyclic oxazole platform on
the electron densities of substituted derivatives and on their
biological activity using the fragment-to-fragment
approach. It was found that the expansion of the 7zsystem
by introducing the conjugated substituents to oxazole
platform influenced their biological activity. Moreover, it
was demonstrated that the molecules that contain acceptor
conjugated substituent (-SO;R) increase the biological
activity while donor substituents (-NR, or -SR) decrease
their activity [8,14].

In the present work we use in silico approach to study
conjugated system that was formed by condensation of an
oxazole cycle (or its heteroanalogues) with pyridine cycle.
Similar substitution was shown to be effective to increase
anticancer efficiency and other biological activity [9, 19].

Materials and calculation method

Many 1,2-oxazoles have been reported to have a variety
of interesting and significant biological activities [20-22].
Oxazoles conjugated with pyridine at 2-position have been
synthesized and shown antibacterial activities [23]. The
antibacterial and antifungal activities of oxazoles condensed
with a benzene ring was also studied [21, 24]. Here, we
would like to report in silico study of oxazole and its
heteroanalogues 1a-c as well as their annelated derivatives
with nitrogen heterocycles 2 and 3 (Table 1).

Table 1. Structure of compounds studied 1-3(a-c).

N N
Compd /] \\ N N s X
N. = ~ =N
X N
2 3

1
X=NH a a a
X=0 b b b
X=S c c c

The influence of a heteroatom X on the electronic
structure of the conjugated system and the formation of
hydrogen bonds by dicoordinated nitrogen atom (including
the energies and shape 7~ and n-molecular orbitals (MOs),
donor/acceptor property) will be discussed.

The biological affinity of the potential pharmacophore
(Pharm) should be connected to its ability to form a stable
complex with biomolecule [Pharm-BioM], where BioM is
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the fragment of the biomolecule (polypeptide chain). The
complex stability depends on the interaction energy
between both components in [Pharm-BioM] complex. In
our study, the following interaction types of interactions
will be considered: (1) the z=stack interaction between the
conjugated systems of the components and (2) the
formation of hydrogen bonds with the corresponding
functional groups of the amino acids.

The characteristics of the electron structure (optimized
molecular geometry, charge distribution, energies and
molecular orbital shapes) as well as the energy of their
interactions with peptide fragments were calculated using
DFT method with wB97XD function and 6-31 (d.p.) basis
set (package GAUSSIAN 03 [25]).

Results and Discussion

Intermolecular characteristics of the pharmacophore
molecules

All studied molecules 1-3 are conjugated system.
Therefore, it was no surprise that DFT optimization of
molecular geometry give a planar geometry of the above-
mentioned compounds. The thickness of 7zelectron shell is
~ 3.4 A. The dimensions of the molecules 1-3 do not exceed
the dimensions of protein fragments. The main regions of
amino acid (-CO-NH-) forms hydrogen bonds in the
polypeptide chain of the protein helix and, therefore, are
inaccessible for the formation of a complex with the mole-
cules of pharmacophores. Therefore, molecules of
pharmacophores 1-3 should interact with protein fragments
that contain flat “aromatic” amino acid groups by the
7-stacking mechanism.

In addition, due to the presence of dicoordinated nitrogen
atoms (trtrtr7° configuration) the n-MO occurs among the
highest occupied 7-orbitals in the electron shell. The
detailed description of these MOs will be communicated
later during hydrogen bonds discussion.

The oxazole ligand can form complexes with peptide
fragments thought protein-ligand complex [Pharm-BioM]
interaction [12]. Moreover, it was shown [12, 14] that
biological activity is connected to the frontier orbitals (the
highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO). The DFT
calculations showed that the HOMO and LUMO are the
delocalized 7-orbitals: one orbital n-MO in the monocycle
compounds 1, and two — orbitals n-MO in compounds 2, 3
(Figure 1) are among highest MOs and they correspond to
the lone electron pair (LEP) of these molecules.

As shown in Figure la, the changing the nitrogen atom
(compound 1a) with oxygen (1b) or sulfur (1c) leads that
second o-orbital appears much higher: HOMO-5 =
HOMO-3, which directly effects to the ability of generating
hydrogen bonds with the corresponding amino acid residues
in protein molecules by substances 1a, 1b, and lec.
Annelation with a pyridine ring in heterocycles 2a-2c¢
(Figure 1b) leads to a redistribution of electron density in
the o-orbitals in such a way that the nitrogen atom
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Figure 1. Shape of frontier and nearest MO in compounds 1a-1c (a) and compounds 2a-2c¢ (b).
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(HOMO-2) of the pyridine ring is more sensitive to the  level, A) becoming essentially lesser. Besides, the
formation of a hydrogen bond compared to the nitrogen  annelation effects differ for the both isomers 2, 3.
atom of the five-membered ring (HOMO-3) of substances
2a-2¢. The shift of the first orbital is observed in oxazolo  Table 2. Electron characteristics of compounds 1-3.
pyridine 2b, in comparison with compounds 2a and 2c:
. - Compd X 2 eV b c
HOMO-2 = HOMO-1. This suggests that the probability of omp i A P
hydrogen bonding by oxazolopyridine 2b is higher HOMO LUMO
compared to compounds 2a and 2c. 1a NH 870 251 1121 0.541
When the oxazole ring is annelated with various pyridine 1b 0] -9.43 1.54 10.97 0.465
isomers (compounds 2b and 3b), insufficient of HOMO-2 1e S 9.15 115 10.30 0458
in isomer 3b is observed. It should also be noted that in ) NI 210 036 0.46 0.463
isomer 3b, the electron density of the o-orbital (HOMO-1) 2 - ’ ’ ’
is more concentrated on the nitrogen atom of the pyridine 2b 0 -8.67 -043 8.24 0.380
ring than in substance 2b. It can be assumed that the 2¢ -8.66 037 8.29 0.384
stabilization energy of the H-B complexes is higher for 3a NH 201 041 342 0472
isomer 3b.
3b o -8.59 -0.44 8.15 0.383
Alsq, Figures 1 and 2 shows that the LUMQ is totally 3e 856 042 214 0386
delocalized 7-orbital. The energy of both frontier MOs of )
Polyene-15!13] -6.21 -0.91 5.30 0.500

the studied molecules are collected in Table 2.

It is seen from Table 2, that change of the heteroatom X
(in series X = NH, O, S) causes the regular shifting up of
the highest occupied level, but this effect decreases upon
expansion of the conjugated system (1 = 2, 3). Similarly,
the lowest vacant level shifts down in both initial molecules
1 and in annelated derivatives 2,3. Also, the energy gap
(distance between highest occupied level and lowest vacant
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2 is energy of orbital;
A = ¢(LUMO) - ¢(HOMO);
°po=[e(LUMO) - a)/A [15]; o= -3.56137 eV [17].

This could indicate the essential influence on the
stacking interaction between the 7systems of both complex
components [Pharm-BioM]. We could suppose that



biological activity should be connected firstly with the
donor-acceptor properties of the interacted components.
Naturally, the frontier molecular orbitals contribute to the
determinative effects. Besides, the position of the frontier
levels affects directly on the donor and acceptor ability of
the conjugated molecules.

Also, a variation of the chemical constitution causes the
relative position of the energy gap. Numerically, the energy
gap can be characterized by its position in respect to the
non-bonding level (Fermi level of z-electron) [17]; such a
method will correlate with donor-acceptor property.
Previously, basing on the frontier MO energies, it was
proposed to call it as a donor-acceptor parameter (DAP);
this parameter (signed as an index o) can be estimated
quantitatively [15].

By definition, a value a of neutral conjugated molecules
(for example, for the long unsubstituted polyenes or acene
series), corresponds to such dispositions of the frontier
levels when the donor and acceptor properties are mutually
balanced and hence: ¢o = 0.5, i.e., the energy gap is situated
symmetrically in respect to the imaginary level a [17]. If
the energy gap is shifted up, then the parameter increases
and @p> 0.5; these relative positions of the frontier levels
indicate on the predominately donor properties of the
conjugated molecules. Inversely, if the parameter @9 < 0.5
and the energy gap is shifted down, then the molecule is
predominately acceptor [14-17]. The calculated values ¢o
for the compounds 1-3 are collected in Table 2.

Firstly, analysis shows that only compound 1a, X = NH
is the true donor system: the energy gap middle is shifted up
relatively the non-bonding level o and hence @o> 0.5. In the
heteroanalogues 1b (X = O) and 1c (X = S) energy gap is
shifted down so that they are weak acceptor (¢o ~ 0.46).
Table 2 shows that the nitrogenous cycle leads to the energy
gap shift down so that all derivatives 2,3 become acceptor
molecules. The difference between both isomers 2 and 3 is
seen from Table 2 to be negligible: comparing of the
parameter @p for both corresponding molecules with the
same heteroatom X shows that their acceptor capacity
should be not considerably distinguished one each other.

As far as the dicoordinated nitrogen atoms with their
LEPs can be involved in formation of the hydrogen bonds,
let us their characteristics. Their atomic charges are
presented in Table 3. Firstly, the atomic charge nitrogen
atom depends considerably on the heteroatom X caused
redistribution of the electron densities at the atoms of the
compounds 1-3: the calculations give the minimal negative
charge at the dicoordinated nitrogen atom in the oxazole
(X = 0O), while the charge maximum is obtained in the
thiazole (X = S). Going to the corresponding annelated
derivatives 2,3 is accompanied by a considerable increase of
the atomic charges at the dicoordinated nitrogen of the five-
membered cycle: the difference between both isomers is
negligible. Also, the performed calculations give that that
charges at the nitrogen atom in the six-membered cycle
differ from the charges in the five-membered cycle and are
weakly sensitive to the nature of the heteroatom X. Besides,
these charges are practically no sensitive to isomerization.
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Table 3. Charges at nitrogen atoms and energies of n-MOs
in compounds 1-3.

Compd N(5)* N(6)°

z°, n-MO gl z5, n-MO gl

e.u. eV e.u. eV
la -0.29 HOMO-2  -10.05 - - -
1b -0.16 HOMO-2  -10.69 - - -
1c 049 HOMO-2 -10.23 - - -
2a -0.39  HOMO-3 -10.63  -0.50 HOMO-2 -8.99
2b -0.26 HOMO-3 -11.22 -0.49 HOMO-1 -9.56
2¢ -0.58  HOMO-3 -10.92  -0.48 HOMO-2 -9.28
3a -0.39  HOMO-3 -10.41 -0.46 HOMO-1 -9.06
3b -0.26 HOMO-3 -10.91 -0.45 HOMO-1 -9.60
3¢ -0.57 HOMO-3 -1049  -0.45 HOMO-1 -9.41
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aN(5) is Nitrogen atom in five-membered cycle compounds 1-3;
"N(6) is Nitrogen atom in six-membered cycle compounds 2-3;
¢z is charge at atoms N(5) and N(6) respectively;

de, is energy of corresponding n-MO

e.u. is electron units.

Also, the position of the level corresponding to n-MO
(LEP) was calculated. One can see from Figure 2 and
Figure 3 that this orbital is directed perpendicularly to
7~-MOs and hence can interact with the o-orbitals. When
two n-MOs appear in bicyclic molecules 2, 3, they interact
between them (and with o-MOs); then n-MOs are mixed
and are localized at both dicoordinated nitrogen atoms. The
positions and energies of corresponding n-levels are
collected in Table 3. It shows that the n-level is the
HOMO-2 in the monocyclic molecules 1; the expansion of
the 7z-system upon going to the bicyclic molecules 2, 3 (and
hence the appearance of the new mlevels near the energy
gap) positions and energies of the n-levels can differ.

In the monocyclic molecules 1, the energy of the n-MO
decreases in the series X = NH, O, S. In the bicyclic
systems 2, 3 with two LEPs, the level splitting causes an
appearance of two splitted levels; their energies are weakly
sensitive to isomerization, especially second splitted
n-level. The first splitting levels in the isomers 2 are
somewhat shifted lower than in the corresponding isomers
3. Thus, the sensitivity of the electronic properties of the
heterocycles 1-3 to their chemical constitution should be
manifested in the interaction with the biomolecules, i.e. in
the biological affinity of the heterocycles 1-3.

Intermolecular binding affinity: interaction between
pharmacophore and biomolecule fragments

In this paper, the biological affinity of any potential
pharmacophore will be understood as its capacity to
effectively interact with certain fragments of a biological
molecule, so that the pharmacophore (Pharm) and
biomolecule (BioM) could generate the stable complex:
[Pharm] + [BioM] «» [Pharm-BioM]; then the pharmaco-
logical effect can occur. The effectiveness of such an effect
should depend on the [Pharm-BioM] complex stability,
which in turn depends on the geometric complementarity of
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both complex components. It is well known [26] that
proteins usually form branched polypeptide chains
connected by numerical hydrogen bonds (mutual
interactions of fragments -CO-NH-). Therefore, the oxygen
and nitrogen atoms of these groups cannot interact with
foreign molecules (pharmacophores). But there are residues
of proteinogenic amino acids available for intermolecular
interactions with the pharmacophore.

The main feature of the studied heterocycles 1-3 is their
branched system of 7-electrons. Then, the effective electron
interaction with the non-conjugated amino acid residues is
evidently no effective; we could assume that only the water
environment enforces all organic molecules to approach
together. In contrast, the interactions with conjugated
molecular fragments can give the additional contribution
(by stacking interaction) in the total stabilization of
[Pharm-BioM] complex. There are only four aromatic
amino acids: Phe, Tyr, Trp and His. These peptide frag-
ments are spatially commensurable with the conjugated
molecules 1-3, and hence just their interactions can
additionally stabilized the [Pharm-BioM] complex, i.e.,
increases the binding affinity.

Also, one can see from the chemical formulae 1-3 that
the studied molecules contain one (compounds 1) or two
(compounds 2,3) dicoordinated nitrogen atoms with LEPs;
these electron pairs (situated perpendicularly to the
conjugated system) can effectively generate the hydrogen
bonds with that amino-acid rests containing the OH or
-NH; or -SH groups and hence can produce the specific
complex — H-B complex (a complex formed with the help
of hydrogen bonds). Thereafter, a capacity to form the
mcomplex will be treated as a melectron affinity
component; similarly, a capacity to form the complex by the
hydrogen bonds can be named as a H-B affinity component.

These properties above can be estimated by direct
quantum-chemical modeling. Thus, the many events of the
[Pharm-BioM] interactions can be modeled by elementary

interactions between the pharmacophore and some
fragments of the biological molecules, taking into
consideration the complementarity of the Pharm

components. Similarly, to the well-known FBDD approach
[4] taking into consideration the namely molecular
fragments of the pharmacophore, we will call our method a
fragment-to-fragments approach, so as not only the
chemical constitution of the pharmacophore fragments is
considered in detail, but also the chemical constitution of
the biomolecule fragments takes similarly into account.
Then, just approach is used in this paper.

7 7-Interaction in stacking [Pharm-BioM] complex

Here, we will examine the intermolecular interaction in
the 7electron complex’ generated by oxazole and its
heteroanalogues 1 as well as by both isomers 2 and 3; their
chemical constitution should influence evidently on the
stability of such complex. Generally, the interaction of two
m-electron systems is estimated by the relative positions of
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the molecular levels of both molecules as well as the
overlapping of their 7systems; in MO approximation, the
interaction energy AE is quantitatively calculated in the
approximation of the interaction of MO [18].

Here, we will restrict only two amino acid residues:
phenyl-alanine (Phe) and tryptophan (Trp) acids. Then, in
our study of the 7z7-density interaction, we simulate the
outside radicals by the model molecules: Het-CHs, where
Het is the conjugated heterocycle of the corresponding
amino acids. So, the phenyl-alanine is modeled by the
toluene (Phe-CH3); its zaffinity parameter o 0.52
(o = 0.53 for the phenyl alanine acid). The tryptophan is
modeled by 3-methyl benzoindolenine (BIn-CH3); its
maffinity parameter @ 0.60 (o 0.62 for the
corresponding tryptophan acid).

In the studied [Pharm-BioM] complex, the distance
between the components (i.e., between planes of the
molecules 1-3 and plane of the aromatic residues is initially
34 A) as in DNA helix [27] or in polymethine dye
aggregates [28]. The initial mutual arrangements in the
m-complex of the molecule 1 (X = O) and model fragments
are pictured in Figure 4 (in two planes):

To simplify, the binding energy (Epinaing) in the complex
is estimated as the difference of the total energy of the
generated [Pharm-BioM] complex and energies of both its
components, i.e., in the stable complex, the binding energy
is additional stabilization energy [29-30]. The calculated
binding energies for the optimized complex are collected
and presented in Table 4; so as far the areas of the bicycle
molecules 1,2 and monocycle 3 are incommensurable, then
comparing of their stabilizations did not carry out.

The performed calculations show that all complexes
should be stable: formation of the complexes with
pharmacophore and model biofragments leads to decreasing
of total energy of the generated complex in compare with
energies of the initial components. Perhaps, absolute values
of the are stabilization energies, AE, could be somewhat
overestimated, nevertheless, they are sensitive to chemical
constitution. Thus, the proposed approach enables to study
the dependence of the biological affinity on features of
molecular topology, and hence, to establish the general
regularities between chemical structure of pharmacophores
and different components of their biological activity. So,
can conclude that the presence of the branched conjugated
system increases the stability of the possible 7z~complexes
with the appropriate fragments of the biomolecules.

As regard to the chemical constitution of the molecules
studied here, the data in Table 4 show that the influence of
replacing of the heteroatom X on the calculated stabilization
energy in the [oxazole:Phe-CH3;] complex is negligible,
while the similar [oxazole:BIn-CH3] complex with model
are more sensitive to nature of heteroatom X. Perhaps, it
connects with the more overlapping of the conjugated
system of both complex components in [oxazole: BIn-CHj3].
Besides, one should take into consideration, that
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Figure 4. Mutual arrangement of both components in 7-7-complex [Pharm-BioM]: a) compound 2 with phenylalanine residue in X-Y
plane; b) compound 2 with a phenylalanine residue in X-Z plane.

Figure 5. Possible types of H-B complex with CH;OH with oxazoles — [oxazole:H-X].
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Table 4. Stability of 7~complexes compounds 2, 3 with model biofragments.

Compd X Emol?, a.u. [Oxazole:Phe-CHs] [Oxazole: BIn-CHj3]
Ecompl®, a.U. AES, Ecompl, a.U. AE,
kcal/mol kcal/mol

2a NH -395.7 -667.2 -7.15 -798.8 -9.55
2b 0] -415.6 -687.0 -7.93 -818.6 -10.80
2¢ S -738.6 -1010.1 -7.65 -1141.6 -8.82
3a NH -395.7 -667.2 -8.89 -798.8 -12.88
3b 0] -415.6 -687.0 -9.21 -818.6 -9.36
3¢ S -738.6 -1010.1 -9.41 -1141.6 -12.49

Phe-CH3 -271.5

BIn-CH; -403.0

Ecompa 18 total energy of compounds;
°Ecompl is total energy of [Pharm-BioM] complex;
°AE is binding energy increases only the stability of the formed complex.

tryptophan  shows more donor properties than
phenylalanine, then the generated [oxazole:BIn-CHjs]
complex with the acceptor molecules 2, 3 should be more
stable than the [oxazole:Phe-CH3] complex with the same
pharmacophores. Indeed, the performed calculations
confirm this assumption: going from the complex with
model phenylalanine to the complex with model tryptophan
increases every time the stabilization energy both
complexes. Isomers 3 form more stable 7~complexes with
model phenylalanine than isomers 2. In contrast to model
tryptophan, where the stabilization energy of the z~complex
is sensitive to the heteroatom rather than to the isomer.

Hydrogen bonding

There are some amino acids which contain their residues
with groups X-H can potentially form the hydrogen bonds,
for example, lysine, arginine, histidine, or other groups
containing active hydrogen (-NH, -OH and -SH) can
provide the required proton. On the other hand, the oxazolo-
pyridines 2-3 contain the dicoordinated nitrogen atoms with
LEP which can promote such non-covalent bonds as an
acceptor. For sake a comparison, the hydrogen bonds of the
oxazole 1 (and its hetaryl-containing analogues) were also
calculated. The residues of the potential donor components
were modeled by the methyl groups, proposing
optimistically that the influence of the non-conjugated part
the amino acids is negligible, i.e., the biocomponent in
H-B complexes is modeled by the simpler molecule: H;C-Y
where Y = OH, NH, SH.

For annelated molecules 2, 3 two possible ways of
generation of the model H-B complex fixed by the
hydrogen bonds. The possible complexes of the model
molecule H3;C-O-H with oxazoles 1b, 2b, 3b as well as with
its annelated derivatives are pictured in Figure 5.

At the beginning, let us consider the H-B complex with
the simpler molecules 1; for them one hydrogen bond can
be generated with the dicoordinated nitrogen atom. The
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calculated stabilization energies of the possible H-B
complex was collected in Table 4.

The length of hydrogen bond in the generated
[oxazole 1:H-X] complexes depends weakly on nature of
the compounds 1a, 1b, 1¢ and/or H-X (I = ~ 2+2.3 A);
although the negative charge at the dicoordinated nitrogen
atom changes depends considerably on nature of the
heteroatom X in the oxazole hetaryl-containing analogues
(see Table 2).

Analysis of the calculated energies of the hydrogen
bonds in the [oxazole 1:H-X] complexes shows the oxazole
1b gives the maximum value for the complex with the
model molecule CH3;OH. Going to pyrazole la increases
stabilization of the similar complex, while going to thiazole
lc decreases the stability of the generated complex on
~ 0.7 kcal/mol.

In the same time, replacing of the proton-donor molecule
CH3;OH by the amino-analog (CH3NH) or on the thiol
analog (CH3;SH) is seen from Table 4 to be accompanied by
appreciable decreasing of the bonding energy in
[oxazole 1:H-X] complex.

The chemical modification of the oxazoles 2,3 by the
condensed acceptor pyridine cycle influences essentially on
the affinity of the pharmacophore; the calculated binding
energies of possible H-B complexes with model donor
component H3C-OH are collected in Table 5.

First of all, let us compare the calculated values AE for
the [oxazole 2:H-O-CHs3] complex and [oxazole 3:
H-O-CHs] complex with the hydrogen bonding involved the
di-coordinated nitrogen atom in five-membered oxazole
cycle presented in Table 5 with the corresponding complex
[oxazole 1:H-O-CH3] complex in Table 4. One can see that
such annelation of the pyrazole 1a giving the isomer 2 does
practically not change binding energy for the H-B complex,
while the similar H-B complex which
the corresponding isomer 3 is appreciable destabilized on
~2.5 kcal/mol.
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Table 5. Hydrogen bond energy of complex [oxazole 1:H-X] with model methanol, methylamine, and methanethiol.

Complex H-X P A Ecompd®, a.U. Ecompl®, a.U. AEY,
kcal/mol

[oxazole 1b:H-X] H-O-CH; 2.067 -245.9 -361.6 -8.09
[oxazole 1b:H-X] H,N-CH;3 2.295 -245.9 -341.8 -4.16
[oxazole 1b:H-X] H-S-CH; 2.268 -245.9 -684.6 -3.72
[oxazole 1a:H-X] H-O-CH; 2.062 -226.1 -341.8 -12.06
[oxazole 1¢:H-X] H-O-CH; 1.988 -569.0 -684.7 -7.30

H,N-CHj; -95.8 - -

H-O-CH; -115.7 - -

H-S-CH; -438.7 - -

2/ is the length of the hydrogen bond;

°Ecompa 1S the energy of the compounds;

*Ecompl 18 the energy of the [oxazole:H-X] complex;
AE is the stabilization energy.

Table 6. Stability of hydrogen bond energy [oxazole:H-O-CH3] complex with compounds 2, 3.

Complex [Oxazole:H-O-CH3] by N(5)* [Oxazole:H-O-CH;] by N(6)°
LA Ecompl, a.U. AE, LA Ecompl, a.U. AE,
kcal/mol kcal/mol

[oxazole 2a:H-O-CHs] 2.062 -511.4 -12.31 1.955 -511.4 -12.22
[oxazole 2b:H-O-CH;] 2.040 -531.3 -10.11 1.992 -531.3 -8.91
[oxazole 2¢:H-O-CHj3] 2.003 -854.3 -10.43 1.973 -854.3 -11.65
[oxazole 3a:H-O-CHs] 1.983 -511.4 -9.93 1.937 -511.4 -9.96
[oxazole 3b:H-O-CH;] 2.047 -531.3 -9.58 1.966 -531.3 -9.65
[oxazole 3¢:H-O-CHj3] 2.012 -854.3 -9.98 1.954 -854.3 -9.82

[oxazole:H-O-CH;] by N(5) involves dicoordinated nitrogen in five-membered cycle of compounds 2,3
bloxazole:H-O-CH;] by N(6) involves dicoordinated nitrogen in six-membered cycle of compounds 2,3.

The annelation of the azoles 1 is sensitive to the
expansion of the conjugation system of the pharmacophore;
so0, going from molecule 1b (X = O) to corresponding 2b or
its isomer 3b is accompanied by increasing of generated
H-B complex with same place of the formation of the
hydrogen bonding approximately on ~ 2 kcal/mol. At the
same time, for the thiol-containing heteroanalogues,
annelation by the pyridine cycle leads to the essential
increasing of the stabilization of the corresponding H-B
complex practically on the 3.0 kcal/mol.

In compare with the five-membered nitrogenous circle,
the compounds 2, 3 contain the additional LEP at the di-
coordinated nitrogen atom in the pyridine cycle. Comparing
of two possible ways of generated H-B complex by N(5)
and N(6), presented in Table 6, one can see that the
stabilities of the H-B complex for both isomers 2 and 3 are
close each other both in N(5) and according to N(6).

Analyzing the energy for the [oxazole 2:H-O-CHj;]
complexes and the [oxazole 3:H-O-CH3] complexes by
N(5) and N(6), one can see that complexes 2 are more
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stable than complexes 3, except for H-B complex by N(6)
oxazole derivative: isomer 3b is more stable (= 1 kcal/mol).

It should be noted that the annelation and the
heterosubstitution have little effect on the length of the
formed hydrogen bond, especially in isomers 2 and 3. Thus,
it can be assumed that annelation of heterocycles 1a-1¢ with
a pyridine ring leads to a greater stabilization of the
complex, and, consequently, to an increase in on the
binding affinity.

Conclusions

Scrupulous in silico study of the conjugated
pharmacophores based on heteroazoles and their
pyridocondenced derivatives, in the framework of

fragment-to-fragment approach, shows that expansion of
the 7-electron system by annelation causes the shifting up
of the high levels, while the appearance of new the di-
coordinated nitrogen atom is accompanied by decreasing of
the donor-acceptor property overall system. The numeral
calculations of the possible complexes of the studied
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heterocycles 1-3 with model fragments of the biomolecules
give that stabilization energy [Pharm-BioM] n-complex is
increases upon going from the phenyl alanine to the high
donor triptophan. Annelation of compounds 1 with the
pyridine ring reduced the stabilization energy of the
m-complexes in comparison with the expansion of the
melectron system by introducing phenyl radicals into
positions 2 and 5 of the oxazole ring.

Calculations of the stabilization energies of H-B
complexes with model proton-donor biomolecules show that
the AE increases upon annelation of oxazole (and its
heteroanalogues) with pyridine rings. It should also be
noted that the expansion of the s-electron system by
introducing phenyl radicals into positions 2 and 5 of the
oxazole ring leads to a decrease in the stabilization energy
of the complexes in comparison with the annelation of the
heterocycles by the pyridine ring [18].
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In silico nocnimxeHHs: aQIHHOCTI 3B’ A3yBaHHS @30TUCTUX OIUKITYHUX F€TEPOIUKIIIB:
noparMEeHTHUM T1AX1]

€. C. Benirina', H. B. O6epnixina’*, C. I. ITinso?, M. B. Kauaega®, O. JI. Kaukoscrkuii’, B. C. Bposapers”

" Tnemumym Gioopaaniunoi ximii ma nagpmoxinii im. B. IT. Kyxaps HAH Yxpainu, eyi. Mypmancexa, 1, Kuis, 02094, Ykpaina.
’Hayionanouuii meouunuti yuisepcumem iveni O. O. Bozomonvys, 6ynve. T. Ilesuenka, 13, Kuis, 01601, Ykpaina.

Pestome: B pamkax migxony «dparMeHT 10 (parMeHTy» IpPEICTaBJICHI in silico pe3ynbTaTH GiOJOriv4HOI CIIOPIIHEHOCTI reTePOLMKIIB Ta iX MOXiJHHX,
KOHJICHCOBAHHUX 3 MipuAMHOM. Taka MOJeJIb BAKOPUCTOBYETHCS JJISl AOCIIKESHHS B3aeMOJIil Mixk (apmakodopamu Ta Giomonekyaamu. JleranpHuil aHami3
[I0Ka3ye€, L0 PO3IIMPEHHS 7-eIeKTPOHHOI CHCTEMH IULIXOM KOHJEHcalii FeTepOLMKIIYHUX CHCTEM MOJIEKYJIOK MiPHANHY BHUKINKAE 3MILEHHS BUILX
3aifHATHX MOJEKYJSIPHHX pIBHIB, TOAI SIK MOSBAa JOJATKOBOI'O ABOX-KOOPAMHOBAHOTO aTOMa a30Ty CYNPOBOKYETHCS 3MEHIICHHSM IX JOHOPHO-
AKLENTOPHUX BIACTHBOCTEH. PO3paxyHKH MOXJIMBHX 7-KOMIUIEKCIB JOCHI/UKYBaHHX TeTepOLMKIiB 1-3 i3 MOmeNbHHMH (parMeHTaMH apOMaTHYHHUX
aMIHOKHCIIOT, YTBOPEHHX 3a MEXaHi3MOM 7-CTEKOBOi B3a€MOJil, IMOKa3yroTh 30iNbLICHHS eHeprii crabimizamii 7-KOMIUIEKCIB HpH HEepexodi Bif
(eninananiny 10 Tpuntodany. PozpaxyHok eHepriii crabinizanii KoMIuiekciB papmMakodopiB 3 MOJACIBHUMU POTOH-IOHOPHUMH 3aJUIIKAMU aMiHOKHCIOT
3a MeXaHi3MoM BoJHeBoro 38’sa3ky (H-B kommiekc) nokasye, mo AE 36inburyeTsest Ipy nepexoAi Bil MOHOT€TEPOLUKIIIB 10 iX KOHJEHCOBAaHUX MOXITHUX.
Po31MpeHHst 7-eJeKTPOHHOT CHCTEMH CIOJyK 1 MipHANHOBUM IMKJIOM 3MEHIIUIIO eHeprito crabimizanii z-komruiekcis Ta H-B koMIiekciB y mopiBHsHHI 3
PO3LINPEHHSIM 77-€IeKTPOHHOI CHCTEMH IIULIXOM BBEACHHS (DEHITBHUX PaJHKaIB y MOJIOXKEHHS 2 Ta 5 okca30abHOro Kimbis [18].

KuiouoBi ci1oBa: miaxix «¢pparMeHT 1o ¢pparmeHTay, aQiHHICTh 3B s3yBaHHs, KOMIUIEKC [ @apmaxogop-biomonexkynal, 7-CTEKIHIOBa B3a€MO/Is, BOTHEBI
3B SI3KU.
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