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Abstract

A preparative approach to thiazole-containing chromone derivatives has been developed by modifying the corresponding
aldehydes with their further transformation into propenone derivatives, and finally introducing them into the Algar-Flynn-
Oyamada reaction. Several methods for obtaining propenones have been analyzed, and the most effective and practically
convenient one has been found. The thiazole-containing analogs of chromones obtained have a great potential as probes for
a wide range of studies.
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B Introduction

Various flavonols are currently widely used
primarily due to their luminescent properties and
sensitivity to various parameters of media [1, 2].
They can be used both as detectors for some
cations [3, 4] and anions [5], as well as for indi-
vidual neutral compounds [6, 7]. They are also
useful in studying the properties of the medium
[8—11] and biochemical studies [12—14], some of
them are also used as probes to study drug de-
livery to the required places in “containers” [15].

However, the potential for application of fla-
vonols is much wider. And their properties are

currently being studied [16—18]; the results of these
studies may further expand the scope of flavonols.
Therefore, although the methods for the syn-
thesis of many flavonols and other chromones have
been known for a long time [19, 20], research-
ing new ways for obtaining chromones remains
an important issue. Their heterocyclic analogs are
especially interesting in this regard since they
create several additional centers for forming com-
plexes, as well as due to the heterocyclic substi-
tuent effect on the electronic transition.
Developments in the field of heterocyclic ana-
logs of flavonols — the synthesis of hetarylchro-
mones — are particularly interesting and relevant
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as they are promising complexing agents. More-
over, hetarylchromones may have interesting spect-
ral properties due to the effect of the heterocyclic
fragment on the electronic structure of molecules.

In this work, we present a synthetic approach
that allows synthesizing a new series of thiazole-
containing chromones.

B Results and discussion

Chromones were planned to be obtained by
the Algar-Flynn-Oyamada reaction, starting from
the corresponding analogs of chalcones. The lat-
ter were prepared by the Claisen condensation
of the corresponding aldehydes with 2-hydroxy-
acetophenone. Thus, initially 5-formylthiazoles
4a—c with dimethylamino, 1-pyrrolidinyl and
2-pyridinyl substituents in position 2 of thiazole
were obtained (Scheme 1). For this purpose, the
interaction of the corresponding thioureas la-c
with 2-chloromalondialdehyde was used. In ad-
dition, to study the effect of the halogen on the
electronic structure revealed in the absorption
and luminescence spectra in position 4, the cor-
responding 4-bromo- and 4-chloro-5-formylthia-
zoles 4d—f were obtained [21, 22]. Finally, to study

the impact of a bis-heterocyclic system, we synthe-
sized compounds 4g,h using 2,4-dibromo-5-for-
mylthiazole as a starting compound, according
to our previously developed method [23], followed
by the removal of the dioxolane protection [24].
Detailed conditions for the synthesis of each of
the compounds studied are given below.

At the next stage, by the condensation of for-
mylthiazoles 4 with 2-hydroxyacetophenone (7)
the corresponding hetarylpropenones 5 were ob-
tained (Scheme 2). To prepare the propenones,
several methods were tested. The first was the
interaction of the starting compounds under the
alkaline catalysis (KOH) in methanol and did not
lead to the target products. Then we investigat-
ed a method using sodium hydride in the DMF
medium, and another one with NaOMe in DMF.
Both methods made it possible to obtain the de-
sired products with satisfactory yields. Among
these two methods, the option with NaOMe was
chosen as preferable since it was more conveni-
ent as it did not require additional purification
of the products from mineral oil impurities.

Then according to the Algar-Flynn-Oyamada
method [19, 25], the corresponding hetarylchro-
mones 6 were synthesized. Solutions of potassium

y
RJ\NHZ CI"<S _0
2

N Br
Br— Lo
S
3

1a—c
Method B
82—90 %
Method A Methods B C
R/< 0, o)
80-85 % O 3290 %, 83-87 %
4a—

""""""""""""""" N @ N """""""""""""" N o
| \ SR =S )
EMezN"< ]vo N’<S 20 s~ O MeZN{S I o
5 4a 4b 4c 4d
: Method A Method A Method A Method B
i Br 1/
| N~< Lo Me,N—< L Vﬁ L EH
E Method B Method B Method c Method c

Conditions: A: chlormalondialdehyde, HOAc, NaOAc, 100 °C, 3 hours; B: R,NH CH,CN/H,0, 10 °C, 30 min; C: 1) ethylene glycol, TosOH,
toluene, 115 °C, 24 hours, 2) RSnBu,, DMF, Cul, Pd G3 AmPhos, 100 °C, 24 hours, 3) oxalic acid, SiO,, CH,Cl,, 20 °C, 48 hours

Scheme 1. The synthesis of 5-formylthiazoles
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hydroxide and 30% hydrogen peroxide were added
to a solution of the corresponding chalcone ana-
log in methanol. At first, a precipitate of epoxy
derivatives was formed, and it was dissolved over
time. Due to the amphoteric nature of the pro-
ducts, neutralization was carried out with the
calculated amount of acetic acid.

One should mention that for some derivati-
ves the preparation of the intermediate chalcone
analogs had some difficulties (compounds 5¢c—e).
In these cases, upon neutralization with acetic
acid, a resinous substance was formed. It was a
mixture of the target chalcone analog and other
unidentified condensation products. It was not
possible to separate the required chalcone from
by-products, and their isolation was considered
inappropriate. In order to reach our purpose of
obtaining compounds 6¢c—e, we proposed an al-
ternative synthetic approach. It included the for-
mation of unsaturated ketones in situ and the ef-
fect of the reaction medium to an oxidizing agent
(hydrogen peroxide) in the alkaline medium
(Scheme 2, Method E). Moreover, it was found
that the yield of products 6 using the one-pot
approach was only slightly lower as compared to
the two-stage sequence with the isolation of in-
termediate chalcones. Thus, the one-pot yield of
the final hetarylchromones 6a,f,i differed from
the stepwise one obtained by the stepwise trans-
formation by 4—7%.

B Conclusions

The synthetic approach to thiazole-containing
chromones with amino, halogen and heterocyclic
substituents has been developed. The method can
be easily used to extend the series of related he-
terocyclic chromones. It has been shown that a di-
rect one-pot transformation from thiazole-5-car-
baldehyde to chromone is advantageous compa-
ring to a two-step transformation with the isola-
tion of the intermediate chalcone analogs.

m Experimental part

All chemicals, unless otherwise stated, were
obtained from Enamine Ltd. and used without
further purification. Products 4a-f were synthe-
tized as described in [22, 26], substances 4i,j were
received from commercial sources. All solvents
were purified by standard methods. All procedu-
res were carried out at 1 atm. with no precautions
taken to exclude ambient moisture. Melting points
of all the compounds synthesized were determined
with a Gallenkamp melting point apparatus in
open capillary tubes. 'H NMR spectra were recor-
ded on a Varian MR-400 spectrometer (400 MHz)
with TMS as an internal standard. *C NMR spec-
tra were recorded on a Bruker Avance DRX 500
(126 MHz) spectrometer with TMS as an inter-
nal standard. HPLC-MS spectra were recorded

O o]
Me R X _ConditionsA, B, C _ R Conditions D _
+ 55-85 % 5764 %
OH OH
4a-j 5a—j
‘ Conditions E (via in situ formation of 5)
42-65 %
Cl

N Br N N Br
w1, 9T
4-6f 4-6g

4,6¢c

N Br
Q’{slﬁ L

Me 4-6h

N4
7\
<Sj
4-6j

4-6i

Conditions: A: DMF, NaOMe, 20 °C 2 hours; B: MeOH, KOH, 20 °C, 2 hours; C: DMF, NaH, 0 °C 2 hours; D: 1) MeOH, KOH, 20 °C, 10 min,
2) H,0,(30% aqueous), 20 °C, 3 hours; E: 1) MeOH, KOH, 10 hours, 2) KOH, H,0, (30 % aqueous), 65 °C, 1 hour

Scheme 2. The synthesis of thiazole-containing chromones
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using the chromatography/mass-spectrometric sys-
tem consisting of a high-performance liquid chro-
matograph Agilent 1100 LC MSD SL instrument
equipped with a diode-matrix and mass-selective
detector “Agilent LC/MSD SL”. The parameters of
the chromatography-mass analysis were the co-
lumn — SUPELCO Ascentis Express C18, 2.7 pm
4.6 mmx15 cm. According to the HPLC-MS data,
all the compounds synthesized had purity > 95%.
The elemental analysis was performed in the
Institute of Organic Chemistry of the NASU.
Absorption spectra were measured on a Hitachi
U3210 spectrophotometer, fluorescence spectra
were measured on a Hitachi 850 spectrofluorim-
eter in a concentration of the compounds stud-
ied of 10°—107% mol/l in acetonitrile and a thick-
ness of the absorbing layer of 1 cm.

The general procedure for the synthesis
of compounds 4g,h (Method C)

First two stages (dioxolane protection and the
Stille reaction) were performed as described in
our previous work [23].

A solution (1 mmol) of the corresponding di-
oxolane-protected aldehyde in 20 mL of CH,Cl,
and 0.25 mL of a 5% aqueous solution of oxalic
acid were added to 5 g of SiO, and stirred for 24
h. Then the mixture was filtered through a layer
of Na,SO,, and the solvent was removed on a ro-
tary evaporator.

4-Bromo-[2,4-bithiazole]-5-carbaldehyde (4g)

A yellow solid. Yield — 83%. Anal. Caled for
C,H.BrN,0S,, %: C 30.56, H 1.10, N 10.18, S 23.30.
Found, %: C 30.52, H 1.12, N 10.15, S 23.32.
'H NMR (400 MHz, Chloroform-d), 6, ppm: 8.24
(1H, d, J=2.0 Hz, S-CH=N-C=CH), 8.88 (1H, d,
J=2.1 Hz, S-CH=N), 10.01 (1H, s, CHO). Mass
spectrum, m/z (I, %): [M+H]* 274 (100), 276 (98).

4-Bromo-2-(1-methyl-1H-pyrrol-2-yl)thiazole-
5-carbaldehyde (4h)

A yellow solid. Yield — 87%. Anal. Calcd for
C.H,BrN,OS, %: C 35.31, H 2.22, N 15.44, S 11.78.
Found, %: C 35.33, H 2.24, N 15.42, S 11.77.
'H NMR (400 MHz, Chloroform-d), 6, ppm:
4.02 (3H, s, CH,), 6.19 (1H, dd, J = 4.1, 2.5 Hz,
N-CH=CH-CH), 6.83 (1H, s, N-CH=CH-CH), 6.89
(1H, dd, J = 4.1, 1.7 Hz, N-CH=CH-CH), 9.91
(1H, s, CHO). *C NMR (101 MHz, Chloroform-d),
0, ppm: 37.44, 98.42, 109.86, 116.53, 125.49,
128.67, 130.26, 135.28, 182.61. Mass spectrum,
m/z (1, %): [M+H]* 270 (100), 272 (98).

The general procedure for the synthesis
of compounds 5a,b,f-i (Conditions C)

2-Hydroxyacetophenone (1 mmol) and the cor-
responding aldehyde (1 mmol) were dissolved in

15 mL of DMF. Sodium methoxide (3 mmol) was
added, and the reaction mixture was stirred for
2 h. Water (30 mL) was added to the solution, and
then it was neutralized with acetic acid (3 mmol).
The precipitate formed was filtered and washed
with water.

(E)-3-(2-(Dimethylamino)thiazol-5-yl)-1-(2-hyd-
roxyphenyl)prop-2-en-1-one (5a)

A yellow solid. Yield — 84%. M. p. 178 °C.
Anal. Calcd for C,,H,,N,0,S, %: C 61.29, H 5.14,
N 10.21, S 11.69. Found, %: C 61.32, H 5.11, N
10.19, S 11.69. 'H NMR (400 MHz, DMSO-d,),
8, ppm: 3.11 (6H, s, 2CH,), 6.89 (2H, dd, J = 7.7,
6.1 Hz, C(OH)=CH-CH=CH-CH), 7.09 (1H, d,
J=14.7Hz, C(O)-CH=CH), 7.46 (1H, t, J = 7.8 Hz,
C(OH)=CH-CH=CH-CH), 7.79 (1H, s, S-C=N-CH=C),
7.92 (1H, d, J = 14.7 Hz, C(O)-CH=CH), 8.04 (1H,
d,J=8.4 Hz, C(OH)=CH-CH=CH-CH), 12.87 (1H,
s, OH). *C NMR (151 MHz, DMSO-d,), 6, ppm:
39.99, 115.48, 118.12, 119.43, 120.90, 124.39,
130.63, 136.16, 137.40, 151.84, 162.38, 173.32,
192.68. Mass spectrum, m/z (1,, %): [M+H]*
274 (100).

(E)-1-(2-Hydroxyphenyl)-3-(2-(pyrrolidin-1-
yDthiazol-5-yl)prop-2-en-1-one (5b)

A yellow solid. Yield — 75%. M. p. 210 °C.
Anal. Calcd for C,;H,,N,0,S, %: C 63.98, H 5.37,
N 9.33, S 10.67. Found, %: C 63.94, H 5.33, N 9.35,
S 10.70.'H NMR (400 MHz, DMSO-d,), &, ppm:
2.03 (4H, s, N-CH,-CH,-), 3.50 (4H, s, N-CH,-CH,-),
6.95 (2H, s, C(OH)=CH-CH=CH-CH), 7.15 (1H,
d, J = 14.7 Hz, C(0)-CH=CH), 7.52 (1H, s,
C(OH)=CH-CH=CH-CH), 7.87 (1H, s,
C(OH)=CH-CH=CH-CH), 8.00 (1H, d, /= 14.7 Hz,
C(0)-CH=CH), 8.11 (1H, s, S-C=N-CH=C), 12.97
(1H, s, OH). *C NMR (151 MHz, DMSO-d,),
8, ppm: 25.19, 51.11, 118.18, 120.04, 121.15,
124.17, 129.29, 130.49, 135.38, 136.18, 140.66,
151.96, 162.18, 193.42. Mass spectrum, m/z
(I, %): [M+H]* 300 (100).

(E)-3-(4-Bromo-2-(dimethylamino)thiazol-
5-yl)-1-(2-hydroxyphenyl)prop-2-en-1-one (5f)

A yellow solid. Yield — 70%. M. p. 190 °C.
Anal. Calced for C,,H,,BrN,0,S, %: C 47.60, H 3.71,
N 7.93, S 9.08. Found, %: C 46.58, H 3.72, N 7.97,
S 9.06. 'H NMR (400 MHz, DMSO-d,), 6, ppm:
3.15 (6H, s, 2CH.), 6.94 (2H, dd, J = 8.5, 7.3 Hz,
C(OH)=CH-CH=CH-CH), 7.21 (1H, d, J=14.7 Hz,
C C(0)-CH=CH), 7.47-7.57 (1H, m, C(OH)=CH-
CH=CH-CH), 7.78 (1H, d, J=14.7 Hz, C(O)-CH=CH),
8.05-8.13 (1H, m, C(OH)=CH-CH=CH-CH), 12.68
(1H, s, OH). *C NMR (151 MHz, DMSO-d,), 6,
ppm: 39.09, 118.18, 120.06, 121.16, 123.86, 126.64,
127.72, 130.32, 134.84, 135.33, 162.51, 167.04,

rel>
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192.90. Mass spectrum, m/z (I
351 (100), 353(97).

(E)-3-(4-Bromo-[2,4-bithiazol]-5-yl)-1-(2-hy-
droxyphenyl)prop-2-en-1-one (5g)

A yellow solid. Yield — 55%. M. p. 172 °C. Anal.
Calced for C,;H,BrN,O,S,, %: C 45.81, H 2.31, N
7.12, S 16.30. Found, %: C 45.79, H 2.33, N 7.10,
S 8.17. '"H NMR (500 MHz, Chloroform-d), 6, ppm:
6.93 (1H, d, J=15.3 Hz, C(O)-CH=CH), 7.00 (1H, d,
J = 8.4 Hz, C(OH)=CH-CH=CH-CH), 7.44-7.53
(2H, m, C(OH)=CH-CH=CH-CH), 7.81 (1H, d, J =
8.1 Hz, C(OH)=CH-CH=CH-CH), 7.99 (1H, d, J =
15.3 Hz, C(O)-CH=CH), 8.18 (1H, s, N-CH=CH-CH),
8.87 (1H, s, S-CH=N), 12.65 (1H, s, OH). *C NMR
(126 MHz, Chloroform-d), 6, ppm: 118.21, 118.54,
119.19, 122.49, 128.94, 130.47, 132.67, 133.43,
136.25, 148.28, 153.61, 162.08, 163.15, 170.62,
191.80. Mass spectrum, m/z (1, %): [M+H]*
392 (100), 394 (98).

(E)-3-(4-Bromo-2-(1-methyl-1H-pyrrol-2-ythi-
azol-5-yl)-1-(2-hydroxyphenyl)prop-2-en-1-one (5h)

A yellow solid. Yield — 65%. M. p. 195 °C.
Anal. Caled for C,;H,,BrN,0,S, %: C 52.45, H 3.37,
N 7.20, S 8.24. Found, %: C 52.49, H 3.33, N 7.18,
S 8.21. 'H NMR (400 MHz, DMSO-d,), 6, ppm:
3.79 (3H, s, CH.,), 6.04 (1H, dd, J = 4.1, 2.6 Hz,
N-CH=CH-CH), 6.72 (1H, dd, J = 4.1, 1.7 Hz,
N-CH=CH-CH), 6.82 (2H, t, J = 8.2 Hz,
C(OH)=CH-CH=CH-CH), 7.00 (1H, d, J = 2.2 Hz,
N-CH=CH-CH), 7.36-7.41 (1H, m, C(OH)=CH-
CH=CH-CH), 7.46 (1H, d, J=15.2 Hz, C(O)-CH=CH),
7.62 (1H, d, J=15.2 Hz, C(O)-CH=CH), 7.90-7.98
(1H, m, C(OH)=CH-CH=CH-CH), 12.04 (1H, s, OH).
1B3C NMR (126 MHz, DMSO-d,), 6, ppm: 36.68,
109.44, 115.25, 117.66, 119.23, 120.97, 124.15,
124.77, 126.54, 130.42, 130.68, 132.20, 132.60,
136.22, 143.03, 161.67, 191.72. Mass spectrum,
m/z({,,, %): [M+H]* 388 (100), 390 (98).

(E)-1-(2-Hydroxyphenyl)-3-(thiazol-5-yl)prop-
2-en-1-one (51)

A yellow solid. Yield — 81%. M. p. 111 °C.
Anal. Calcd for C,,HNO,S, %: C 62.32, H 3.92,
N 6.06, S 13.86. Found, %: C 62.35, H 3.97, N 6.00,
S 13.89. 'H NMR (400 MHz, DMSO-d,), 6, ppm:
6.99 (2H, t,J=7.6 Hz, C(OH)=CH-CH=CH-CH),
7.55(1H,t,J=17.2 Hz, C(OH)=CH-CH=CH-CH),
8.12(1H,d,J=7.6 Hz, C(OH)=CH-CH=CH-CH),
8.07 (1H, d, J = 15.3 Hz, C(0)-CH=CH), 7.74
(1H, d, J = 15.3 Hz, C(0)-CH=CH), 8.44 (1H, s,
S-CH=N-CH=C), 9.26 (1H, s, S-CH=N), 12.22 (1H,
s, OH). C NMR (126 MHz, DMSO-d,), &, ppm:
117.64, 119.21, 120.94, 124.16, 130.76, 133.88,
135.17, 136.20, 148.27, 157.50, 161.33, 192.43.
Mass spectrum, m/z (I, %): [M+H]* 232 (100).

%): [M+H]*
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(E)-1-(2-Hydroxyphenyl)-3-(thiazol-4-yl)prop-
2-en-1-one (5j)

A yellow solid. Yield — 85%. M. p. 110-112 °C.
Anal. Calced for C,,H,NO,S, %: C 62.32, H 3.92,
N 6.06, S 13.86. Found, %: C 62.29, H 3.95, N 6.03,
S 13.89. 'H NMR (400 MHz, DMSO-d,), 6, ppm:
6.99 (2H, t, J = 8.0 Hz, C(OH)=CH-CH=CH-CH),
7.48-7.63 (1H, m, C(OH)=CH-CH=CH-CH), 7.84
(1H, d, J = 15.2 Hz, C(0)-CH=CH), 7.98 (1H, d,
J = 2.8 Hz, C(OH)=CH-CH=CH-CH), 8.01 (1H,
d, J = 15.2 Hz, C(0)-CH=CH), 8.32 (1H, d, J =
1.8 Hz, S-CH=N-C=CH), 9.23 (1H, d, J = 1.8 Hz,
S-CH=N), 12.16 (1H, s, OH). *C NMR (126 MHz,
DMSO-d,), 5, ppm: 118.21, 119.86, 121.88, 124.02,
125.63, 130.96, 136.56, 136.89, 152.66, 156.31,
161.65, 193.87. Mass spectrum, m/z (I, %):
[M+H]* 232 (100).

The general procedure for the synthesis
of compounds 6a,b,e,f-i (Conditions D)

The corresponding propenone (1 mmol) was
dissolved in methanol, then while stirring potas-
sium hydroxide (3 mmol) was added to the solu-
tion. After 10 min of stirring 30% aqueous hydrogen
peroxide (3 mmol) was added, and the reaction
mixture was stirred for 3 more h. Then mixture
was neutralized with acetic acid (3 mmol), and
the formed precipitate was filtered and washed
with methanol.

The one-pot procedure for the synthesis
of compounds 6a,c,d,e,f,i (Conditions E)

2-Hydroxyacetophenone (1 mmol) and the cor-
responding aldehyde (1 mmol) were dissolved in
methanol (10 mL), a catalytic amount of potassi-
um hydroxide was added, and the reaction mix-
ture was stirred for 10 h. Then potassium hy-
droxide (2 mmol) and 2 mL of a 30% aqueous hy-
drogen peroxide was added. The resulting mix-
ture was refluxed for 1 h, cooled and neutralized
with hydrochloric acid (2 mmol). The precipitate
formed was filtered off and washed with metha-
nol and water.

2-(2-(Dimethylamino)thiazol-5-yl)-3-hydroxy-
4H-chromen-4-one (6a)

A yellow solid. Yield — 60% (48% for the Me-
thod H). M. p. 255 °C (decomp.). Anal. Caled for
C,,H,;N,0.S, %: C 58.32, H 4.20, N 9.72, S 11.12.
Found, %: C 58.30, H 4.24, N 9.76, S 11.10.
'H NMR (400 MHz, DMSO-d,), 6, ppm: 2.00 (6H,
s, 2XCH,), 6.93 (2H, s, C(-0-)=CH-CH=CH-CH),
7.21 (1H, s, C(-O-)=CH-CH=CH-CH), 7.49 (1H, s,
S-CH=N-CH=C), 8.07 (1H, s, C(-O-=CH-CH=CH-CH).
13C NMR (126 MHz, DMSO-d,), 6, ppm: 39.44,
114.75, 117.75, 121.97, 124.35, 124.62, 133.00,
134.67, 143.61, 153.92, 170.71, 173.27. Mass
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%): [M+H]* 288 (100). A

a max

spectrum, m/z (I,,,
(nm) =400, A, . (nm) = 580.

3-Hydroxy-2-(2-(pyrrolidin-1-y)thiazol-5-yl)-
4H-chromen-4-one (6b)

A yellow solid. Yield — 63%. M. p. 261 °C de-
comp. Anal. Caled for C,;H,,N,0,S, %: C 61.13,
H 4.49,N 8.91, S 10.20. Found, %: C 61.15, H 4.45,
N 8.94, S 10.25. *H NMR (400 MHz, DMSO-d,),
8, ppm: 2.01 (4H, s, N-CH,-CH,-), 3.46 (4H, s,
N-CH,-CH,-), 7.41 (1H, s, C(-O-)=CH-CH=CH-CH),
7.61 (1H, s, C(-O-=CH-CH=CH-CH), 7.71
(C(-0-)=CH-CH=CH-CH), 8.01 (1H, s, S-CH=N-
CH=C), 8.05 (1H, s, C(-O-)=CH-CH=CH-CH).
1B3C NMR (126 MHz, DMSO-d,), 6, ppm: 25.66,
49.88, 114.66, 118.27, 122.53, 124.86, 125.13,
133.49, 135.06, 143.71, 144.30, 154.44, 170.15,
171.14. Mass spectrum, m/z (,,, %): [M+H]*
314 (100). A, ... (nm) = 405, A, . (nm) = 580.

3-Hydroxy-2-(2-(pyridin-2-yl)thiazol-5-yl)-4-
chromen-4-one (6¢) (Method H)

A yellow solid. Yield — 46%. M. p. 255 °C (de-
comp.). Anal. Caled for C,;H,,N,O.S, %: C 63.35,
H 3.13, N 8.69, S 9.95. Found, %: C 63.32, H 3.14,
N 8.65, S 9.93. 'H NMR (500 MHz, DMSO-d,), 6,
ppm: 7.48 (1H, t, J=7.6 Hz, N-CH=CH-CH=CH),
7.51-7.59 (1H, m, C(-O-)=CH-CH=CH-CH), 7.76
(1H, d, J = 8.5 Hz, C(-0O-)=CH-CH=CH-CH), 7.82
(1H, t, J=17.8 Hz, C(-O-)=CH-CH=CH-CH), 8.00
(1H, t, J=17.8 Hz, N-CH=CH-CH=CH), 8.11 (1H,
d, J=8.0 Hz, N-CH=CH-CH=CH), 8.20 (1H, d, J
= 7.8 Hz, C(-O-)=CH-CH=CH-CH), 8.67 (1H, d,
J = 5.7 Hz, N-CH=CH-CH=CH), 8.69 (1H, s,
CH(Thz)), 10.72 (1H, s, OH). **C NMR (126 MHz,
DMSO-dy), 6, ppm: 117.55, 120.97, 122.57, 123.00,
124.25, 124.87, 125.62, 125.72, 134.38, 134.89,
137.30, 140.97, 142.55, 145.39, 149.69, 152.65,
162.61, 175.35. Mass spectrum, m/z (I, %): [M+H]*
322 (100). A, ., (nm) = 380, A, . (nm) = 570.

2-(4-Chloro-2-(dimethylamino)thiazol-5-yl)-
3-hydroxy-4H-chromen-4-one (6d) (Method H)

A yellow solid. Yield — 43%. M. p. 254 °C (de-
comp.). Anal. Calcd for C,,H,,CIN,O,S, %: C 52.10,
H 3.44, N 8.68, S 9.93. Found, %: C 52.13, H 3.42,
N 8.65, S 9.97. 'H NMR (400 MHz, DMSO-d,), 6,
ppm: 3.08 (6H, d, J = 6.2 Hz, 2CH,), 7.43 (1H, t,
J ="17.8 Hz, C(-O-)=CH-CH=CH-CH), 7.60 (1H, d,
J=8.5Hz, C(-O-)=CH-CH=CH-CH), 7.74 (1H, t,
J =6.9 Hz, C(-O-)=CH-CH=CH-CH), 8.06 (1H, d,
J = 8.0 Hz, C(-O-)=CH-CH=CH-CH). *C NMR
(126 MHz, DMSO-d,), 6§, ppm: 39.30, 105.34,
117.78, 121.91, 124.53, 124.63, 133.35, 135.91,
137.26, 141.53, 153.91, 169.53, 171.11. Mass spec-
trum, m/z (I, %): [M+H]* 322 (100), 324(33).
A, . (nm) =390, A, (nm)=580.

a max max

2-(4-Chloro-2-(pyrrolidin-1-yl)thiazol-5-yl)-
3-hydroxy-4H-chromen-4-one (6e) (Method H)

A yellow solid. Yield — 65%). M. p. 255 °C (de-
comp.). Anal. Calced for C,;H,,CIN,O,S, %: C 55.10,
H 3.76, N 8.03, S 9.19. Found, %: C 55.11, H 3.80,
N 8.01, S 9.24. 'H NMR (400 MHz, DMSO-d,),
8, ppm: 1.99 (4H, s, N-CH,-CH,-), 3.40 (4H, s,
N-CH,-CH,-), 7.38 (1H, s, C(-O-)=CH-CH=CH-CH),
7.57 (1H, s, C(-O-)=CH-CH=CH-CH), 7.68 (1H, s,
C(-0-)=CH-CH=CH-CH), 8.04 (1H, s, C(-O-)=CH-
CH=CH-CH). *C NMR (126 MHz, DMSO-d,),
6, ppm: 25.17, 49.65, 115.08, 117.77, 122.59,
124.33, 124.96, 134.49, 134.86, 136.78, 143.68,
153.85, 162.33, 175.27. Mass spectrum, m/z
T, %): [M+H]* 348 (100), 350(33). A, (nm) =
395, A, ... (nm) = 585.

2-(4-Bromo-2-(dimethylamino)thiazol-5-yl)-
3-hydroxy-4H-chromen-4-one (6f)

A yellow solid. Yield — 64% (42% for the
Method H). M. p. 259 °C (decomp.). Anal. Calcd
for C,,H,,BrN,0.S, %: C 45.79, H 3.02, N 7.63, S
8.73. Found, %: C 45.81, H 2.98, N 7.67, S 8.75.
'H NMR (500 MHz, DMSO-dy), 6, ppm: 3.09 (6H, s,
2CH,), 7.44 (1H, t,J= 7.4 Hz, C(-O-)=CH-CH=CH-CH),
7.61 (1H, d, J = 8.5 Hz, C(-O-)=CH-CH=CH-CH),
7.75 (1H, t, J=6.9 Hz, C(-O-)=CH-CH=CH-CH),
8.07 (1H, d, J = 8.1 Hz, C(-0O-)=CH-CH=CH-CH),
10.11 (1H, s, OH). *C NMR (126 MHz, DMSO-d,),
6, ppm: 39.29, 107.62, 117.71, 121.93, 124.57, 124.68,
125.28, 133.42, 136.27, 153.93, 170.65, 171.28.
Mass spectrum, m/z (I,,, %): [M+H]* 366 (100),
368(97). A, ... (nm) =395, 1, (nm) = 585.

2-(4-Bromo-2-(thiazol-4-yl)thiazol-5-yl)-3-
hydroxy-4H-chromen-4-one (6g)

A yellow solid. Yield — 57%. M. p. 265 °C (de-
comp.). Anal. Calcd for C,;H,BrN,0.S,, %: C 44.24,
H 1.73,N 6.88, S 15.74. Found, %: C 44.26, H 1.78,
N 6.82, S 15.70. 'H NMR (500 MHz, DMSO-d,), 6,
ppm: 6.73—-6.57 (2H, m, C(-O-)=CH-CH=CH-CH),
7.16 (1H, t, J=17.6 Hz, C(-O-)=CH-CH=CH-CH),
7.45 (1H, s, S-CH=N-C=CH), 7.70 (1H, d, J = 7.7 Hz,
C(-O-)=CH-CH=CH-CH), 9.25 (1H, s, S-CH=N).
Mass spectrum, m/z (I ,, %): [M+H]* 407 (100),
409(98).

2-(4-Bromo-2-(1-methyl-1H-pyrrol-2-y)thiazol-
5-y1)-3-hydroxy-4H-chromen-4-one (6h)

A yellow solid. Yield — 60%. M. p. 265 °C (de-
comp.). Anal. Calcd for C,,H,,BrN,0.S, %: C 50.64,
H 2.75,N 6.95, S 7.95. Found, %: C 50.68, H 2.79,
N 6.90, S 7.97. '"H NMR (400 MHz, Chloroform-d),
6, ppm: 4.04 (3H, s, CH,), 6.18 (1H, s, N-CH=CH-CH),
6.80 (2H, d, J = 3.3 Hz, N-CH=CH-CH), 7.22—7.38
(1H, m, C(-O-)=CH-CH=CH-CH), 7.62 (1H, d, J
= 8.8 Hz, C(-O-)=CH-CH=CH-CH), 7.71 (1H, d,

a max

rel>

ISSN 2308-8303 (Print) / 2518-1548 (Online)



Journal of Organic and Pharmaceutical Chemistry 2023, 21 (4)

J =17.7 Hz, C(-O-)=CH-CH=CH-CH), 8.23 (1H,
d,J=7.9 Hz, C(-O-)=CH-CH=CH-CH). *C NMR
(126 MHz, DMSO-dy), 6, ppm: 34.22, 108.02, 112.15,
117.71, 121.98, 122.62, 124.36, 124.88, 125.67,
126.03, 134.46, 134.86, 142.86, 153.29, 153.48,
175.10. Mass spectrum, m/z (I,,,, %): [M+H]*402
(100), 404(98). A, ... (nm) =400, A, (nm) = 600.

3-Hydroxy-2-(thiazol-5-yl)-4H-chromen-4-
one (61)

A white solid. Yield — 64% (49% for the Me-
thod H). M. p. 230 °C (decomp.). Anal. Calcd for
C,,H.NO,S, %: C 568.77, H 2.88, N 5.71, S 13.07.
Found, %: C 58.73, H 2.91 N 5.74, S 13.09. 'H NMR
(400 MHz, DMSO-d,), 6, ppm: 7.47 (1H, t, J =
7.5 Hz, C(-0-)=CH-CH=CH-CH), 7.74 (1H, d, J
= 8.6 Hz, C(-O-)=CH-CH=CH-CH), 7.81 (1H, t, JJ
= 7.7 Hz, C(-O-)=CH-CH=CH-CH), 8.11 (1H, d,
J=8.0 Hz, C(-O-)=CH-CH=CH-CH), 8.67 (1H, s,
S-CH=N-CH=C),9.33 (1H, s, S-CH=N). *C NMR
(126 MHz, DMSO-d,), 6, ppm: 118.20, 121.79,

124.66, 124.84, 127.77, 133.85, 137.46, 141.45,
143.20, 154.25, 157.63, 172.08. Mass spectrum,
m/z({d,, %): [M+H]*245 (100). A, ., (nm) = 350,
Ao (nm) = 535,

3-Hydroxy-2-thiazol-4-yl-chromen-4-one (6j)

A white solid. Yield (62%), mp. 229-232 °C
Anal. Calced for C,,H,NO.S, %: C 58.77, H 2.88,
N 5.71, S 13.07. Found, %: C 58.74, H 2.91, N 5.75,
S 13.09. 'H NMR (400 MHz, DMSO-dy), 6, ppm: 7.48
(t,J=17.3 Hz, 1H, C(-O-)=CH-CH=CH-CH), 7.72
(dd, J=8.5,4.2 Hz, 1H, C(-O-)=CH-CH=CH-CH),
7.77-7.88 (m, 1H, C(-O-)=CH-CH=CH-CH), 8.13
(dd, J=28.4,4.2 Hz, 1H, C(-O-)=CH-CH=CH-CH),
8.56 (dd, J = 4.3, 2.0 Hz, 1H, S-CH=N-C=CH),
9.35 (dd, J=4.3, 2.0 Hz, 1H, S-CH=N). *C NMR
(126 MHz, DMSO-d,), 6, ppm: 118.31, 121.88,
122.95, 124.51, 124.85, 133.75, 138.99, 141.54,
146.29, 154.27, 155.01, 172.45. Mass spectrum,
m/z({d,,, %): [M+H]* 246 (100). A, ., (nm) = 340,
A e (nm) = 515,
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A Simple Preparative Synthesis of Isomeric
2-Chloroquinolinecarboxylic Esters

Abstract

A simple two-stage method for the synthesis of isomeric esters of 2-chloroquinoline-5-, 6-, 7-carboxylic acids by successive
oxidation and chlorination reactions of methyl quinoline-5-, 6-, 7-carboxylates has been developed. The target compounds
have been obtained in acceptable yields using readily available reagents, simple transformations, and purification methods.
Quinoline-8-carboxylic acid ester is unreactive under these conditions. The ester of 2-chloroquinoline-8-carboxylic acid has
been obtained with an overall yield of 55 %, starting from 8-methylquinoline. The multi-stage process is paid off by the fact
that several transformations occur in one reaction cycle. All the methods developed can be used for the synthesis of target
compounds on a multigram scale. Intermediate 2(1H)-oxoquinoline carboxylates are promising compounds in the synthesis
of functionalized and condensed heterocycles.

Keywords: 2-chloroquinoline; esters; oxidation; quinolone-2; chlorination
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MpocTuii npenapaTtMBHUA CUHTE3 i30MEPHUX 2-X/1I0pXiHONIHKAapbOHOBUX ecTepiB
AHoTauifA
Po3pobieHo NpocTuin 4BOCTaLIMHNI METOA CUHTE3Y i30MEPHUX eCcTepiB 2-X10POXiHONIH-5-, 6-, 7-KapHOHOBUX KMCAOT 3a
[0MOMOrOH MOCNIA0BHUX PeaKLiit OKMCHEHHA | XJI0PYBAHHA METUAXIHONIH-5-, 6-, 7-kKapbokcunartis. Llinbosi cnonyku 6yno
O4eP*KaHO 3 NMPUNHATHUMW BUXOAAMM 3 BUKOPUCTAHHAM AOCTYMHUX peareHTiB, NPOCTUX NepeTBOPEHb i METOZIB OYULLEHHS.
EcTep XiHONIH-8-KapbOHOBOI KMCMOTU B LMX YMOBaX € HepeaKLiiHO34aTHUM. EcTep 2-x10pxiHONiIH-8-KapboHOBOT KMCNOTH
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B CMHTE3i GYHKLIOHaNi30BaHNX Ta KOHAEHCOBAHUX FreTePOLMKAIB.
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B Introduction

2-Chloroquinolines with a carboxyl/ester sub-
stituted ring are attractive compounds with a great
potential for transformation of the quinoline co-
re [1]. A chlorine atom in position 2 can be easily
substituted by N-, O- and S-nucleophiles [2], and
this ability is widely used in organic and phar-
maceutical chemistry. 2-Chloroquinoline deriva-
tives with carboxyl substituents have a wide ran-
ge of activities, including antimicrobial [3], anti-
inflammatory [4], antitumor [5] and antiparasi-
tic ones [6, 7]. There are several methods of in-
troducing halogen into position 2 of the quino-
line molecule, but most of them relate to 2-chlo-
roquinoline derivatives with a carboxyl/ester
group in the pyridine nucleus [8, 9].

Modern synthetic approaches to 2-chloroqui-
nolines with an ester function in the benzene ring
use metal complex catalysts based on ruthenium
or iridium [11, 12], which are not always cost ef-
fective. Unfortunately, the reaction of C-2 chlo-
rination of N-oxides for quinoline esters in our
hands did not give satisfactory results [13, 14].
The aim of this work is to develop simple prepa-
rative methods for the 2-chloroquinolines synthe-
sis with ester substituents in positions 5, 6, 7,
and 8 of quinoline. Amazingly, all 2-chloroqui-
nolinecarboxylic acids have been known for a long
time, but their physical and spectral properties
are given in fragments. And we provide known
data when it is available.

B Results and discussion

We studied the possibilities of optimization for
the known classical reactions. The easiest way to

obtain the desired compounds is the oxidation of
the quinoline 2-position to quinolone-2 followed
by the replacement of an oxygen atom with chlo-
rine according to the Friedlander method [15].
Therefore, it seemed attractive to optimize the
oxidation reaction of quinolines into quinolone-2
with sodium hypochlorite, an effective low-cost
reagent [16]. A series of experiments on the oxi-
dation of 5-, 6-, 7-, and 8-quinoline carboxylate
esters 1la—d with sodium hypochlorite in a two-
phase benzene-water system was performed.

In an alkaline solution of hypochlorite (pH = 11),
the oxidation of esters la-d did not proceed;
therefore, the pH of the solution was adjusted by
adding an acidifier potassium dihydrogen phos-
phate (Scheme 1). We obtained the best results
with such ratio of NaClO/KH,PO, reagents as
2:1.07, while the initial solution had a pH value
of 11. After the addition of potassium dihydrogen
phosphate and esters 1, the solution had a pH
of 7.5, at the end of the reaction the pH was 5.
A fivefold hypochlorite excess was used for the
oxidation. The reaction was monitored by the pre-
sence of sodium hypochlorite in the reaction mix-
ture. The reaction was not carried out for com-
plete ether 1 conversion since during a prolonged
contact the excess hypochlorite also oxidized the
target reaction products 2. The conversion of star-
ting esters la—c reached 80%, and methyl qui-
noline-8-carboxylate 1d was unreactive under the
reaction conditions.

For better yields of products 2a—c, sodium thio-
sulfate Na,S,0, was added to the reaction mix-
ture immediately after exhausting the oxidizing
agent. Quinolones-2 2a,b precipitated from the
reaction mixture, then they were filtered, and
impurities were removed by the extraction with

CO,Me COzMe
5-CO,Me S POCl; ~
—_—
2
N X0 N~ ~Cl
H
2a
N GCOZMe
MeOZC—: 4NaCIO/KH2PO4 MeOQC + MeOQC
P N/ H,O/benzene & 7-CO,Me
1a—d 2b,c
8-CO,Me
2 90-100°C | POCl3
NO REACTION

MGOQC + MeO->C dj\
N Cl

4b,c

Scheme 1. The synthesis of methyl 2-chloroquinoline carboxylates 4 and 2,4-dichloroquinoline carboxylates 5
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boiling ethanol. In contrast to compound 1a, upon
the oxidation of esters 1b,c together with quino-
lones 2b,c, minor products were formed — 2,4-di-
hydroxy derivatives 3b,c, which were also poor-
ly soluble.

Quinolones 2a—c under short-term heating
with POCI, [15] were transformed into 2-chloro-
quinoline esters 4a—c, in the case of esters 4b,c —
with an impurity of 2,4-dichloro derivatives 5b,c.
Monochlorinated 4b and dechlorinated 5b qui-
nolines were separated by column chromatogra-
phy and recrystallized from benzene.

Methyl ester of quinoline-8-carboxylic acid (1d)
was inert to the NaClO/KH,PO, oxidizing system.
According to the Dekker’s method [17], it was
converted into methyl 1-methyl-2-oxoquinoline-
8-carboxylate (6) with a 42% yield by heating with
dimethyl sulfate (CH,0),S0, at 185 °C for 2.5 h
and further oxidation of the quaternary salt with
an alkaline solution of potassium hexacyanofer-
rate(III) at 60 °C (Scheme 2). Compound 6 was
then converted to methyl 2-chloroquinoline car-
boxylate 7 according to the Fischer approach [18]
by heating it in a mixture of POCI,/PCl; at 140 °C
with a 40% yield. 2-Chloroquinoline-8-carboxylic
acid (8) (6%) and 2-oxoquinoline-8-carboxylic acid
methyl ester (9) (21%) were also isolated along
with product 7.

The low yield of ester 7 and the presence of
minor products forced us to develop an alterna-
tive route based on 8-methylquinoline (10). The al-
kylation of 10 with dimethyl sulfate and the sub-
sequent oxidation by potassium hexacyanoferra-

te(III) yielded 1,8-dimethylquinolone-2 (11) in one
reaction cycle (Scheme 3).

The chlorination of quinolone 11 with a mix-
ture of PCL/POCI, gave 8-methyl-2-chloroquino-
line (12) [18], which was converted into the cor-
responding dibromomethyl derivative 13 with
N-bromosuccinimide in CCl,. The hydrolysis of
the dibromomethyl group with silver acetate into
aldehyde 14 and its oxidation with silver oxide
yielded 2-oxoquinoline-8-carboxylic acid (15).
After the chlorination of acid 15 in POCI, and
the esterification of 2-chloro-8-carboxyquinoline
(8) with diazomethane in ether, the target ester 7
was obtained. Despite the multistep process, the
overall yield of the target product was 55% ba-
sed on 8-methylquinoline.

B Conclusions

Simple methods for the synthesis of isomeric
esters of 2-chloroquinoline-5-, 6- and 7-carboxy-
lic acids have been developed with acceptable
yields using available reagents, simple transfor-
mations, and methods of purifying target com-
pounds. A convenient route for the synthesis of
methyl 2-chloroquinoline-8-carboxylate with the
total yield of 55% starting from 8-methylquino-
line has been developed. The multi-stage pro-
cess for obtaining this compound is paid off by
the fact that several transformations occurred
as a telescopic process. All the methods develo-
ped can be used for the synthesis of target com-
pounds on a multigram scale. In addition, this

1. Me2804
= 2. Ks[Fe(CN)el _PCIg/POCI; I
NS
N
COsMe Me COy;Me COzMe CO.H COzMe
1d
Scheme 2. The synthesis of methyl 2-chloroquinoline-8-carboxylate 7 from methyl quinoline-8-carboxylate
1. M82304
a 2. K3[Fe CN)g PCI5/POCI3 NBS/CCI4 =
NS
SN c” N
Me Me Me Br Br
10 13
1. AcOAg
2. NaOH
-~

7

CO,Me CO,H

= CH2N2 POC|3 AgZO =
Cl N
7

CO,H «
2 14 O

Scheme 3. An optimized reaction set for the methyl 2-ch|oroqu|no|me-8-carboxy|ate synthesis
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reaction set provides easy access to useful inter-
mediates with a carboxyl group in a functiona-
lized quinolone core.

m Experimental part

Control over the course of the reactions, puri-
ty and identity of the products obtained was car-
ried out by thin-layer chromatography on Merck
60 F254 plates. 'H and *C NMR spectra were
measured in DMSO-d, solution on a Bruker 170
Avance 500 spectrometer (400 MHz on protons
and 100 MHz on carbon atoms, respectively), the
internal standard was TMS. Chemical shifts were
reported in § (ppm). Data were presented as fol-
lows: chemical shift, multiplicity (s = singlet, d
= doublet, t = triplet, q = quartet, dd = doublet of
doublets, m = multiplet), coupling constants (Hz)
and integration. The elemental analysis data cor-
responded to the calculated data. The melting
points were determined on a Fisher-Johns appa-
ratus. A commercial aqueous solution of sodium
hypochlorite in 0.305 mol Li! concentration was
used. The consumption of the oxidizer was mon-
itored using iodine-starch paper. Melting points
of known substances were given if they were
found in the literature. Intermediates and non-
target substances 5¢, 6, 9, 13, 15 were charac-
terized only by melting points and 'H NMR spec-
troscopy. The elemental analysis was performed
in the Analytical Laboratory of the Institute of
Organic Chemistry of the National Academy of
Sciences of Ukraine.

Methyl 2-oxoquinoline-5-carboxylate (2a)

Potassium dihydrogen phosphate (15.2 g,
0.112 mol) under vigorous stirring was added to
a mixture of the solution of methyl quinoline-
5-carboxylate (1a) (10 g, 0.053 mol) in 150 mL of
benzene and 850 mL (0.255 mol) of the sodium
hypochlorite solution at room temperature, and
the resulting mixture was stirred for 5 h. Then
sodium thiosulfate (53 g, 0.212 mol) was added
and stirred for another 3 h. The resulting pre-
cipitate was filtered, washed with benzene, wa-
ter and air-dried. From the benzene mother lig-
uor, 4.8 g of the starting ester 1a was recovered.

A white powder. Yield — 4.5 g (42%). M. p.
~290 °C. Anal. Calcd for C,;H,NO,, %: C 65.0,
H 4.46, N 6.89. Found, %: C 65.1, H 4.40, N 6.94.
'H NMR (400 MHz, DMSO-d,), 6, ppm: 3.90 (3H,
s, MeO), 6.60 (1H, d, J = 10.0 Hz), 7.52 (1H, d,
J=17.2Hz),7.63(1H,t,J=72Hz), 7.75(1H, d, J
=17.2 Hz), 8.60 (1H, d, J=10.0 Hz), 12.0 (1H, br.
s, NH). *C NMR (100 MHz, DMSO-d,), 6, ppm:

52.0 (MeO), 120.0, 124.1, 124.5, 129.5, 137.0,
117.0, 127.8, 140.1, 161.4 (C=0), 167.7 (C=0).

Methyl 2-chloroquinoline-5-carboxylate
(4a)

Quinolone 2a (6.4 g, 0.0315 mol) and 12 mL
(0.128 mol) of phosphoryl chloride were heated
on a water bath (100 °C) for 20 min. The reaction
mass was cooled to room temperature, 25 mL of
acetic acid was added, and the mixture was
poured onto 500 g of ice. The mixture was made
alkaline with NaOH solution (36 g, 0.8 mol) in
75 mL of water, the precipitate was filtered off,
washed with water, and dried. The solution of
the reaction product in 100 mL of benzene was
passed through a layer of Al,O, (5 cm), evaporated
to 15 ml, and ~60 mL of heptane was then added.
The precipitated crystals were filtered yielding
methyl 2-chloroquinoline-5-carboxylate (4a).

A yellowish solid. Yield — 5.94 g (87%). M. p.
122-124 °C. Anal. Calcd for C,,;H;CINO,, %: C 59.6,
H 3.64, C116.0, N 6.32. Found, %: C 60.0, H 3.55,
C116.10, N 6.30. '"H NMR (400 MHz, DMSO-d,),
o, ppm: 3.93 (3H, s, CH,), 7.73 (1H, d, J = 9 Hz,
8-H), 7.89 (1H, t, J = 6 Hz, 7-H), 8.18 (1H, d,
J =6 Hz, 6-H), 8.25 (1H, d, J= 6 Hz, 3-H), 9.18
(1H, d, J = 9 Hz, 4-H). C NMR (100 MHz,
DMSO-dy), 6, ppm: 52.9, 124.2, 125.3, 127.2, 130.3,
131.2, 133.6, 137.9, 147.8, 150.7, 166.4.

Methyl 2-chloroquinoline-6-carboxylate
(4b) and methyl 2,4-dichloroquinoline-
6-carboxylate (5b)

The mixture was obtained according to the me-
thod described for compound 4a. 6.6 g of a mix-
ture of quinolones 2b and 3b was obtained from
9.5 g (0.051 mol) of ester 1b, and 1.4 g of the ori-
ginal ester 1b was recovered. After the reaction
of mixture 2b and 3b with POCl,, 5.33 g of mix-
ture 4b and 5b was obtained, and the compo-
nents were separated in a column (45%2.5 cm)
with silica gel, benzene as an eluent. Methyl
2,4-dichloro-6-carboxylate (56b) was eluted first
and recrystallized from a mixture of benzene/
heptane (1:3). Next, methyl 2-chloro-6-carboxy-
late (4b) was eluted and recrystallized from a mix-
ture of benzene/heptane (1:3).

Methyl 2-chloroquinoline-6-carboxylate (4b)

White crystals. Yield — 4.06 g (45%). M. p.
134 °C (lit. M. p. 134-136°C [13]), R,= 0.52 (ben-
zene). Anal. Caled for C,;H,CINO,, %: C 59.60,
H 3.64, C116.00, N 6.32. Found, %: 59.93, H 3.61,
C116.00, N 6.28. '"H NMR (400 MHz, DMSO-d,),
6, ppm: 3.92 (3H, s, OMe), 7.70 (1H, d, J =9 Hz),
8.03 (1H, d, J = 9 Hz), 8.25 (1H, d, J = 9 Hz),
8.66 (1H, d, J = 9 Hz), 8.74 (1H, s). *C NMR
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(100 MHz, DMSO-d,), 6, ppm: 52.9 (MeO), 123.8,
126.5, 128.3, 128.9, 130.2, 130.7, 131.2, 141.7,
149.37, 152.0, 152.7, 165.9 (C=0).

Methyl 2,4-dichloroquinoline-6-carboxylate (5b)

Yellowish crystals. Yield — 1.1 g (10%). M. p.
132 °C, R; = 0.72 (benzene). Anal. Calcd for
C,,H,CLLNO,, %: C 51.59, H 2.76, C1 27.69, N 5.47.
Found, %: C 51.72, H 2.65, Cl 27.80, N 5.40.
'H NMR (400 MHz, DMSO-d,), 6, ppm: 3.91 (3H,
s, OMe), 7.99 (1H, d, J =9 Hz), 8.19 (1H, d, J =
9Hz), 8.61 (1H, s), 8.91 (1H, s). *C NMR (100 MHz,
DMSO-d,), 6, ppm: 52.9 (MeO), 123.8, 126.5,
128.3, 128.9, 130.2, 130.7, 131.2, 141.7, 149.3,
152.0, 152.7, 165.9 (C=0).

Methyl 2-chloroquinoline-7-carboxylate
(4c) and methyl 2,4-dichloroquinoline-
7-carboxylate (5¢)

The mixture was synthesized according to the
method for compound 4b from 9.0 g (0.048 mol)
of ester 1¢. 5.2 g of a mixture of substances 4¢ and
5¢c were obtained. 2.1 g of the starting ester was
isolated from the benzene mother liquor. 5.15 g
of a mixture of 4c and 5¢ was dissolved in 400 mL
of hot benzene, filtered through a silica gel layer
(5 cm) and evaporated to 30 mL. 2,4-Dichloro-
7-carboxylate (5¢), which precipitated after cool-
ing, was filtered off. The mother solution was eva-
porated to 10 mL, 20 mL of heptane was added,
and the precipitate was filtered off giving 4c.

Methyl 2-chloroquinoline-7-carboxylate (4c¢)

Yellowish crystals. Yield — 4.18 g (49%).
M. p. 112-113°C, R;= 0.51 (CHCl,). Anal. Calcd
for C,,H,CINO,, %: C 59.6, H 3.64, C1 16.00, N 6.32.
Found, %: C 59.95, H 3.60, Cl 16.00, N 6.30.
'H NMR (400 MHz, DMSO-d,), 6, ppm: 3.94 (3H,
s, MeO), 7.35 (1H, d, J =10 Hz), 7.70 (1H, d, J =
10 Hz), 8.02-8.07 (2H, m), 8.54 (1H, d, J =5 Hz).
1BC NMR (100 MHz, DMSO-d,), 6, ppm: 52.7
(MeO), 123.5, 126.6, 128.0, 129.9, 130.2, 130.8,
140.0, 149.2, 153.5, 166.6 (C=0).

Methyl 2,4-dichloroquinoline-7-carboxylate (5¢)

A yellowish powder. Yield — 0.65 g (6.4%). M. p.
118-120 °C, R, = 0.67 (CHCl,). Anal. Calcd for
C,,H,CLNO,, %: C 51.59, H 2.76, C1 27.69, N 5.47.
Found, %: C 51.65, H 2.68, Cl 27.72, N 5.36.
'H NMR (400 MHz, DMSO-d,), 6, ppm: 3.91 (3H,
s, MeO), 8.11 (1H, s), 8.56 (1H, d, J =9 Hz), 8.59
(1H, s), 8.78 (1H, d, J = 9 Hz).

Methyl 2-chloroquinoline-8-carboxylate (7).
Method 1

Step 1. Methyl 1-methyl-2(1H)-oxoquinoline-
8-carboxylate (6)

Ester 1d (15.15 g, 0.081 mol) and 26 mL
(0.278 mol) of freshly distilled dimethyl sulfate
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were stirred at 180—185 °C for 2.5 h. After cool-
ing, 50 mL of water was added to the reaction
mixture and then poured into the solution of 75 g
(0.2278 mol) of potassium hexacyanoferrate(III)
in 220 mL of water at 60 °C. Then the solution
of NaOH (32 g, 0.8 mol) in 64 mL of water was
added to the mixture while stirring for 2-3 min.
After cooling, it was extracted with benzene
(2x200 mL). The benzene extract was evaporat-
ed to 20 mL, and 60 mL of heptane was added.
The precipitate was filtered, dried, and com-
pound 6 was thus obtained.

White crystals. Yield — 7.38 g (42%). M. p.
95-96 °C. Anal. Calcd for C,,H,,NO,, %: C 66.35,
H 5.10, N 6.45. Found, %: C 66.40, H 5.05, N 6.40.
'H NMR (400 MHz, DMSO-d,), 6, ppm: 3.36 (3H,
s, N-Me), 3.89 (3H, s, MeO), 6.68 (1H, d, /=9 Hz),
7.31 (1H, t,J=9Hz), 7.75 (1H, d, J =9 Hz), 7.88
(1H, d, J=9 Hz), 7.97 (1H, d, J = 12 Hz).

Step 2. Methyl 2-chloroquinoline-8-carboxy-
late (7), 2-chloroquinoline-8-carboxylic acid (8),
methyl 2(1H)-2-oxoquinoline-8- carboxylate (9)

Ester 6 (9.7 g, 0.0447 mol) was mixed with
phosphorus pentachloride (12.6 g, 0.0605 mol) and
phosphorus oxychloride (4.2 mL, 0.0447 mol),
and stirred at 140 °C for 1 h. Water and ice were
added to the reaction mass, the mixture was
neutralized with 20% NaOH to pH 5-6 and ex-
tracted with chloroform 3x150 mL. The extract
was passed through the aluminum oxide layer
(6—7 cm) and evaporated. The residue was dis-
solved in benzene (~20—25 mL) and introduced
into a column with silica gel (2.5%X50 cm). Ester 7
was obtained with benzene as an eluent. By chan-
ging the eluent to benzene/acetone 50:1, 2-chlo-
roquinoline-8-carboxylate (8) and methyl 2(1H)-
oxoquinoline-8-carboxylate (9) were isolated.

Methyl 2-chloroquinoline-8-carboxylate (7)

A yellowish oil. Yield — 4 g (40.4%). Anal. Caled
for C,,H,CINO,, %: C 59.60, H 3.64, CI 16.00,
N 6.32. Found, %: C 59.90, H 3.60, C1 16.10, N
6.33. 'H NMR (400 MHz, DMSO-d,), 6, ppm: 3.90
(3H, s, MeO), 7.69 (1H, d, J =8 Hz), 7.73 (1H, t,
J =8 Hz), 8.05 (1H, d, J = 8 Hz), 8.22 (1H, d, J
=8), 8.54 (1H, d, J = 8 Hz). *C NMR (100 MHz,
DMSO-dy), 6, ppm: 53.3, 121.4, 121.8, 122.0, 130.2,
132.3, 138.5, 140.1, 162.5, 169.0.

2-Chloroquinoline-8-carboxylic acid (8)

A yellowish solid. Yield — 0.55 g (5.9%). M. p.
212-215°C. Anal. Calcd for C, H,CINO,, %: C 57.85,
H 2.91, Cl 17.08, N 6.75. Found, %: C 57.90,
H 2.87, CI 17.10, N 6.65. 'H NMR (400 MHz,
DMSO-d,), 6, ppm: 7.52—7.76 (2H, m), 8.20—8.28
(2H, m), 8.62 (1H, d, J=9 Hz), 13.82 (1H, s, COOH).
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13C NMR (100 MHz, DMSO-dy), 6, ppm: 123.55,
127.16, 127.34, 127.48, 132.26, 132.43, 132.78,
133.08, 141.69, 150.55.

Methyl 2(1H)-2-oxoquinoline-8-carboxylate (9)

A white solid. Yield — 1.92 g (21%). M. p.
134-136°C. 'H NMR (400 MHz, DMSO-d,), 6, ppm:
3.91 (3H, s, MeO), 6.61 (1H, d, J = 9 Hz), 7.28
(1H, t, J =9 Hz), 7.99-8.04 (2H, m), 8.15 (1H, d,
J=9Hz), 11.38 (1H, br. s, NH).

Methyl 2-chloroquinoline-8-carboxylate
(7). Method 2

Step 1. 2-Chloro-8-dibromomethylquinoline (13)

A mixture of 2-chloro-8-methylquinoline (12)
(15 g, 0.0845 mol) [16], N-bromosuccinimide (32 g,
0.1798 mol), 150 mL of carbon tetrachloride, and
0.25 g of azo-bis-isobutyronitrile was refluxed for
2 h. The reaction was diluted with 150 mL of boiling
CCl, and quickly filtered, the filter was washed
with 50 mL of carbon tetrachloride. The solvent
was evaporated to the volume of 120 mL, 150 mL
of hot ethanol was added and evaporated to the
volume of 110-120 mL. After 12 h, compound 13
was filtered, washed with ethanol (~60 mL) and
dried.

A yellow powder. Yield — 21.8 g (76.9%).
M. p. 165170 °C. Dibromo derivative 13 was used
without further purification.

Step 2. 2(1H)-Oxoquinoline-8-carboxylic acid
(15)

A mixture of 21.8 g (0.065 mol) of dibromide
13 and 53.93 g (0.325 mol) of silver acetate in
150 ml of ethanol was heated to 55 °C and, with
stirring, 50 mL of hot (50 °C) water was added.
Then the solution of 18.2 g (0.455 mol) of NaOH in
50 mL of water was added dropwise over 20 min.
Next, 50 mL portion of hot water was added and
stirred for 10 min. The reaction mixture was heated
to 60—65 °C, and the stirring was continued for
another 40 min, and the heating was removed.
After 30 min, the solution was filtered from sil-
ver compounds, and the residue on the filter was
washed with 200 mL of hot water (60—65 °C).

B References

The solution obtained was extracted with ben-
zene (2X200 mL) and neutralized with the solu-
tion of 35 mL (0.132 mol) of 10% hydrochloric
acid. The precipitate of acid 15 was filtered off
and dried.

A white powder. Yield — 9.46 g (77%). M. p.
139-140 °C (lit. M. p. 140—-142°C [19]). 'H NMR
(400 MHz, DMSO-d,), 6, ppm: 6.62 (1H, d, /=10 Hz),
7.31 (1H, d, J=7.8 Hz), 7.99 (1H, d, J = 7.8 Hz),
8.04 (1H, d, J =10 Hz), 8.20 (1H, d, J = 7.8 Hz),
11.8 (1H, br. s, NH).

Step 3. 2-Chloroquinoline-8-carboxylic acid (8)

A mixture of oxoacid 15 (14.7 g, 0.078 mol)
and phosphorus oxychloride (17 mL, 0.182 mol)
was heated for 20 min under reflux. Then the
mixture was cooled to 40—45 °C, 80 mL of glacial
acetic acid was added and poured onto crushed
ice (~200 g), mineral acids were neutralized with
a dry sodium carbonate to pH 5. The precipitate
was filtered off, washed with water, dried in air
giving 15.2 g (93%) of acid 8. M. p. 216-219 °C.
'H and *C NMR spectra were consistent with
compound 8 obtained by the Method 1 and the
literature data [20].

Step 4. Methyl 2-chloroquinoline-8-carboxy-
late (7)

Acid 8 (14.7 g, 0.0705 mol) was heated to boiling
in 650 mL of chloroform and 50 mL of methanol
and cooled to 25 °C. The solution of diazomethane
(5.6 g, 0.133 mol) in 200 mL of a mixture of ben-
zene/diethyl ether (1:1) was poured into the so-
lution for 10 min. After the release of nitrogen,
the excess of diazomethane was decomposed by
glacial acetic acid. The resulting solution was
washed with water, 300 mL of 3% sodium bi-
carbonate solution was passed through the
aluminum oxide layer (10 cm), the solvent was
evaporated in vacuum.

Yield of ester 7— 15 g (95.6%) as a yellow oil.
'H and *C NMR spectra were consistent with
those for compound 7 obtained by Method 1 and
the literature data [20].
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An Efficient Synthesis of PARP Inhibitors Containing
a 4-Trifluoromethyl Substituted 3,6,7,7a-Tetrahydro-
1H-pyrrolo[3,4-d]pyrimidine-2,5-dione Scaffold

Abstract

Poly(ADP-ribose) polymerases (PARPs) are key enzymes in the DNA repair pathway. Inhibitors of these enzymes belong to
a new type of anticancer drugs that selectively kill cancer cells by targeting the homologous recombination genetic defects.
This study presents a new synthetic approach to PARP inhibitors containing a 4-trifluoromethyl substituted 3,6,7,7a-tet-
rahydro-1H-pyrrolo[3,4-d]pyrimidine-2,5-dione scaffold. The method is based on a practical one-step cyclocondensation of
2-(2-ox0-1,2,3,4-tetrahydropyrimidin-4-yl)acetic acid derivatives via the Curtius rearrangement of the corresponding acyl azides
formed in situ upon the treatment with diphenylphosphoryl azide. The resulting products have been found to possess a po-
tent inhibitory effect on PARP-1 and PARP-2 isoforms of poly(ADP-ribose) polymerases. The structure—activity analysis has re-
vealed that the N1-aryl substituent is crucial to the selectivity and high potency towards PARP-2, and that the p-fluorobenzyl
group is the optimal group for the non-selective and potent PARP-1 and PARP-2 inhibition.

Keywords: Curtius rearrangement; heterocyclization; trifluoromethyl group; pyrrolo[3,4-d]pyrimidines; poly(ADP-ribose) polymerase
inhibitors

0. 0. Nlyk’aHos?, B. M. TKauyk?, [. C. CtenaHoBa’, |. Xina3o?, B. A. Cykau'*?
1 IHcmumym opaaHivyHoi Ximii HayioHanbHoi akademii HayK YKpaiHu,

syn. Akademika Kyxaps, 5, m. Kuis, 02660, YkpaiHa
2 [Hcmumym opaaHiyHoi ma aHanimu4Hoi ximii, YHisepcumem OpreaHa,

ICOA UMR 7311 CNRS, rue de Chartres, OpneaH, 45100, ®paHuyis
3 TOB HBI «EHamiH», 8yn. BiHcmoHa Yepyunns, 78, m. Kuis, 02094, YkpaiHa
EdekTuBHMUI cuHTE3 iHribiTopiB PARP Ha ocHOBI 4-TpudTopomeTunsamiwieHoro ckadpongy
3,6,7,7a-tetparippo-1H-nipono[3,4-dlnipumiamnH-2,5-pioHy
AHoTauinA
Moni(AOD-prbo3a)-nonimepasn (PARP) € K1oHOBUMM eH3MMaMK B NpoLecax penapadji AHK. [HribiTopu umx eH3nmiB HanexaTtb
[0 HOBOTO TUNY NPOTUNYX/IMHHUX Npenaparis, AKi BUGIPKOBO BpayKatoTb PaKOBi KNITMHU, HALLIKOKYNCH Ha TEHETUYHI aedek-
TM romonoriyHoi pekombiHauii. ¥ poboTi HaBeZeHO HOBUI CUHTETUYHMIA Niaxia Ao iHribiTopis PARP, Wwo mictatb 4-TpudTto-
pomeTunsamilleHuii ckadong 3,6,7,7a-tetparigpo-1H-nipono[3,4-dnipumigmH-2,5-gioHy. MeTtoa 6a3yeTbca Ha NPaKTUYHIN
OAHOCTAAIMHIN LMKNOKOHAEHC AL noxiaHux 2-(2-oKkco-1,2,3,4-TeTparigponipnumianH-4-in)ouToBoi KUCIOTU 32 A4ONOMOTOH0
neperpynysaHHa Kypuiyca BignosigHMxX aunnasnais, yTBOpeHUX in situ 3a 06pobku Knucnot gudeHindocdpopunasngom.
Bu3HauyeHo, Lo ofAeprKaHi NPOoAYKTU BUABAAOTL 3HAYHWUM iHribyBanbHU edeKkT Ha i3opopmu PARP-1 i PARP-2 noni(AQ®P-
pub0o3a)-nonimepas. AHaNi30M B3aEMO3B’A3KY MiXK CTPYKTYPOIO Ta aKTMBHICTIO AoBeaeHOo, Wwo N1-apuabHUIA 3aMiCHUK MaE
CYTTEBE 3HAYEHHSA AN CENEKTMBHOCTI Ta BUCOKOI aKTUBHOCTI A0 PARP-2, a napa-dTopobeH3sunabHa rpyna € onTMManbHO ANA
BUpaKeHoro HeeubipKkoBoro iHribyBaHHsA PARP-1 Ta PARP-2.
Knrouoei cnoea: neperpynysaHHs Kypuiyca; retepounknisauia; TpudayopometunbHa rpyna; niponol3,4-dlnipyumianuu;
iHri6iTopu noni(AAQ®P-pnbo3a)-nonimepasu
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H Introduction

Poly(ADP-ribose) polymerase (PARP) has evol-
ved as a promising molecular target in the can-
cer-targeted chemotherapy due to its pivotal ro-
le in restoring the genomic integrity [1]. The know-
ledge of its functions has led to the development
of PARP inhibitors, which exert their antican-
cer activity by interrupting DNA repair mecha-
nisms [2]. Several compounds (olaparib, nirapa-
rib, talazoparib, and rucaparib) have already been
marketed for treating advanced ovarian cancer
and breast cancer patients [3]. As a monothera-
py, PARP inhibitors have been shown to selec-
tively kill tumors harboring mutations or dele-
tions in DNA repair genes related to homologous
recombination pathways, such as BRCA-1 and
BRCA-2. This phenomenon referred to as “syn-
thetic lethality” has been successfully translated
to clinical practice and now exemplifies a “per-
sonalized” approach to the cancer therapy [4].

A poly(ADP-ribose) polymerase family has
18 nuclear and cytoplasmic enzymes that cleave
NAD+ to nicotinamide and ADP-ribose to form
long and branched ADP-ribose polymers on tar-
get proteins, including topoisomerases, histones
and PARP itself, and thus impact diverse cellu-
lar processes (replication, transcription, differen-
tiation, gene regulation, protein degradation).
In the family, PARP1 and PARP2 are the most
attractive therapeutic targets for the anticancer
drug development. In fact, the vast majority of
PARP inhibitors developed to date demonstrate

a lack of specificity for any given PARP isoform.
This raises the challenging problem of develop-
ing small molecule PARP inhibitors with a high
isoform selectivity as better-tolerated drugs [5].
PARP-1 accounts for more than 90% of the cellu-
lar PARP activity, thus representing a primar-
ily targeted PARP isozyme for the therapeutic
intervention. However, none of the currently
FDA-approved PARP inhibitors selectively inhi-
bits PARP-1. Moreover, olaparib (Figure), the
most clinically successful drug, demonstrates su-
perior (5-fold) inhibition of PARP-2 [6]. Compound
NMS-P118 is one of the most PARP-1 selective
clinical candidates (~150-fold selectivity over
PARP-2) endowed with a pronounced anticancer
activity in preclinical studies [7]. Zhao et al. iden-
tified compound 11a with a nearly 40-fold PARP-2/
PARP-1 selectivity [8].

Recently, we have reported that the 4-trifluo-
romethyl-substituted 3,6,7,7a-tetrahydro-1H-pyr-
rolo[3,4-d]pyrimidine-2,5-dione core may serve
as a scaffold for designing a novel class of PARP
inhibitors, due primarily to the presence of the en-
docyclic amide fragment in the pyrrolidone ring,
which resembles a key structural motif of the
majority of PARP’s nicotinamide site ligands [9].
This suggestion was supported by a molecular
docking study, which additionally revealed that
the trifluoromethyl group in position 4 of the no-
vel scaffold may significantly contribute to the
binding with the PARP enzyme NAD+ binding
site due to the C---F orthogonal dipolar interaction
with the backbone peptide fragment. As a result,

]

HN
N o

G oo

Olaparib (ref [6])
ICs0 (PARP-1): 5 nM
ICs0 (PARP-2): 1 nM

NMS-P118 (ref [7])
Kp (PARP-1): 0.03 uM
Kp (PARP-2): 3.93 uM

(0]

H)E?IWQ ;

Compounds 1a,b (ref [9])

CFs
Z>NH

o
R

Compound 1 1a (ref [8])

ICso (PARP-1): 467 nM a:R=PMP
ICso (PARP-2): 11.5 nM ICso (PARP-2): 0.46 uM
b:R = PFB

ICso (PARP-2): 1.12 uM

Figure. Selected PARP-1 and PARP-2 inhibitors. PMP — p-methoxyphenyl; PFB — p-fluorobenzyl
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compounds 1la,b demonstrated a potent inhibi-
tion of the PARP-2 enzyme. In this work, we cha-
racterized a new series of 3,6,7,7a-tetrahydro-
1H-pyrrolo[3,4-d]pyrimidine-2,5-dione derivati-
ves in the in vitro PARP-1 and PARP-2 radio-
metric assay to gain deeper insight into the in-
hibition selectivity of the isoforms and a prelim-
inary structure-activity relationship.

B Results and discussion

Synthesis

The method previously developed for the pre-
paration of 4-bromophenyl substituted 3,6,7,7a-
tetrahydro-1H-pyrrolo[3,4-d]pyrimidine-2,5-di-
one 1c relied on regioselective nitromethane addi-
tion to ethyl carboxylate 2¢, chemoselective nitro
group reduction in the adduct 3¢ and subsequent
intramolecular cyclocondensation of the result-
ing amine intermediate 4¢ (Scheme 1, A) [10].
The main drawbacks of this approach were the
low thermal stability of nitro compound 3¢, which
easily underwent a retro nitro-Michael reaction
to the starting reactants, and facile saturation
of the C=C double bond in the 1H-pyrrolo[3,4-
d]pyrimidine-2,5-dione system under a number
of reducing conditions tested for step b. It was
found that reduction of the nitro group with zinc
dust in acetic acid furnished amino ester hydro-
chloride 4¢ in an acceptable 60% yield. Finally,
compound 1c was obtained in 83% yield after the
treatment with aqueous NaOH at room tempe-
rature. This method is unsuitable for synthesiz-
ing N1-alkyl substituted derivatives due to an

insufficient reactivity of N1-alkyl pyrimidones 2
in the nitromethane addition step.

The second approach (Scheme 1, B) was ba-
sed on the visible-light-mediated hydroaminoal-
kylation of pyrimidin-2(1H)-ones 2a,b by the aza-
Giese-type reaction with potassium N-Boc-ami-
nomethyltrifluoroborate in the presence of an ac-
ridinium dye as a photocatalyst [9]. Further trans-
formation of the radical addition products 5a,b
enabled the synthesis of amine hydrochlorides
4a,b and, eventually, 3,6,7,7a-tetrahydro-1H-pyr-
rolo[3,4-d]|pyrimidine-2,5-dione derivatives 1a,b,
which showed promise as inhibitors of poly-
(ADP-ribose) polymerase (PARP) enzymes (IC;,
0.46-1.12 uM for PARP-2 in a fluorometric as-
say). The method requires chromatographic pu-
rification of intermediates 5 due to the forma-
tion of by-products derived from the radical side
reactions.

With the aim of developing a practical gen-
eral approach to the desired heterocyclic system
1, lacking the above-mentioned limitations, we
used stable (2-ox0-1,2,3,4-tetrahydropyrimidin-
4-yl)acetic acid derivatives 6a—j (Scheme 2) as
key intermediates in this work. Latter compounds
were obtained in high yields from readily avail-
able pyrimidin-2(1H)-ones 7a—j according to our
reported procedure based on the regioselective de-
carboxylative malonic acid addition [11]. As found
out, acids 6 can be easily converted into target
compounds 1 in a single step by the interaction
with diphenylphosphoryl azide and triethylamine
under heating in toluene. The reaction proceeds via
the Curtius rearrangement of the corresponding

A CF3 (0] CF3 O CF3 (e} CF3
EtO | SN Eto)f\NH EtO(i)l:ﬁ\NH HN\»:LZ\NH
N/J*o _a  ONy N/J*o b _ H3g N/J*o c . N’J*o
cl
2c Br 3c r 4c r 1c r
B CF3 CF3 CFs o CF;
EtO | SN d EtO” Y NH e EtO] 7 "NH f o N
N/&O BocHN N ,&O H% N ,&O N AO
R R cl R R
2a,b 5a,b 4a,b 1a,b

R = PMP (a), PFB (b)

Scheme 1. Previously reported methods for the preparation of compounds 1a—c. Reagents and conditions: (a) MeNO, (5 equiv),
Et,N (0.1 equiv), CH,Cl,, 0-5 °C, 10 h, 70% vield; (b) 1. Zn, AcOH, 25 °C, 8 h; 2. 4M HCl in dioxane, 60 % yield; (c) NaOH, MeOH/H,0,
25 °C, 2 h, 83 % yield; (d) BocNHCH,BF,K (1.5 equiv), acridinium photocatalyst (3 mol %), acetone/MeOH (5:1), blue light irradiation,
25°C, 16 h, 59-64% yield; (e) 1M HCl in dioxane, 25 °C, 6 h, 77—-86 % yield; (f) NaOH, EtOH, 60 °C, 6 h, 71-76 % yield.

Boc — tert-butyloxycarbonyl; PFB — p-fluorobenzyl; PMP — p-methoxyphenyl
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CF3 CF3 0 CF3
N a 0 @ NH b T NH
l}l/&O HO N/&O ry/&o
R R
7a-j 6a-j 1a-j

Scheme 2. The approach elaborated to 3,6,7,7a-tetrahydro-1H-pyrrolo[3,4-d]pyrimidine-2,5-diones.
Reagents and conditions: (a) malonic acid (5 equiv), Et;N (1 equiv), DMSO, 80 °C 18 h, 59-79 % yield;
(b) (PhO),PON; (1.2 equiv), Et;N (1.5 equiv), toluene, 80 °C, 6 h, 42—-63 % yield. Boc — tert-butyloxycarbonyl

in situ generated acyl azides and the subsequent
intramolecular cyclocondensation of the resulting
isocyanates to 3,6,7,7a-tetrahydro-1H-pyrrolo[3,4-
d]pyrimidine-2,5-diones. Thus, the target com-
pounds la-j featuring diverse N1-alkyl and N1-
aryl substituents were obtained in 42—63% yields.
The removal of the N-Boc-protection in product
1j led to piperazine-containing compound 1k in
87% yield. None of the synthetic steps in the novel
approach required the chromatographic purifica-
tion of both the intermediate and final products.

Biological activity

The results of studying the inhibitory activi-
ty for compounds la-i,k against PARP-1 and
PARP-2 enzymes are presented in Table (repre-
sented as the residual enzyme activity after the in-
cubation with the inhibitors in the concentration
of 10 pM). The results of the radiometric PARP
inhibitory assay revealed that the N1-aryl-substi-
tution within the 3,6,7,7a-tetrahydro-1H-pyrrolo-
[3,4-d]pyrimidine-2,5-dione system (compounds
la,c-f) led to the complete PARP-2 inhibition in
this concentration, while the activity of PARP-1
enzyme was in the range of 23.85-50.21%. The sub-
stitution by a N1-p-fluorobenzyl group gave rise
to a potent and merely isoform non-selective in-
hibitor (compound 1b). When R is a N1-p-fluoro-
phenethyl group, compound 1g exhibited a mode-
rate selectivity and a good potency (up to 1.22%
and 17.48% of the remaining activity of PARP-2
and PARP-1, respectively). The introduction of
simple N1-alkyl groups, such as cyclobutyl or allyl
substituents, in compounds 1h,i, or a piperazine
amide fragment in compound 1k resulted in a

Table. The remaining enzyme activity (%, n = 2: data 1 and data
2, relative to DMSO control) after the incubation of 10 uM of
compounds 1a-i,k with PARP-1 and PARP-2

Compound PARP-1 activity PARP-2 activity
(data 1; data 2), % (data 1; data 2), %
la 50.21; 49.18 6.92;6.51
1b 6.29; 6.72 -2.62;0.21
1c 33.57;30.56 -2.08; 1.08
id 41.64; 39.22 5.11; 5.87
le 40.82; 39.32 3.90; 3.79
1f 25.05; 23,85 -3.20; -0.95
1g 17.48; 14.35 2.08;1.22
1h 26.9; 26.3 21.22;19.3
1i 20.81; 19.84 9.58; 8.59
1k 35.2; 33.27 18.27;17.89

weaker non-selective inhibition with 8.59—35.2%
of the remaining enzyme activity.

B Conclusions

A series of 3,6,7,7a-tetrahydro-1H-pyrrolo[3,4-
d]pyrimidine-2,5-diones has been synthesized using
a novel practical approach, and their inhibitory
activity against PARP-1 and PARP-2 isoforms has
been evaluated. Among all the compounds tested,
derivatives 1a—g have exhibited a potent enzyme in-
hibitory activity with the complete inhibition at a
concentration of 10 pM, and 1a,d-f have demonstra-
ted specificity to PARP-2 (up to 41.64 of the remain-
ing PARP-1 activity at the same concentration).
These findings can provide promising structural
chemotypes for the development of novel PARP
inhibitors with a high potency and specificity.
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m Experimental part

Chemistry, general experimental infor-
mation

All chemicals were obtained from Enamine LTD
and used without further purification. Solvents
were purified according to the standard procedures.
Melting points were uncorrected. *F NMR, 'H NMR
and *C NMR spectra were recorded on Varian
Mercury-400 (**C: 101 MHz; °F: 376 MHz) or Bru-
ker Avance DRX-500/600 (**C: 126 MHz, 151 MHz;
YE: 470 MHz) or Mercury+ 300 Varian (**C: 76 MHz,
302 MHz; F: 188 MHz) spectrometers with TMS
or CCLF as an internal standard. Multiplets were
assigned as s (singlet), d (doublet), ¢ (triplet), g
(quartet), m (multiplet) and br. s (broad singlet).
Mass spectrometric detection of samples was per-
formed with an Infinity 1260 UHPLC system (Agi-
lent Technologies, Waldbronn, Germany) coupled
to a 6224 Accurate Mass TOF LC/MS system
(Agilent Technologies, Singapore). Compounds
6b,i and 7a-f,i were prepared according to the
literature procedures [11].

Biological assay conditions and protocol

The research was performed by the Reaction
Biology Corporation according to the standard
assay protocol recommended by the developer
(https://www.reactionbiology.com/services/target-
specific-assays/parp-assays). The reaction buffer
was 50 mM Tris-HCI (pH 8.0), 50 mM NaCl, 10 mM
MgCl,, 1 mM DTT, 1% DMSO, and 20 pg/mL acti-
vated DNA. The 3P-NAD" ([adenylate-**P]-Nico-
tinamide Adenine Dinucleotide) concentration was
10 uM. Compounds were tested in a single-dose
duplicate mode in a concentration of 10 pM. The
control compound, PJ34, was tested in a 10-dose
IC,, mode with a 3-fold serial dilution starting
at 10 pM. The resulting IC,, values were in accor-
dance with the published data: 13.5 nM (PARP-1)
and 9.5 nM (PARP-2). PARP substrates were core
histones (PARP-1) and histone H3.3 (PARP-2).

The substrate was prepared in the Reaction
Buffer freshly obtained. The indicated PARP was
delivered into the substrate solution and gently
mixed. Compounds were delivered in DMSO into
the reaction mixture using an Acoustic Tech-
nology (Echo 550, LabCyte Inc. Sunnyvale, CA)
in the nanoliter range and incubated 20 min at
room temperature. 32P-NAD* was delivered into
the reaction mixture to initiate the reaction.
The mixture was incubated for 2 h at room tem-
perature and then delivered to filter-paper and
washed with 0.75% phosphoric acid for detection.

The data were analyzed using the Excel and
GraphPad Prism software. The PARP activity data

were expressed as the percent of the remaining
PARP activity in test samples (data 1 and data 2)
compared to vehicle (dimethyl sulfoxide) reac-
tions. IC;, values and curve fits were obtained
using the Prism4 Software (GraphPad).

The synthesis of compounds 1a-j

To a solution of compounds 6a—j (1 mmol) and
diphenylphosphoryl azide (0.33 g, 1.2 mmol) in to-
luene (10 mL), triethylamine (0.15 g, 1.5 mmol)
was added. The mixture was stirred at 80 °C for
6 h. After completion of the reaction, the mix-
ture was cooled to room temperature and evapo-
rated to dryness under reduced pressure. The re-
sidue obtained was treated with saturated solu-
tion of sodium hydrogen carbonate (20 mL). The so-
lid was filtered, washed with water (20 mL), me-
thyl tert-butyl ether (10 mL), dried on air and puri-
fied by recrystallization from acetonitrile to ob-
tain the corresponding product as a white solid.

1-(4-Methoxyphenyl)-4-(trifluoromethyl)-
3,6,7,7a-tetrahydro-1H-pyrrolo[3,4-d]pyrimi-
dine-2,5-dione (1a)

Yield — 0.18 g (56%). M. p. >250 °C. 'H NMR
(400 MHz, DMSO-d,), 6, ppm: 2.94 (1H, t, J =
8.5 Hz), 3.20 (1H, t, J = 8.8 Hz), 5.26 (1H, s),
3.76 (3H, s), 6.94 (2H, d, J = 8.4 Hz), 7.27 (2H, d,
J =8.4 Hz), 8.16 (1H, s), 10.10 (1H, s). *C NMR
(126 MHz, DMSO-d,), 6, ppm: 45.8, 55.7, 55.8,
110.0, 114.5, 119.5 (q, J = 275.8 Hz), 127.6 (q,
J = 38.4 Hz), 128.6, 131.6, 153.2, 158.5, 164.1.
YEF NMR (376 MHz, DMSO-d,), 6, ppm: —62.1 (s).
HRMS (ESI): m/z caled for C,H,,F,N.O, [M+H]*
328.0904, found 328.0906.

1-(4-Fluorobenzyl)-4-(trifluoromethyl)-3,6,7,
7a-tetrahydro-1H-pyrrolo[3,4-d]pyrimidine-2,5-
dione (1b)

Yield — 0.23 g (62%). M. p. >250 °C. 'H NMR
(400 MHz, DMSO-dy), 6, ppm: 3.15 (1H, t, J =
8.3 Hz), 3.54 (1H, t, J = 8.5 Hz), 4.22 (1H, d, J
= 15.4 Hz), 4.51-4.55 (1H, m), 4.68 (1H, d, J =
15.5 Hz), 7.17 (2H, t, J = 8.7 Hz), 7.38 (2H, dd, J
=8.4,5.5 Hz), 8.17 (1H, s), 9.97 (1H, s). *C NMR
(126 MHz, DMSO-d,), 6, ppm: 45.7, 46.5, 54.5,
109.2,115.8(d, J=21.4 Hz), 120.4 (q,J/=276.1 Hz),
127.4 (q,J = 38.2 Hz), 130.4 (d, J = 8.2 Hz), 133.3
(d, J = 3.0 Hz), 153.6, 162.0 (d, J = 243.2 Hz),
164.2. YF NMR (470 MHz, DMSO-d,), 6, ppm:
-115.2 (t, J = 7.4 Hz, 1F), —61.8 (s, 3F). HRMS
(ESI): m/z caled for C,,H,F,N.,O, [M+H]*
330.0860, found 330.0855.

1-(4-Bromophenyl)-4-(trifluoromethyl)-3,6,7,
7a-tetrahydro-1H-pyrrolo[3,4-d]pyrimidine-2,5-
dione (1c)

Yield — 0.21 g (67%). M. p. >250 °C. 'H NMR
(400 MHz, DMSO-d,), 6, ppm: 2.85-2.94 (1H, m),
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3.25-3.31 (1H, m), 5.34 (1H, br. s), 7.32 (2H, d, J =
7.0 Hz), 7.59 (2H, d, J = 7.6 Hz), 8.22 (1H, s), 10.23
(1H, s). *C NMR (126 MHz, DMSO-d,), 6, ppm: 45.1,
54.6,109.7 (d, J=2.6 Hz), 119.0 (q, J = 276.3 Hz),
119.5, 126.9 (q, J = 38.8 Hz), 128.8, 131.6, 137.7,
152.3, 163.3. ¥F NMR (470 MHz, DMSO-d,),
0, ppm: —61.55 (s). HRMS (ESI): m/z caled for
C,,H,BrF.,N,O, [M+H]" 375.9903, found 375.9900.

1-Phenyl-4-(trifluoromethyl)-4a, 6,7, 7a-tetra-
hydro-1H-pyrrolo[3,4-d]pyrimidine-2,5-dione (1d)

Yield — 0.18 g (61%). M. p. >250 °C. 'H NMR
(400 MHz, DMSO-d,), 8, ppm: 2.89 (1H, t, J =
8.2 Hz), 3.28 (1H, t, J = 8.7 Hz), 5.31 — 5.39 (1H,
m), 7.25—-7.45 (5H, m), 8.19 (1H, s), 10.17 (1H, s).
13C NMR (126 MHz, DMSO-d,), 6, ppm: 45.8,
55.3,110.1,119.5 (q, J =275.7 Hz), 127.2, 127 .4,
127.6 (q, J = 39.8 Hz), 129.3, 138.9, 153.0, 164.0.
YF NMR (470 MHz, DMSO-dy), 6, ppm: —61.6 (s).
HRMS (ESI): m/z caled for C,,H,,F,N,O, [M+H]*
298.0798, found 298.0796.

1-(4-(Trifluoromethoxy)phenyl)-4-(trifluo-
romethyl)-3,6,7, 7a-tetrahydro-1H-pyrrolo[3,4-d]py-
rimidine-2,5-dione (1e)

Yield — 0.24 g (63%). M. p. >250 °C. 'H NMR
(400 MHz, DMSO-d,), &, ppm: 2.91 (1H, t, J =
8.2 Hz), 3.33 (1H, t, J = 8.5 Hz), 5.36 (1H, br. s),
7.39 (2H, d, J=8.5 Hz), 7.49 (2H, d, J = 8.8 Hz),
8.20 (1H, s), 10.23 (1H, s). *C NMR (126 MHz,
DMSO-dy), 6, ppm: 45.6, 55.1, 110.1 (d, J = 2.4 Hz),
119.4 (q, J = 276.0 Hz), 120.4 (q, J = 256.3 Hz),
121.8, 127.4 (q, J = 38.5 Hz), 128.9, 137.8, 147.0
(d, J=1.9 Hz), 152.9, 163.8. **F NMR (470 MHz,
DMSO-d,), 6, ppm: —61.6 (s, 1F), —56.9 (s, 1F).
HRMS (ESI): m/z caled for C, ,H, ,F,N,O0, [M+H]*
382.0621, found 382.0625.

1-(4-(1H-Pyrazol-1-yl)phenyl)-4-(trifluorome-
thyl)-3,6,7,7a-tetrahydro-1H-pyrrolo[3,4-d]py-
rimidine-2,5-dione (1f)

Yield — 0.19 g (562%). M. p. >250 °C. 'H NMR
(400 MHz, DMSO-d,), §, ppm: 2.91-2.99 (1H, m),
3.31-3.39 (2H, m), 5.37 (1H, br. s), 6.55 (1H, t, J
=2.2Hz),7.47(2H, d,J=8.4 Hz), 7.75 (1H, d, J
= 1.7 Hz), 7.85 (2H, d, J = 8.4 Hz), 8.13 (1H, s),
8.49 (1H, d, J = 2.2 Hz), 10.11 (1H, s). *C NMR
(76 MHz, DMSO-d,), 6, ppm: 45.3, 54.9, 109.7, 117.9,
118.2,119.1 (q, J = 276.1 Hz), 126.2, 127.1 (q, J =
38.5 Hz), 127.8, 135.9, 138.3, 141.9 (d, J = 2.8 Hz),
152.6, 163.6. YF NMR (376 MHz, DMSO-d,),
0, ppm: —62.0 (s). HRMS (ESI): m/z caled for
C,H,;F.N.O, [M+H]" 364.1016, found 364.1021.

1-(4-Fluorophenethyl)-4-(trifluoromethyl)-3,
6,7, 7a-tetrahydro-1H-pyrrolo[3,4-d]pyrimidine-
2,5-dione (1g)

Yield - 0.21 g (61%). M. p. >250 °C. 'H NMR
(400 MHz, DMSO-d,), 6, ppm: 2.59-3.00 (2H,
m), 3.00-3.24 (2H, m), 3.49-3.81 (2H, m), 4.70

(1H, s), 6.91-7.22 (2H, m), 7.22-7.50 (2H, m),
8.19 (1H, s), 9.82 (1H, s). *C NMR (126 MHz,
DMSO-d,), 6, ppm: 32.0, 45.6, 54.2, 109.0, 115.5
d, J = 21.0 Hz), 119.4 (q, J = 275.9 Hz), 127.4
(q,J=37.9Hz), 131.0, 131.1, 135.6, 153.2, 161.4
(d, J = 242.7 Hz), 164.2. YF NMR (470 MHz,
DMSO-d,), 6, ppm: —116.8 (s, 1F), —61.8 (s, 3F).
HRMS (ESI): m/z caled for C,;H,,F,N,O, [M+H]*
344.1017, found 344.1011.
1-Cyclobutyl-4-(trifluoromethyl)-3,6,7, 7a-tetra-
hydro-1H-pyrrolo[3,4-d[pyrimidine-2,5-dione (1h)

Yield — 0.13 g (47%). M. p. >250 °C. 'H NMR
(400 MHz, DMSO-d,), 6, ppm: 1.45-1.75 (2H,
m), 2.03-2.10 (2H, m), 2.39-2.47 (2H, m), 3.20
(1H, t, J = 8.4 Hz), 3.72 (1H, t, J = 8.4 Hz), 4.04
(1H, p, J = 8.9 Hz), 4.74 (1H, s), 8.16 (1H, s),
9.64 (1H, s). *C NMR (101 MHz, DMSO-d,), 6,
ppm: 15.1, 28.3, 28.4, 47.3, 51.1, 54.9, 108.8,
119.4 (q, J = 276.2 Hz), 127.2 (q, J = 38.4 Hz),
153.0, 164.1. YF NMR (376 MHz, DMSO-d,),
0, ppm: —62.2 (s). HRMS (ESI): m/z caled for
C,,H;F.;N,O, [M+H]* 276.0954, found 276.0959.

1-Allyl-4-(trifluoromethyl)-3,6,7, 7Ta-tetrahy-
dro-1H-pyrrolo[3,4-d[pyrimidine-2,5-dione (11)

Yield — 0.11 g (42%). M. p. >250 °C. 'H NMR
(400 MHz, DMSO-d,), 6, ppm: 3.21 (1H, t, J =
8.3 Hz), 3.563-3.63 (2H, m), 4.10 (1H, dd, J = 15.7,
5.0Hz), 4.65(1H, dq,J=7.8,4.1 Hz), 5.20 (1H, d,
J=10.2Hz), 5.27 (1H, d, J=17.1 Hz), 5.72-5.86
(1H, m), 8.17 (1H, s), 9.86 (1H, s). *C NMR
(126 MHz, DMSO-d,), 6, ppm: 45.6, 46.3, 54.2, 109.3,
118.9,119.4 (q,J=276.3 Hz), 127.4 (d, J = 38.5 Hz),
133.0, 153.2, 164.2. F NMR (376 MHz, DMSO-d,),
0, ppm: —62.3 (s). HRMS (ESI): m/z caled for
C,,;H,,F.N,O, [M+H]* 262.0798, found 262.0802.

tert-Butyl 4-(2-(2,5-dioxo-4-(trifluoromethyl)-
2,3,5,6,7,7a-hexahydro-1H-pyrrolo[3,4-d]pyrimi-
din-1-yl)acetyl)piperazine-1-carboxylate (1j)

Yield — 0.28 g (63%). M. p. >250 °C. 'H NMR
(400 MHz, DMSO-d,), 6, ppm: 1.41 (9H, s), 3.15
(1H, t,J=8.4 Hz), 3.38 (8H, ¢, J =19.9 Hz), 3.61
(1H,t,J=8.5Hz),3.77(1H, d, J=17.0 Hz), 4.40
(1H, d, J = 17.0 Hz), 4.74—4.83 (1H, m), 8.17 (1H,
s), 9.88 (1H, s). 1*C NMR (126 MHz, DMSO-d,),
0, ppm: 28.5, 41.6, 44.3, 44.8, 45.6, 55.0, 79.7, 109.3,
119.5 (q, J = 276.0 Hz), 127.4 (q, J = 38.6 Hz),
153.8, 154.3, 164.2, 166.3. YF NMR (470 MHz,
DMSO-d,), 6, ppm: —61.8 (s). HRMS (ESI): m/z
caled for C,;H,,F,N.O, [M+H]* 448.1802, found
448.1805.

The synthesis of 1-(2-oxo-2-(piperazin-
1-yl)ethyl)-4-(trifluoromethyl)-3,6,7,7a-tet-
rahydro-1H-pyrrolo[3,4-d]pyrimidine-2,5-
dione hydrochloride (1k)

Compound 1j (0.2 g, 0.45 mmol) was treated
with 4M HCl in dioxane (5 mL), and the resulting
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mixture was stirred at room temperature for 6 h.
Methyl tert-butyl ether (10 mL) was added to the
mixture. The solid was collected by filtration and
washed with methyl tert-butyl ether (2x10 mL)
to give compound 1k.

A beige solid. Yield —0.15 g (87%). M. p. >250 °C.
'H NMR (302 MHz, DMSO-d,), 6, ppm: 2.97-3.19
(5H, m), 3.57-3.73 (6H, m), 3.82 (1H, d, J=17.1 Hz),
4.44 (1H, d, J=17.0 Hz), 4.68-4.82 (1H, m), 8.23
(1H, s), 9.60 (2H, br. d, J =29.5 Hz), 9.90 (1H, s).
13C NMR (76 MHz, DMSO-d,), 6, ppm: 41.1, 42.4
(d,J="7.1Hz), 44.3, 45.3, 54.6,109.0 (d, J = 2.3 Hz),
119.0 (q, J = 276.1 Hz), 126.9 (q, J = 38.3 Hz),
153.4, 163.8, 165.9. F NMR (188 MHz, DMSO-
dg), 6, ppm: —61.7 (s). HRMS (ESI): m /z calcd for
C,;H,,F;N,O, [M+H]* 348.1278, found 348.1280.

The synthesis of compounds 6a,c—h,j

To the solution of compounds 7a,c-h,j (3 mmol)
and malonic acid (1.56 g, 15 mmol, 5 equiv) in
DMSO (10 mL), triethylamine (0.3 g, 3 mmol)
was added. The mixture was stirred at 80 °C for
18 h. After completion of the reaction, the mix-
ture was cooled, diluted with 0.4M hydrochloric
acid (20 mL), and the product was extracted with
dichloromethane (3X20 mL). The combined or-
ganic layers were washed with brine (2x20 mL),
dried over anhydrous sodium sulfate, and the sol-
vent was evaporated. The residue obtained was
crystallized from hexane/methyl tert-butyl ether
(1:5) to give the corresponding product as a white
solid.

2-(3-(4-Methoxyphenyl)-2-oxo-6-(trifluoro-
methyl)-1,2,3,4-tetrahydropyrimidin-4-yl)acetic
acid (6a)

Yield —0.75 g (76%). M. p. 194-195 °C. '"H NMR
(302 MHz, DMSO-dy), 6, ppm: 2.46 (2H, d, J =
5.9 Hz), 3.76 (3H, s), 4.56—4.77 (1H, m), 5.53-5.77
(1H, m), 6.95 (2H, d, J = 8.4 Hz), 7.26 (2H, d, J =
8.4 Hz),9.60 (1H, s), 12.41 (1H, s). *C NMR (76 MHz,
DMSO-d,), 6, ppm: 38.43, 55.31, 56.19, 102.57
(d, J=5.5 Hz), 114.20, 119.86 (q, J = 272.3 Hz),
126.99 (q, J = 34.6 Hz), 132.88, 129.63, 151.52,
157.96, 171.21. YF NMR (376 MHz, DMSO-d,),
0, ppm: —69.7 (s). HRMS (ESI): m/z calcd for
C, H,,F.N,O, [M+H]* 331.0900, found 331.0897.

2-(3-(4-Bromophenyl)-2-oxo-6-(trifluorome-
thyl)-1,2,3,4-tetrahydropyrimidin-4-yl)acetic
acid (6¢)

Yield — 0.79 g (69%). M. p. 189-190 °C. 'H NMR
(400 MHz, DMSO-dy), 6, ppm: 2.47 (2H, d, J =
5.8 Hz), 4.85 (1H, br. s, J = 6.6 Hz), 5.64 (1H, br. s),
7.35 (2H, d, J=8.1 Hz), 7.59 (2H, d, J = 8.2 Hz),
9.72 (1H, s), 12.42 (1H, s). *C NMR (126 MHz,
DMSO-dy), 6, ppm: 38.4, 55.7,102.9 (d, J=5.2 Hz),
119.6,119.8 (q,J/=272.1 Hz), 126.9 (q, J = 34.9 Hz),
130.4,131.8,139.6,151.1, 171.0. YF NMR (376 MHz,

DMSO-d,), 6, ppm: —69.6 (s). HRMS (ESI): m/z
caled for C,,H,,BrF,N,O, [M+H]* 379.9900, found
378.9895.
2-(2-Oxo-3-phenyl-6-(trifluoromethyl)-1,2,3,
4-tetrahydropyrimidin-4-yl)acetic acid (6d)

Yield - 0.71 g (79%). M. p. 116-117 °C. '"H NMR
(400 MHz, DMSO-d,), 6, ppm: 2.42-2.49 (2H, m),
4.82 (1H, d, J=6.3 Hz), 5.63 (1H, d, J = 4.8 Hz),
7.30 (1H, t, J = 7.2 Hz), 7.33-7.46 (4H, m), 9.66
(1H, s), 12.45 (1H, s). 1*C NMR (126 MHz, chloro-
form-d), 6, ppm: 38.8, 56.3, 103.2 (d, J = 5.2 Hz),
120.3 (q, J = 272.4 Hz), 127.3 (d, J = 14.1 Hz),
127.4, 128.7, 129.4, 140.7, 151.8, 171.5. YF NMR
(376 MHz, DMSO-d,): § —69.6 (s). HRMS (ESI):
m/z caled for C,H, ,F,N,O, [M+H]* 301.0795,
found 301.0799.

2-(2-Ox0-3-(4-(trifluoromethoxy)phenyl)-6-(tri-
fluoromethyl)-1,2,3,4-tetrahydropyrimidin-4-yl)
acetic acid (6e)

Yield - 0.82 g (71%). M. p. 176-177 °C. '"H NMR
(400 MHz, DMSO-dy), 6, ppm: 2.47 2H, d, J =
5.8 Hz), 4.79-4.93 (2H, m), 5.60-5.70 (1H, m),
7.40 (2H, d, J=8.5 Hz), 7.51 (2H, d, J = 8.5 Hz),
9.74 (1H, s), 12.42 (1H, s). *C NMR (126 MHz,
DMSO-d,), 6, ppm: 38.31, 55.81, 102.85 (d, J =
5.1 Hz), 119.76 (q, J = 272.1 Hz), 120.07 (q, J =
256.3 Hz), 121.48, 126.90 (q, J = 35.0 Hz), 130.17,
139.30, 146.63, 151.24, 171.02. F NMR (376 MHz,
DMSO-d,), 8, ppm: —69.6 (s, 1F), —57.4 (s, 1F).
HRMS (ESI): m/z caled for C,,H,,F,N,O, [M+H]*
385.0618, found 385.0620.

2-(3-(4-(1H-Pyrazol-1-yl)phenyl)-2-oxo-6-(tri-
fluoromethyl)-1,2,3,4-tetrahydropyrimidin-4-yl)
acetic acid (6f)

Yield — 0.68 g (62%). M. p. 204205 °C. 'H NMR
(400 MHz, DMSO-dy), 8, ppm: 2.46—2.52 (2H, m),
4.86—4.90 (1H, m), 5.62—5.68 (1H, m), 6.56 (1H,
t,JJ =2.2 Hz), 7.49 (2H, d, J = 8.6 Hz), 7.76 (1H,
d,J=1.7Hz), 7.87 (2H, d, J = 8.4 Hz), 8.52 (1H,
d, J = 2.5 Hz), 9.72 (1H, br. s), 12.43 (1H, s).
13C NMR (126 MHz, DMSO-d,), 6, ppm: 38.93,
56.38, 108.43, 119.25, 103.29 (d, J = 5.1 Hz),
120.27 (q, J = 272.1 Hz), 127.38 (q, J = 34.9 Hz),
128.32, 129.83, 138.54, 138.62, 141.58, 151.78,
171.58. YF NMR (376 MHz, DMSO-d,): 6 —69.6 (s).
HRMS (ESI): m/z caled for C,;H,,F,N,O, [M+H]*
367.1013, found 367.1010.

2-(3-(4-Fluorophenethyl)-2-oxo-6-(trifluoro-
methyl)-1,2,3,4-tetrahydropyrimidin-4-yl)acetic
acid (6g)

Yield — 0.72 g (69%). M. p. 132—-134 °C. 'H NMR
(400 MHz, DMSO-dy), 6, ppm: 2.45 (1H, d,JJ="7.8 Hz),
2.63 (1H, dd, J = 15.9, 4.8 Hz), 2.73 (1H, dt, J =
13.8, 6.7 Hz), 2.78-2.89 (1H, m), 3.05-3.17 (1H,
m), 3.73-3.85 (1H, m), 4.24-4.34 (1H, m), 5.45
(1H, d, J=5.3 Hz), 7.08 (2H, t, J = 8.7 Hz), 7.24
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(2H, dd, J=8.3, 5.5 Hz), 9.39 (1H, s), 12.48 (1H, s).
13C NMR (126 MHz, chloroform-d), 6, ppm: 33.0,
46.5, 52.6,102.8, 115.4 (d, J =20.9 Hz), 121.3 (q),
127.7 (q,J=34.7Hz), 131.0(d, J="7.9 Hz), 135.6,
152.6, 160.4, 162.3, 172.0. YF NMR (470 MHz,
DMSO-d,), 6, ppm: —117.1 (s, 1F), —69.0 (s, 3F).
HRMS (ESI): m/z caled for C,;H,,F,N,O, [M+H]*
347.1013, found 347.1010.
2-(3-Cyclobutyl-2-oxo-6-(trifluoromethyl)-1,2,
3,4-tetrahydropyrimidin-4-yl)acetic acid (6h)
Yield —0.49 g (59%). M. p. 157-158 °C. 'H NMR
(400 MHz, DMSO-d,), 6, ppm: 1.49-1.65 (2H, m),
2.04-2.23 (5H, m), 2.32-2.46 (1H, m), 4.08 (1H,
p, J = 8.4 Hz), 4.34 — 4.43 (1H, m), 5.56 (1H, d,
J =6.0 Hz), 9.37 (1H, s), 12.25 (1H, s). *C NMR
(126 MHz, chloroform-d), 6, ppm: 14.7, 27.7, 30.0,
49.6, 50.8, 103.5, 120.3 (q, J = 272.3 Hz), 127.9
(q,J=34.9 Hz), 152.7, 171.7. *F NMR (376 MHz,
DMSO-d,), 6, ppm: —69.3 (s). HRMS (ESI): m/z
caled for C,;H,,F,N,O, [M+H]* 279.0951, found
279.0955.
2-(3-(2-(4-(tert-Butoxycarbonyl)piperazin-
1-yl)-2-oxo0ethyl)-2-oxo0-6-(trifluoromethyl)-
1,2,3,4-tetrahydropyrimidin-4-yl)acetic acid (6j)
Yield — 0.88 g (65%). M. p. 221-222 °C (de-
comp.). '‘H NMR (400 MHz, DMSO-d,), &, ppm:
1.41 (9H, s), 2.47 (1H, d, J = 16.2 Hz), 2.73 (1H,
d, J =16.1 Hz), 3.20-3.40 (8H, m), 3.99 (1H, d,
J =16.8 Hz), 4.30 — 4.35 (1H, m), 4.40 (1H, d, J
=16.6 Hz), 5.47 (1H, s), 9.36 (1H, s), 12.40 (1H,
s). 3C NMR (126 MHz, DMSO-d,), 6, ppm: 28.5,
41.7, 44.2, 46.4, 53.7, 79.6, 102.7, 102.8, 120.2
(g, J = 272.2 Hz), 127.2 (q, J = 34.5 Hz), 152.6,
154.3, 167.0, 172.1. **F NMR (376 MHz, DMSO-
dy), 6, ppm: —69.6 (s). HRMS (ESI): m /z calcd for
C,;H,.F.N, O, [M+H]* 451.1799, found 451.1795.
The synthesis of compounds 7g,h
4-Ethoxy-1,1-difluorobut-3-en-2-one (1.5 g,
10 mmol) and the corresponding N-alkylurea
(10 mmol) were dissolved in methanol (15 mL),
then concentrated hydrochloric acid was added
(5 mL). The mixture was refluxed for 12 h. After
cooling, the solution was evaporated to the half vo-
lume, and then water (10 mL) was added. The pre-
cipitate formed was filtered, washed with water
(10 mL), diethyl ether (10 mL) and dried on air.
1-(4-Fluorophenethyl)-4-(trifluoromethyl)pyri-
midin-2(1H)-one (7g)
Using 1-(4-fluorophenethyl)urea (1.82 g, 10 mmol).
A white solid. Yield — 1.91 g (67%). M. p. 183-184 °C.

'H NMR (400 MHz, DMSO-d,), 6, ppm: 3.01 (2H,
t,JJ=7.4Hz),4.16 2H, t,J=7.4 Hz), 6.81 (1H, d,
J=6.6 Hz), 7.12 (2H, t, J = 8.9 Hz), 7.20-7.29 (2H,
m), 8.38 (1H, d, J = 6.6 Hz). *C NMR (126 MHz,
DMSO-d,), 6, ppm: 33.0, 52.9, 99.1, 115.7 (d, J =
21.2 Hz), 120.0 (q, J = 277.2 Hz), 131.2 (d, J =
8.0 Hz), 134.0 (d, J = 3.3 Hz), 154.7, 154.9, 161.5
(q,J=35.4 Hz), 161.6 (d, J = 242.3 Hz). ’F NMR
(376 MHz, DMSO-d,), 6, ppm: —116.7 (s, 1F),
-70.9 (s, 3F). HRMS (ESI): m/z caled for
C,;H,,F,N,O [M+H]* 287.0802, found 287.0806.

1-Cyclobutyl-4-(trifluoromethyl)pyrimidin-
2(1H)-one (7Th)

Using 1-cyclobutylurea (1.14 g, 10 mmol). A white
solid. Yield — 1.33 g (61%). M. p. 103-105 °C. '"H NMR
(400 MHz, DMSO-d,), 6, ppm: 1.60-1.76 (2H, m),
1.76-2.05 (4H, m), 4.30—4.59 (1H, m), 6.83 (1H,
d,J=6.6 Hz), 8.32 (1H, d, J = 6.6 Hz). *C NMR
(126 MHz, DMSO-d,), 6, ppm: 17.46, 31.49, 54.40,
104.60 (d, J=11.0 Hz), 120.69 (q, J = 271.7 Hz),
153.64, 160.90 (q, J = 34.7 Hz). F NMR (376 MHz,
DMSO-d,), 6, ppm: —70.1 (s). HRMS (ESI): m/z
caled for C;H,,F;N,O0 [M+H]* 219.0740, found
219.0736.

The synthesis of tert-butyl 4-(2-(2-ox0-4-
(trifluoromethyl)pyrimidin-1(2H)-yl)ace-
tyl)piperazine-1-carboxylate (7j)

To an ice-cooled stirred solution of 4-(trifluo-
romethyl)pyrimidin-2(1H)-one (1.64 g, 10 mmol,
1 equiv) in anhydrous DMF (20 mL), potassium
tert-butoxide (1.23 g, 11 mmol, 1.1 equiv) was added
in one portion, and the mixture was stirred at 0 °C
for 15 min. Afterwards, tert-butyl 4-(2-chloroace-
tyl)piperazine-1-carboxylate (2.63 g, 10 mmol,
1 equiv) was added to the mixture. The reaction
mixture was warmed to room temperature for over
1 h, stirred at room temperature overnight, and
then poured on ice water. The solid was collect-
ed by filtration, washed with water (3x30 mL)
and cyclohexane (30 mL), and dried on air.

A white solid. Yield —2.89 g (74%). M. p. 253 °C
(decomp.). "H NMR (400 MHz, DMSO-d,), 6, ppm:
1.42 (9H, s), 3.31-3.62 (8H, m), 4.95 (2H, s), 6.94
(1H, d, J = 6.6 Hz), 8.48 (1H, d, J = 6.6 Hz). 1*C
NMR (126 MHz, DMSO-d,), 6, ppm: 28.5, 42.0,
44.5, 52.0, 79.8, 99.2, 120.0 (q, J = 277.6 Hz),
154.3, 154.8, 156.2, 162.0 (q, J = 35.5 Hz), 164.8.
¥EF NMR (376 MHz, DMSO-d,), 6, ppm: —70.2
(s). HRMS (ESI): m/z caled for C,H,,F,N,O,
[M+H]* 391.1588, found 391.1581.
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Inhibition of Xanthine Oxidase by Pyrazolone Derivatives
Bearing a 4-(Furan-2-yl)benzoic Acid Moiety

Abstract

The pyrazolone-based 4-(furan-2-yl)benzoic acids have been synthesized and studied as xanthine oxidase inhibitors. This en-
zyme is one of the therapeutic targets for the treatment of hyperuricemia and related diseases. The compounds studied have
found to exhibit low micromolar IC,, values relative to the enzyme in vitro, depending on substituents in position 3 of the
pyrazolone ring. However, the inhibitory effects observed are reduced in the presence of bovine serum albumin or Tween-80.
Among the pyrazolone derivatives synthesized, 4-(5-((3-methyl-5-oxo-1-phenyl-1,5-dihydro-4H-pyrazol-4-ylidene)methyl)furan-
2-yl)benzoic acid has been found to be the most potent inhibitor of xanthine oxidase. Kinetic results have shown that this
compound is a mixed-type inhibitor with higher affinity to the free enzyme than to the enzyme-substrate complex. The re-
sults of the molecular docking and molecular dynamics show that the carboxylic group of the inhibitor can form a salt bridge
with Arg880 and a hydrogen bond with Thr1010. These interactions can be key factors in the enzyme-inhibitor complex
stabilization.

Keywords: xanthine oxidase; inhibition; pyrazolone; benzoic acid; molecular docking; molecular dynamics

A. B. Beiiko, O. /1. Ko63ap, M. B. KauaeBa, C. I. Minbo, B. 0. TaHuyk, A. |. BoBK

IHcmumym 6ioopzaHiyHoi ximii ma Hagpmoximii im. B. 1. Kyxapa HauioHanbHOi akademii Hayk YKpaiHu,

syn. Akademika Kyxaps, 1, Kuis, 02094, YKkpaiHa

IHribyBaHHA KCAHTUHOKCUAA3U NOXiAHMMM NiPaA30JIOHY, WO MICTATb pparmeHT
4-(dbypaH-2-in)6eH30MHOI KUCAoTH

AHoTauiA

4-(dypaH-2-in)6eH30iHI KMCAO0TK 3 GparmeHTOM Nipa3o/ioHy 6Y/10 CUHTE30BaHO Ta AOC/IAMEHO AK iHFBITOPY KCAHTUHOKCUAA3M.
Liei eH3MM € OAHi€l0 3 TepaneBTUYHUX MilleHel A4 iIKyBaHHA rinepypuKemii Ta cynyTHiX 3axBoptoBaHb. BUBYEHi cnonyku
AEMOHCTPYBaN HU3bKOMIKPOMONAPHI 3HaveHHA IC,, WOoA0 eH3MMY in Vitro, 3aNeXHO Bif, 3aMICHUKIB Y MOAOXeHHI 3 nipa-
30/I0HOBOTO KiNbuA. OfHaK crnocTepexkyBaHi iHribyBanbHi edeKTN 3HUKYBANUCH 33 HAABHOCTI 6MYAYOro CMPOBATKOBOTO aslb-
6ymiHy abo TBiHY-80. Cepes, CMHTE30BaHUX NOXigHUX Nipa3onoHy 4-(5-((3-meTun-5-okco-1-beHin-1,5-aurigpo-4H-nipason-
4-inipeH)meTtnn)dypan-2-in)6eH3olHa KMCA0Ta BUABMAACh HANMOTYXKHILMM iHFiBITOPOM KCaHTUHOKCMAA3M. KiHEeTUYHI Ao-
CNigyKeHHA 3acBigYMM, LLO LA CMOJYKA € iHMBITopoM 3millaHOro TMMy 3 HifbLLOK CNOPIAHEHICTIO 40 BiIbHOFO EH3MMY, HiXK
[0 eH3UM-CYyb6CTPaTHOro KOMNIEKCY. Pe3ynbTaTh MONEKYAAPHOIO AOKIHTY i MONEKYAAPHOT AMHAMIKM CBifYaTb NPO Te, Wo
KapboKcuabHa rpyna iHribitopa moxke popmMyBaTh COIbOBMUIA MICTOK i3 3a/MwKom Arg880 i BOAHEBMIN 3B'S30K i3 3a/IMLLKOM
Thr1010. Lii B3aemogii moxKyTb 6yTH Knto4oBMMM dakTopamm cTabinisauii Komnaekcy eH3Mm-iHribiTop.

Knrouosi cnoea: KCaHTUHOKCMAA3a; iHFiByBaHHA; Nipa3onoHU; 6eH30MHa KMCA0Ta; MONEKYNAPHUIN AOKIHT; MONEKYNspHa
AnHamika
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B Introduction

Xanthine oxidase (XO) is the main cytosolic
molybdenum-containing enzyme of the purine ca-
tabolism that catalyzes the transformation of hy-
poxanthine to xanthine and uric acid. Increased
xanthine oxidase activity is not only the cause of
hyperuricemia and gout, but also the cause of hy-
peruricemia-related disorders, such as metabolic
syndrome, renal and cardiovascular diseases, dia-
betes, hypertension, and cancer. In addition, the
enzymatic reaction is accompanied by the forma-
tion of reactive oxygen species causing oxidative
stress and systemic inflammation [1]. Current-
ly, FDA-approved drugs, such as allopurinol and
febuxostat (as well as topiroxostat approved in
Japan), are widely used in the treatment of the di-
seases associated with the enhanced XO activity.
However, these drugs possess significant adver-
se effects and are not suitable for a long-term treat-
ment of asymptomatic hyperuricemia. Thus, the
development of new XO inhibitors is needed [2].
For this reason, the derivatives of imidazole, py-
razole, thiazole, selenazole, isoxazole, pyrimidine,
quinolone, purine, pyrazolopyrimidine, pyrazolo-
quinazoline, and some other heterocyclic compounds
have been previously synthesized and studied as
XO 1inhibitors [3]. Among them, compounds bearing
the carboxyl group like febuxostat appeared to be
effective inhibitors of the enzyme. The binding
mechanisms of such compounds to the XO active
site include the interactions of their carboxylate
groups with Arg880 and Thr1011 [3].

The present study is aimed to synthesize the
pyrazolone-based 4-(furan-2-yl)benzoic acids for
their evaluation as XO inhibitors. It should be no-
ted that structurally similar compounds namely
pyrazolone-based phenylfuran-2-yl derivatives were
described previously as inhibitors of SARS-CoV
and MERS-CoV 3C-like protease [4], heptosyl-
transferase WaaC [5], and neuraminidase [6].

B Results and discussion

Compounds 3a—i were synthesized with a yield
of 80—87% according to Scheme by the Knoeve-
nagel condensation of pyrazolones 1 with 4-(5-for-
mylfuran-2-yl)benzoic acid (2). The pyrazolones 1
bearing various substituents in positions 3 and
5 were obtained by the condensation of B-keto-
carboxylic esters with hydrazine derivatives (Knorr
synthesis) [7]. 4-(5-Formylfuran-2-yl)benzoic acid
was obtained via the arylation of 2-furancarbox-
aldehyde by a diazonium salt of p-aminobenzoic
acid (Meerwein arylation method) [8]. 'H NMR,
IR, and mass-spectra confirmed the structures
of the compounds 3a—i synthesized. In 'H NMR
spectra, the methyne proton (-CH=) signals ap-
pear in the range from 8.06 to 6.87 ppm, overlap-
ping with the signals from the aryl substituents
(except compound 3g with the chemical shift of the
methine proton singlet of 7.85 ppm). The 'H NMR
signals of the carboxylic groups were observed at
12.17-13.11 ppm. In the IR spectra, the inten-
sive absorption bands of carbonyl groups were
found at 1679-1696 cm™.

The synthesized compounds 3a—i can exist as
E- or Z-isomers. It was shown previously that
(5-phenylfuran-2-yl)methylene-containing pyra-
zolone derivatives synthesized by the same route
were a mixture of E-Z-isomers with a Z-isomer
as a major product [5, 6].

The pyrazolone derivatives 3a—i were studied
in vitro as inhibitors of xanthine oxidase from
bovine milk. This enzyme was characterized by
90% amino acid sequence identity to XO from
the human liver [9]. The IC,, values determined
from the dose-dependent curves of the enzyme
inhibition (Figure 1) are presented in Table 1.
These values are inhibitor concentrations, at which
the XO activity was decreased by 50%.

According to the results obtained, compounds
3a—i exhibited low micromolar IC;, values towards

HZN/\/OH , ACOH

R
/ \
N 0]
N+ o
o~ N HO ©
Ar

1a-i 2

1a, 3a: Ar =Ph, R =Me
1b, 3b: Ar =Ph, R =CF3
1c,3c: Ar=Ph,R =Ph

1d, 3d: Ar=Ph,R =
1e, 3e: Ar=Ph,R =
1f, 3f: Ar = Ph, R = 4-O,NCgH,4

reflux, 2h -0
4-FCgHgy 19, 3g: Ar = Ph, R = thiophen-2-yl
4-CICgH4 1h, 3h: Ar = Ph, R = pyridin-4-yl

1i, 3i: Ar = 4-MeCgH4 R = Ph

Scheme. The synthesis of pyrazolone-based 4-(furan-2-yl)benzoic acids 3a—i
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Table 1. Pyrazolone-based 4-(furan-2-yl)benzoic acids as xanthine oxidase inhibitors*

/ M / M
Compound ICsor UM (in the p%géﬁce of BSA) (in the presefimoc'euof Tween-80)
3a 0.036 + 0.0025 0.09 £ 0.02 0.11+0.01
3b 0.52 +0.09 2.54 +0.69 2.44 +£0.37
3c 0.096 + 0.006 2.16 +0.48 3.74+0.43
3d 0.15+0.03 2.32+0.10 2.55+0.12
3e 0.17 £ 0.04 3.30+0.68 7.48+1.04
3f 0.22 £ 0.015 3.77+£0.09 7.88+1.42
3g 0.058 +0.012 4.66 +0.91 2.58+£0.25
3h 0.22 £0.02 1.87+0.51 2.20+0.29
3i 0.06 +0.014 0.63+0.18 2.08+0.33
Febuxostat 0.0062 + 0.0007 0.0075 + 0.0001 0.0056 + 0.0005

Note: */C,, values were determined from 2-3 series of experiments and shown as an average value # standard deviation.
The concentrations of BSA or Tween-80 in the model systems were 2 uM and 0.025 vol. %, respectively

XO in vitro. Compound 3a bearing 3-methyl-5-
phenyl pyrazolone part had an IC;, value of 36 nM;
it was the closest to that for the inhibition by
febuxostat (Table 1) and significantly exceeded
the IC,,value (4.5 uM) of 4-(5-formylfuran-2-yl)
benzoic acid (2) observed. This indicates that the
inhibition efficiency of compound 3a was ensured
due to a pyrazolone scaffold. The replacement of
the methyl group in the structure of compound
3a on the trifluoromethyl substituent (derivati-
ve 3b) led to a 14-fold loss of the XO inhibition
activity. Compounds 3c—h with phenyl, 4-fluoro-
phenyl, 4-chlorophenyl, 4-nitrophenyl, thiophen-
2-yl, or pyridin-4-yl substituents in position 3 of
the pyrazolone ring, as well as compound 3i bear-
ing the 1-(4-tolyl)-3-phenyl-substituted pyrazolo-
ne moiety were characterized by low differences
in the IC,, values ranging from 0.058 to 0.22 pM.

The inhibition effects of most of the compounds
studied here were found to be significantly re-
duced (up to 80-fold) by bovine serum albumin
(BSA) or Tween-80 (Table 1). The inhibitory ac-
tivity in the presence of BSA and a detergent was
less changed for compound 3a bearing a methyl
group at position 3 of the pyrazolone ring and de-
creased most strongly for 3-(thiophen-2-yl)-sub-
stituted compound 3g. In contrast to this, BSA
or Tween-80 almost did not change the inhibi-
tory potency of febuxostat as a reference com-
pound against XO.

Taking into account that the decrease of the
XO inhibition can be related to the binding of
the inhibitors to BSA, a spectral study was per-
formed. It was found that compound 3i quenched
the fluorescence of BSA (Figure 2).

The BSA fluorescence spectra were measured
at different temperatures (298 K, 303 K, 308 K,
and 313 K) in the presence of 0.5 uM, 1 uM, 2 uM,
and 3 pM of compound 3i. The Stern-Volmer

1001
80
==
%
ER
3
Q
§ 40F
m
20F
0

log[I], M

Figure 1. Dose-dependent curves of xanthine oxidase inhibition
by compounds 3a (0), 3c (o) and 3i (A)

quenching constants (Kg,) obtained from plots
of F/F vs. the quencher concentration were
2.55x10° M (R?=0.98), 3.42x10° M (R?2 = 0.96),
5.36x10° M (R?2=1.00), 6.42x10° M (R = 0.99),
respectively. The K, values increased with an in-
crease in temperature. This dependence can indi-
cate a dynamic quenching process. However, further
analysis showed that the apparent bimolecular
quenching rate constants (k,) were three orders
of magnitude larger than the value of the maximum
scatter collision quenching constant of various quen-
chers with biopolymers (2.0x10* M-sec™) [10].
The calculated values of &, were 4.39x10" M sec™,
5.90x10™ M sec™!, 9.25x10" M'sec!, and
1.11x10*" M sec'for 298 K, 303 K, 308 K, and
313 K, respectively. Thus, the fluorescence quen-
ching of BSA by compound 3i can be also caused
by the complex formation.

The results of kinetic studies were analyzed
to elucidate the mechanism of the XO inhibition
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Figure 2. Fluorescence emission spectra of BSA in the absence (a)
and presence (b = h) of compound 3i measured at a temperature
of 298 K, A, of 280 nm, and slits of 5 nm. The BSA concentration

was 2 uM. The concentrations of compound 3i were 0 uM, 1 uM,
2 uM, 4 uM, 5 uM, 6 uM, 8 uM, and 10 uM
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Figure 3. Lineweaver-Burke plots for the XO inhibition by
compound 3a. The inhibitor concentrations were 0 (0), 15 nM (o),
30 nM (4), and 45 nM (9)

by pyrazolone derivative 3a. The double recipro-
cal Lineweaver-Burk plots shown in Figure 3
demonstrate that compound 3a is a mixed-type
inhibitor of the enzyme. The competitive and non-
competitive inhibition constants (K; and K.,) cal-
culated were 7.11 4+ 1.27 nM and 66.5 + 15.4 nM,
respectively. The K. value being one order of mag-
nitude lower than the K.’ value indicates that the
affinity of the compound is higher to the free en-
zyme than to the enzyme-substrate complex.
Molecular docking calculations were carried
out using the AutoDock Vina software [11]. The affi-
nity of compound 3a (Z-isomer) to XO was cha-
racterized by a docking energy of -10.8 kcal mol.
According to the results obtained, the 4-(furan-
2-yl)benzoic acid fragment of compound 3a is
located in the substrate binding region near the

molybdopterin cofactor. The carboxylic group of
the inhibitor has a salt-bridge interaction with
Arg880, as well as hydrogen bonds with Thr1010
and a water molecule (HOH1457), which interacts
with Glu1261. The phenyl group of the 4-(furan-2-
yD)benzoic acid part of the inhibitor forms face-to-
face and edge-to-face m-ri-stacking interactions with
Phe914 and Phel009. The furan linker that con-
nects the benzoic acid and pyrazolone fragments
of the inhibitor is sandwiched between hydropho-
bic amino acid residues Leu873, Leul014, and
Pro1076. The pyrazolone fragment bearing phenyl
and methyl groups in position 1 and 3, respec-
tively, is located near Leu648, Phe649, Lys771,
His875, Ser876, Val1011, and Phe1013. The oxy-
gen atom of the pyrazolone carbonyl group forms
a hydrogen bond with Ser876 (Figure 4 (A)).

~Alal079

“\ Thr1010

Figure 4. Binding modes of the Z-isomer of compound 3a in the active site of XO predicted by the molecular docking calculation (A) and
the subsequent molecular dynamic simulation (B). All the hydrogens are hidden for clarity, and the oxygen atoms shown as red spheres

represent water molecules
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Figure 5. The values of the root mean square deviation of the enzy
residues (B), the radius of gyration (C), and the solvent accessible s
and XO-Moco-3a model systems

me backbone (A), the root mean square fluctuation of the amino acid
urface area (D) obtained from the MD simulation for the XO-Moco

The molecular dynamic simulation was per-
formed by the NAMD software [12] to verify the
stability of the enzyme-inhibitor complex model
obtained, as well as for a more detailed analy-
sis of the interactions that could occur between
inhibitor 3a and the enzyme active site. The cal-
culations were performed with the complex of the
chain C of the enzyme containing molybdopterin
and the inhibitor (XO-Moco-3a), as well as with
the complex of the chain C of XO containing only
a molybdopterin cofactor (XO-Moco). The time-
dependent changes of the root mean square de-
viation (RMSD) values for the enzyme backbone
atoms for both model systems are shown in Figu-
re 5 (A). As can be seen, the RMSD of XO-Moco
and XO-Moco-3a complexes reached equilibration
approximately after 10 ns and 14 ns, respectively.
The XO-Moco-3a model system has higher RMSD
values compared to those for the XO-Moco com-
plex. This suggests that the binding of the ligand
leads to a change in the structure of the enzyme.
Despite this, the root mean square fluctuation
(RMSF) revealed that compound 3a only slightly
affected the fluctuation of the nearby amino acid
residues (Figure 5 (B)). The negative effect of

the ligand on the compactness and folding of XO
is indicated by the increased values of the radius
of gyration (RoG) and solvent-accessible surface
area (SASA) which are shown in Figure 5 (C)
and Figure 5 (D), respectively.

The binding mode of inhibitor 3a in the ac-
tive site of the XO obtained after 20 ns of the MD
simulation is given in Figure 4 (B). The ligand
is more deeply located in the active site of the en-
zyme as compared with its location after the mole-
cular docking (Figure 4 (A)). This is especially
noticeable from the changed locations of the furan
ring and the 3-methyl-5-phenyl substituted pyra-
zolone moiety, which showed m-m-stacking and
n-cation interactions with Phe914 and Lys771,
respectively. Such position of the inhibitor can be
caused by the solvent action of water forming hyd-
rogen bonds with the carbonyl oxygen of the pyra-
zolone ring. The changes in the structure of the
enzyme detected by the plots in Figure 5 can be re-
lated to the changes in the position of the inhibitor.
According to several studies [13, 14, 15] and the
check of the amino acid residues protonation states
by the PROPKA software [16], Glu802 was proto-
nated, and therefore, was represented as Glu802.
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The free binding energy of compound 3a in
the active site of the XO was studied from the
MD simulation results using the MMPBSA me-
thod. As seen from Table 2, the VDWAALS, EEL,
and ENPOLAR energies contribute to stabiliza-
tion of the enzyme-inhibitor complex, while the
EPB and EDISPER energies lead to its destabi-
lization.

The free energy decomposed by the MMPBSA
method per amino acid residues located within
4 A from the ligand in the enzyme active site at
the last frame of the MD simulation are shown in
Table 3. Currently, the method cannot be used
for the decomposition of the non-polar solvation
component. According to the total energies, the
interactions of the benzoic acid moiety of the li-
gand with the amino acid residues Arg880, Phe1009,
and Thr1010 are key factor for the enzyme-inhi-
bitor complex stabilization. As can be seen, the
electrostatic energies make the greatest contri-
bution to these interactions.

Table 2. The calculated energies of MMPBSA components of the
free binding energy of compound 3a bound at the XO active site*

MMPBSA component Energy + SD, kcal mol™
VDWAALS -34.5398 + 3.1316
EEL -101.2729 + 14.6772
EPB 106.1432 + 10.5794
ENPOLAR -28.9013 + 1.6140
EDISPER 49.3169 + 1.9125
AG,,, -11.3089 + 6.7691

Note: *VDWAALS is a van der Waals energy contribution from MM;

EEL is the electrostatic energy as calculated by the MM force field;
EPB is an electrostatic contribution to the solvation free energy

calculated by PB; ENPOLAR is a nonpolar contribution to the solvation free
energy calculated by an empirical model; EDISPER is dispersion energy;

AG,,,, is the free binding energy.

B Conclusions

Thus, pyrazolone-based 4-(furan-2-yl)benzoic
acids 3a—i can inhibit XO with IC;, values in the
submicromolar range. The inhibitory properties
of the compounds are affected by the nature of
substituents in position 3 of the pyrazolone ring.
The inhibition of XO by most of the compounds
synthesized is significantly reduced in the pre-
sence of bovine serum albumin or Tween-80, ex-
cluding 3-methyl-1-phenyl pyrazolone-based de-
rivative 3a. Among the 4-(furan-2-yl)benzoic acids
synthesized, compound 3a has proven to be a po-
tent inhibitor of xanthine oxidase. Kinetic studies
have shown that the 3-methyl-1-phenyl pyrazo-
lone-based 4-(furan-2-yl)benzoic acid 3a is a mixed-
type inhibitor of the enzyme. The inhibition con-
stants calculated suggest that the affinity of the
inhibitor to the free enzyme is higher than that to
the enzyme-substrate complex. Molecular dock-
ing and molecular dynamic simulations have shown
that the salt-bridge and the hydrogen bond for-
med between the carboxylic group of the inhibi-
tor and the residues Arg880 and Thr1010 can
be responsible for the stability of the enzyme-
inhibitor complex.

m Experimental part

Commercially available chemical reagents and
solvents were purchased and used without puri-
fication. The TCL method was applied to moni-
tor the reaction progress. The Fisher-Johns ap-
paratus was used for the melting point determi-
nation. '"H NMR spectra were taken on a Varian
Mercury (500 MHz) spectrometer in DMSO-d,; or
CF,C(0O)OD solution using the signal of residual

Table 3. The free energy decomposed per amino acid residues

. Energy + SD, kcal mol™
Residue - -
van der Waals Electrostatic Polar solvation TOTAL

Leu648 -1.64 £ 0.57 -0.03+0.30 0.65+0.48 -1.02+0.44
Asn768 -0.37+0.15 -0.16 £ 0.27 0.88 £ 0.43 0.35+0.44
Lys771 -1.05+0.41 -15.21+£2.196 17.21+2.97 0.94 +£0.92
Glh802 -0.90+0.33 -0.51+0.24 1.78 £ 0.47 0.37 £0.46
Thrg803 -0.21+0.12 -0.18 £ 0.08 0.24+0.11 -0.15+0.11
Leu873 -1.83+0.30 0.85+0.17 -0.59+0.16 -1.57+0.33
Ser876 -1.37+£0.20 -0.12+1.16 1.97+1.10 0.47 £0.49
Arg880 0.13+0.78 -39.28+5.73 3242 +2.62 -6.74 £ 3.77
Ala910 -0.18 £0.10 -0.57 £ 0.08 0.56£0.11 -0.19+£0.15
Phe914 -1.30+0.34 0.11+0.24 0.23+0.29 -0.96 +0.28
Phel1009 -2.03+0.37 -5.35+0.87 4.27 £0.35 -3.12+0.94
Thr1010 0.43+0.83 -12.82 £ 3.65 6.80 £ 1.68 -5.59+1.92
Alal078 -0.87+0.24 -0.80+0.37 1.00£0.28 -0.68 £+ 0.35
Alal079 -1.09+0.33 -0.38+0.58 1.13+0.49 -0.34+0.46
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solvent protons as a standard. IR spectra were
recorded on a Vertex-70 spectrometer in KBr
tablets. LC-MS spectra were obtained using an
Agilent 1200 Series high-performance liquid
chromatograph.

4-(5-Formyl-2-furanyl)benzoic acid 2 was ob-
tained by the method described previously [17].

The general procedure for the synthesis
of compounds 3a-i

A solution of 0.005 mol of corresponding py-
razolone 1 in 15—20 mL of acetic acid was added
to a hot solution of 0.005 mol of 4-(5-formyl-2-fu-
ranyl)benzoic acid 2 in 20—-30 mL of acetic acid
followed by addition of 0.005 mol of ethanolamine.
The reaction mixture was refluxed for 2 hours
and then left at 20—25 °C for 12 hours. The pre-
cipitate formed was filtered, washed with etha-
nol, dried, and recrystallized from a mixture of
MeCN/DMF.

4-[5-(3-Methyl-5-oxo-1-phenyl-1,5-dihydropy-
razol-4-ylidenemethyl)-furan-2-yl]-benzoic acid (3a)

E/Z — 1:3. Burgundy solid. Yield — 86%. M. p.
> 250 °C. Anal. Calcd for C,,H ;N,O,, %: C 70.96,
H 4.33, N 7.52. Found, %: C 70.90, H 4.38, N 7.44.
IR (KBr), v, cm™: 2873, 1680 (C=0), 1604, 1319,
1273, 1027. 'H NMR (500 MHz, DMSO-dy), 6, ppm:
2.31 (0.75H, s, Me), 2.68 (0.25H, s, Me), 7.18
(1H, t, Jy = 8.0 Hz, Ar), 7.49-7.66 (2H, m, Ar),
7.75-8.00 (4H, m, Ar, —-CH=), 8.00-8.05 (4H, m,
Ar), 8.64 (1H, d, J;; = 4.0 Hz, Ar), 13.03 (1H, br. s,
C(O)OH). LC-MS, m/z (1, %): 373 [M+H]* (100).

4-[5-(5-Oxo-1-phenyl-3-trifluoromethyl-1,5-di-
hydro-pyrazol-4-ylidenemethyl)-furan-2-yl]-ben-
zoic acid (3b)

Z-isomer. Burgundy solid. Yield — 82%. M. p.
> 250 °C. Anal. Calcd for C,,H,;F,N,O,, %: C 61.98,
H 3.07, N 6.57. Found, %: C 62.04, H 3.16, N 6.50.
IR (KBr), v, cm™: 2535, 1692 (C=0), 1590, 1510,
1470, 1427, 1276, 1116, 954, 808. *H NMR (500 MHz,
DMSO-d,), 6, ppm: 7.33 (1H, t, Jy; = 8.0 Hz, Ar),
7.50-7.53 (2H, m, Ar, —-CH=), 7.68-7.72 (1H, m,
Ar), 7.82-7.87 (3H, m, Ar), 8.07-8.17 (4H, m, Ar),
8.80—-8.82 (1H, m, Ar), 13.09 (1H, br. s, C(O)OH).
LC-MS, m/z (I, %): 427 [M+H]* (100).

4-[5-(5-Oxo-1,3-diphenyl-1,5-dihydro-pyrazol-
4-ylidenemethyl)-furan-2-yl]-benzoic acid (3c)

E/Z — 1:5. Burgundy solid. Yield — 85%.
M. p. > 250 °C. Anal. Calcd for C,,H,;N,O,, %: C
74.65, H 4.18, N 6.45. Found, %: C 74.74, H 4.22,
N 6.40. IR (KBr), v, .., cm™: 2545, 1696 (C=0), 1591,
1275, 942, 802. 'H NMR (500 MHz, DMSO-d,),
0, ppm: 7.00 (1H, d, Jy; = 8.0 Hz, Ar), 7.25 (1H,
t, Jun = 8.0 Hz, Ar), 7.48 (2H, q, Jyyz = 8.0 Hz,
Ar), 7.61-7.79 (6H, m, Ar, -CH=), 7.78 (2H, d,

Jun = 8.0 Hz, Ar), 8.76-7.96 (5H, m, Ar), 12.17
(1H, br. s, C(O)OH). LC-MS, m/z (I, %): 436
[M+H]* (100).

4-{5-[3-(4-Fluoro-phenyl)-5-oxo-1-phenyl-1,5-
dihydro-pyrazol-4-ylidenemethyl]-furan-2-yl}-
benzoic acid (3d)

E/Z —1:5. Burgundy solid. Yield — 85%. M. p.
> 250 °C. Anal. Calcd for C,,H,,FN,O,, %: C 71.68,
H 3.79, N 6.19. Found, %: C 71.72, H 3.82, N 6.12.
IR (KBr), v, cm™: 2989, 1696 (C=0), 1591, 1496,
1275, 944, 810. 'H NMR (500 MHz, DMSO-d,),
o, ppm: 7.01 (1H, d, Jyy; = 8.0 Hz, Ar), 7.22—-7.32
(2H, m, Ar), 7.43-7.51 (4H, m, Ar), 7.64-7.86 (4H,
m, Ar, —CH=), 7.95-8.76 (5H, m, Ar), 12.12 (1H,
br. s, C(O)OH). LC-MS, m/z (I, %): 453 [M+H]*
(100).

4-{5-[3-(4-Chloro-phenyl)-5-oxo-1-phenyl-1,5-
dihydro-pyrazol-4-ylidenemethyl]-furan-2-yl}-
benzoic acid (3e)

E/Z - 1:3. Burgundy solid. Yield — 80%. M. p.
> 250 °C. Anal. Calcd for C,,H,,CIN,O,, %: C 69.16,
H 3.65, C17.56, N 5.97. Found, %: C 69.34, H 3.72,
Cl17.60, N 5.94. IR (KBr), v,,,,, cm™': 2536, 1683
(C=0), 1592, 1274, 941, 803, 771. 'H NMR (500
MHz, DMSO-d,), 6, ppm: 6.96-7.27 (1H, m, Ar),
7.46-7.52 (3H, m, Ar), 7.61-7.86 (6H, m, Ar,
—CH=), 7.94-8.08 (5H, m, Ar), 8.75 (1H, d, Jy5 =
4.0 Hz, Ar), 13.08 (1H, br. s, C(O)OH). LC-MS,
m/z (I, %): 470 [M+H]* (100).

4-{5-[3-(4-Nitro-phenyl)-5-oxo-1-phenyl-1,5-
dihydro-pyrazol-4-ylidenemethyl]-furan-2-yl}-
benzoic acid (3f)

E/Z —1:5. Burgundy solid. Yield — 80%. M. p.
> 250 °C. Anal. Calcd for C,,H,,N,O,, %: C 67.64,
H 3.57, N 8.76. Found, %: C 67.68, H 3.64, N 8.72.
IR (KBr), v, cm™: 2535, 1687 (C=0), 1592, 1516,
1348, 1273, 803. 'H NMR (500 MHz, DMSO-d,),
0, ppm: 6.87-8.06 (6H, m, Ar, -CH=), 8.22-8.41
(2H, m, Ar), 8.74 (8H, m, Ar), 13.05 (br. s, 1H,
C(O)OH). LC-MS, m/z (1, %): 480 [M+H]* (100).

4-[5-(5-Oxo-1-phenyl-3-thiophen-2-yl-1,5-dihyd-
ro-pyrazol-4-ylidenemethyl)-furan-2-ylJ-benzoic
acid (3g)

Z-izomer. Burgundy solid. Yield — 80%. M. p.
> 250 °C. Anal. Calcd for C,;H,;N,O,S, %: C 68.17,
H 3.66, N 6.36, S 7.28. Found, %: C 68.24, H 3.76,
N 6.46, S 7.32. IR (KBr), v_,., cm™: 2531, 1682
(C=0), 1593, 1422, 1277, 693. 'H NMR (500 MHz,
DMSO-d,), 6, ppm: 7.22 (2H, t, Jyy = 8.0 Hz, Ar),
7.30 (1H, t, Jyy = 4.0 Hz, Ar), 7.45 2H, t, Jyy
= 8.0 Hz, Ar), 7.58 (1H, d, Jyy = 4.0 Hz, Ar),
7.76-7.85 (3H, m, Ar, -CH=), 7.91-8.03 (5H, m,
Ar), 8.72 (1H, d, Jy; = 4.0 Hz, Ar), 13.40 (1H, br. s,
C(O)OH). LC-MS, m/z (I, %): 441 [M+1]* (100).

el’

el’

el
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4-[5-(5-Ox0-1-phenyl-3-pyridin-4-yl-1,5-di-
hydro-pyrazol-4-ylidenemethyl)-furan-2-ylJ-ben-
zoic acid (3h)

E/Z —1:5. Burgundy solid. Yield — 85%. M. p.
> 250 °C. Anal. Calcd for C,;H,,N,0,, %: C 71.72,
H 3.94, N 9.65. Found, %: C 71.86, H 4.00, N 9.60.
IR (KBr), v, cm™: 2920, 2567, 1670 (C=0), 1602,
1510, 1400, 1265, 931, 807. '*H NMR (500 MHz,
CF.,C(0)OD), 6, ppm: 7.42—7.80 (7TH, m, Ar, —CH=),
8.21-8.75 (7TH, m, Ar), 9.22-9.30 (2H, m, Ar).
LC-MS, m/z (I, %): 436 [M+H]* (100).

4-[5-(5-Oxo0-3-phenyl-1-p-tolyl-1,5-dihydro-
pyrazol-4-ylidenemethyl)-furan-2-yl]-benzoic
acid (31)

E/Z - 1:5. Burgundy solid. Yield — 87%. M. p.
> 250 °C. Anal. Calcd for C, H,,N,O,, %: C 74.99,
H 4.50, N 6.25. Found, %: C 74.90, H 4.67, N 6.30.
IR (KBr), v, cm™: 2923, 2536, 1679 (C=0), 1603,
1513, 1424, 1276, 943, 812. 'H NMR (500 MHz,
DMSO-d,), 6, ppm: 2.33 (3H, s, Me), 7.29 (2H, d,
Jun = 8.0 Hz, Ar), 7.60-7.64 (5H, m, Ar, —-CH=),
7.78 2H, d, Jy; = 8.0 Hz, Ar), 7.88 2H, t, Jy; =
8.0 Hz, Ar), 8.05-8.77 (5H, m, Ar), 13.11 (1H,
br. s, C(O)OH). LC-MS, m/z (I, %): 449 [M+H]*
(100).

The in vitro study of pyrazolone-contain-
ing 4-(furan-2-yl)benzoic acids as xanthine
oxidase inhibitors

XO from bovine milk and xanthine as a sub-
strate were purchased from Sigma-Aldrich. In the
case of pyrazolone-based 4-(furan-2-yl)benzoic
acids 3a—i, the system contained a sodium-phos-
phate buffer (50 mM, pH 7.4), xanthine (50 uM),
EDTA (0.1 mM), DMSO (1%), and an inhibitor.
To study the specificity of the XO inhibition by com-
pounds 3a—i, the reaction mixture additionally
contained 2 uM of BSA or 0.025 vol. % Tween-80.
The reaction was initiated by the enzyme addi-
tion after preincubation of the mixture for 5 min.
The total volume of the system was 2 mL. The ac-
tivity of XO was monitored spectrophotometri-
cally at 293 nm. The uric acid molar extinction
coefficient of 12.2 mM™ cm™ was used for calcu-
lations. The value of the calculated Michaelis-
Menten constant (K,) was 5.7 pM.

el

B References

The fluorescence quenching experiment

The fluorescence quenching studies were per-
formed on the example of compound 3i to confirm
the interaction of pyrazolone-based 4-(furan-2-yl)
benzoic acids with bovine serum albumin (BSA).
The reaction mixture consisted of sodium phos-
phate buffer (50 mM, pH 7.4), 2 uM BSA, DMSO
(1%), and a quencher (compound 3i). The total vo-
lume of the reaction mixture was 2 mL. The Stern-
Volmer quenching constants were obtained from
plots of F/F vs. the quencher concentration de-
scribed by the Stern-Volmer equation:

F,/F=1+Fkz,=1+Kgl[Q]

where F, and F are the BSA fluorescence intensi-
ties observed without and with the quencher in
the model systems, respectively; [@] is the con-
centration of the quencher; k_ is the apparent bi-
molecular quenching rate constant; 7, is the life-
time of unquenched tryptophan in BSA; Ky is
the Stern-Volmer quenching constant.

Molecular docking calculation

Compound 3a was docked into the active site
(chain C) of XO from bovine milk (PDB code 1FIQ
[9]) using the protocol described in [18]. The cal-
culation was performed by the AutoDock Vina
software [11]. The enzyme-inhibitor model com-
plex was analyzed by Discovery Studio 3.5 (Ac-
celrys, San Diego, CA, USA).

Molecular dynamic simulation

The molecular dynamic simulations were per-
formed using the NAMD software [12] according
to the previously described protocol [19]. The pre-
paration of the model system for the calculation
was carried out using the conda environment.
The VMD 1.9.3 [20] was used for the calculation
of RMSD, RMSF, RoG, and SASA. The binding
free energy and its decomposition per amino acid
residues were performed by MMPBSA.py [21] ac-
cording to the protocol described in [19].
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Abstract

A simple preparative approach to a series of functionalized dimethylphosphinoyl-containing cyclopropanes and cyclobu-
tanes has been developed; it is based on cyclocondensation of dimethylphosphinoyl acetonitrile with 1,2- and 1,3-dibro-
moalkanes. Synthetic procedures for obtaining nitriles, amines and carboxylic acids containing in their structure small satu-
rated cyclic rings of cyclopropane or cyclobutane and a dimethylphosphine oxide fragment, which are popular in drug design,
have been developed.
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B Introduction

The introduction of small saturated rigid car-
bocycles, specifically, cyclopropane (CyPr) and cyc-
lobutane (CyBu), into the structure of biological-
ly active compounds is an effective tool for im-
proving their physicochemical and ADME (ab-
sorption, distribution, metabolism, excretion) pro-
perties [1]. The cyclopropyl group is present in
more than 40 FDA-approved drugs used in the
treatment of cancer, viral and bacterial infec-
tions, diabetes, CNS disorders, cardiovascular and

musculoskeletal system diseases, etc. (Figure,
compounds A—F) [2]. The unique properties of the
cyclopropane ring (coplanarity of carbon atoms,
increased p-character of the C-C bonds and in-
creased energy of the C-H bonds, high ring strain)
enhance the resistance of molecules to metabolic
degradation in vivo, lead to a decrease in their li-
pophilicity and conformational lability, and allow
to apply cyclopropyl as an isostere of an olefin bond,
as well as iPr, Ph, and tert-Bu groups [3-7].

In turn, replacing the aliphatic part of the mo-
lecule with 1,2- or 1,3-disubstituted cyclobutane
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ring allows to increase their conformational ri-
gidity, prevents an undesirable cis/trans-isome-
rization and, as a result, leads to improved bin-
ding with the biological target (Figure, com-
pounds G—H). Additionally, cyclobutane can act
as a bioisoster of gem-dimethyl and aryl groups
[1, 8]. Thus, the development of synthetic ap-
proaches to compounds that contain a mono-/
polysubstituted cyclopropyl or cyclobutyl nucle-
us is definitely an important task of medicinal
chemistry.

On the other hand, after the approval of the
anticancer drug brigatinib (Figure, compound I)
in 2017 [9, 10], which bears a dimethylphosphine
oxide function, there is a growing interest in com-
pounds modified by the Me,P(O) moiety. Unlike
phosphates and phosphonates, which are more
usual in drug design [11], phosphine oxides repre-
sent a new and promising chapter of phosphorus-
containing pharmaceuticals. It is due to the na-
ture of the dimethylphosphine oxide group, which

Journal of Organic and Pharmaceutical Chemistry 2023, 21 (4)

provides better metabolic stability and bioavail-
ability of the respective compounds as, unlike phos-
phoric acid derivatives, it does not undergo ioni-
zation at physiological pH. Moreover, dimethyl-
phosphine oxides, usually, demonstrate high water
solubility and the ability to form hydrogen bonds,
which facilitates the transportation of the sub-
stances in the body, as well as their interaction
with a target protein [12]. Taking into account
that modern criteria for the design of pharma-
ceuticals favor molecules with an increased level
of saturation (Fsp?), [13—15] the development of
new methods for obtaining saturated aliphatic
dimethylphosphine oxides is an urgent task.
However, only a few examples of the synthe-
sis of saturated building blocks with the Me,P(O)
function are currently known, and the vast ma-
jority of them have a heterocyclic (oxirane, azeti-
dine, pyrrolidine, or piperidine) core [16-—18].
Moreover, despite the high relevance of the
presence of a cyclopropyl or cyclobutyl fragment
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(anti-cancer drug)
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Figure. Approved drugs and drug candidates that contain a cyclopropyl-, cyclobutyl- or dimethylphosphine oxide moiety
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in a molecule for drug discovery, any synthetic
approaches to dimethylphosphinoyl derivatives
of cyclopropane or cyclobutane were unknown.
Therefore, this work aims to fill this gap and is
devoted to the synthesis of dimethylphosphinoyl-
containing cyclopropanes and cyclobutanes, bear-
ing functional groups that can be used as build-
ing blocks for synthetic and medicinal chemistry.

B Results and discussion

Previously, we developed a preparative me-
thod for the synthesis of dimethylphosphinoyl
acetonitrile (1) based on the interaction of chlo-
roacetonitrile with (trimethylsilyl)dimethylphos-
phinite generated in situ from dimethylphosphi-
ne oxide and trimethylsilyl chloride in the presence
of the Hunig’s base (Scheme 1) [16]. This ap-
proach allows obtaining phosphine oxide derived
acetonitrile 1 with a high yield (65%) in multi-
gram quantities (>50 g).

Dimethylphosphinoyl acetonitrile (1) contains
a methylene component activated by two strong
electron-withdrawing groups, which alkylation
with 1,2- and 1,3-dibromoalkanes allows the for-
mation of cyclopropyl and cyclobutyl rings, re-
spectively. Indeed, the cyclocondensation of ni-
trile 1 with 1,2-dibromoethane and 1,3-dibromo-
propane occurs chemoselectively in the presence
of sodium hydride (THF, 65 °C) leading to the
formation of C-phosphinoyl-containing nitriles
of cyclopropanoic (2) or cyclobutanoic (3) acids
(Scheme 2).

The high aqueous solubility of dimethylphos-
phine oxides is a greatly desired feature for im-
proved drug bioavailability, but it frequently
complicates isolation of these compounds and
leads to a significant decrease in reaction yields.
Considering this we could not use the standard

procedure, when isolating compounds 2 and 3,
and remove inorganic impurities from the reac-
tion mixture by treating it with water. Instead,
the inorganic precipitate was carefully (in order
to prevent ignition of the remaining sodium hyd-
ride) filtered off, and the resulting solution was
evaporated. The crude residue was recrystallized
from MTBE to give pure nitriles 2 and 3 as low-
melting hygroscopic crystals that could be stored
for a long period in an anhydrous atmosphere.

An interesting spectral characteristic of di-
methylphosphinoyl cyanocyclopropane 2 is the
shift of the doublet of the quaternary carbon atom
in BC NMR spectrum, which is observed around
6.7 ppm. (*J., = 67 Hz) compared to its CyBu-
substituted analog 3, for which the signal is lo-
cated at 33.57 ppm. It is consistent with the pre-
vious data, which indicate a shift of the signals
of cyclopropane ring carbon atoms, especially those
bearing shielding substituents (CN, COOH), to
a stronger field, due to the special nature of C-C
bonds of the cyclopropane ring [19, 20].

The presence of the C=N group in cyclopro-
pyl and cyclobutylphosphine oxides 2 and 3 al-
lows using them as substrates for the synthesis
of various classes of organic compounds, such as
carboxylic acids, amides, amines, etc. Therefore,
the next step of our study was to develop methods
of reduction and hydrolysis of the nitrile func-
tion of nitriles 2, 3 in order to obtain valuable
dimethylphosphinoyl-substituted amines and
acids as potential building blocks for drug dis-
covery.

Thus, the reduction of the nitrile group of di-
methylphosphine oxides 2 and 3 to the aminome-
thyl function was easily achieved by Ni-catalyzed
hydrogenation in EtOH/NH, solution resulting in
the formation of dimethylphosphinoyl-substituted
B-aminomethyl cyclopropane 4 and cyclobutane 5

Me\P”O + u—siﬁﬂﬁe PreRE Me\P—OSiMe —»CI\/CN ('F)'> CN
X 3 —
me” H Me EtO Meve
e
Scheme 1. The synthetic approach to dimethylphosphinoylacetonitrile reported previously [16]
(@] T T T T T T T 1 9
_P__CN Br/\/Br : I LB " Br Me—P_ CN
Me™, - ' _P CN ' - /
NaH, THF, 65°C,6h | Me ! NaH, THF, 65°C, 6 h
2,86 % ! 1 5 3,83 %

Scheme 2. Dimethylphosphinoyl acetonitrile in the synthesis of dimethylphosphinoyl-substituted nitriles of cyclopropanoic and

cyclobutanoic acids
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i 0 HCI
*
~P_ _CN __ _
M?\/I d K —> Me~[ NH,
1. Ni/Ra, Hy (50 atm),
2 NH3/EtOH, 40 °C, 48 h 4,89 %
0 2. HCl/dioxane, rt, 1 h o
Il
Me—P~_CN I *HCI
4 Me—P
S — - o
3 5 79%

Scheme 3. Reduction of the nitrile function of dimethylphosphinoyl cyanocyclopropane and cyclobutane

isolated as hydrochlorides with yields of 89%
and 79%, respectively (Scheme 3).

The hydrolysis of the nitrile group of (CyPr)
dimethylphosphine oxide 2 upon heating the
substrate in the concentrated hydrochloric acid
(90 °C, 6 hrs) was accompanied by the partial de-
struction of the cyclopropane cycle, and as a re-
sult, a complex mixture was formed. Instead, the
hydrolysis of 2 with potassium hydroxide followed
by careful acidification with an HCl/dioxane so-
lution occurred selectively, and it allowed ob-
taining the target cyclopropylcarboxylic acid 6
isolated in an analytically pure state with the
yield of 65% (Scheme 4).

In the case of (CyBu)dimethylphosphine oxi-
de 3, the hydrolysis with the concentrated hyd-
rochloric acid proceeds chemoselectively and leads
to a water-soluble cyclobutanecarboxylic acid 7,
isolated with the yield of 72%.

At the same time, dimethylphosphinoyl deri-
vatives of cyclopropanoic and cyclobutanoic acids 6
and 7 can be involved in the Curtius reaction,
which opens the way to geminal aminophosphine
oxides. It has been found that the best results
can be achieved when using diphenylphosphoryl
azide (DPPA) in the presence of tert-butanol.

Thus, acids 6 and 7 react with DPPA in benze-
ne or toluene at 90°C, the following treatment of
the reaction mixture with tert-butyl alcohol leads
to the formation of N-Boc aminophosphine oxi-
des 8 and 9. The following removal of the tert-
butoxycarbonyl group was successfully achieved
in mild conditions by the treatment with a HCl/
dioxane solution, as a result the corresponding
amines 10 and 11 were obtained as hydrochlo-
rides with high yields (Scheme 5).

a- and B-Aminophosphine oxides 4, 5 and 10,
11 are promising substrates for the synthesis of
biologically active compounds as they will allow
the targeted introduction of both a dimethylphos-
phine oxide moiety and a saturated cyclopropane
or cyclobutane framework into the structure of
a molecule.

B Conclusions

A preparative method for the synthesis of syn-
thetically attractive dimethylphosphinoyl-substi-
tuted nitriles of cyclopropanoic and cyclobuta-
noic acids has been developed. Their potential
in obtaining small saturated cyclic amines and
carboxylic acids with a dimethylphosphine oxide

I.Iil’ CN g COOH
Vo < DA
2 Method a for 2 6, 65 %
Method b for 3
(IP)I CN IICDI) COOCH
ST S
3 7,72 %

Method a: 1. KOH, H,0, 90 °C, 16 h; 2. HCl/dioxane, rt

Method b: HCI conc., 90 °C, 16 h

Scheme 4. The synthetic approach to dimethylphosphinoyl-containing cyclopropanoic and cyclobutanoic acids
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i DPPA, Et3N, toluene, 90 °C, 2 h; ii: tBuOH, 90 °C, 3 h; jii: HCl/dioxane, rt, 2 h

Scheme 5. Dimethylphosphinoyl derivatives of cyclopropanoic and cyclobutanoic acids in the Curtius reaction

group that are interesting building blocks for me-
dical chemistry and drug development has been
shown.

m Experimental part

NMR spectra were recorded on a Bruker Avan-
ce DRX 600 spectrometer (operating frequency
150.8 MHz for *C); a Bruker Avance DRX 500
spectrometer (operating frequencies 499.9 MHz
for 'H, 125.7 MHz for *C, 161.9 MHz for *'P);
a Varian Unity Plus 400 instrument (operating
frequencies 399.9 MHz for 'H and 100.6 MHz for
13C); a Mercury Varian Unity Plus 300 instru-
ment (operating frequencies 301.5 MHz for 'H
and 75.8 MHz for *C). Chemical shifts were re-
ported relative to internal TMS (*H, **C), and
H.PO, (*'P) standards. Solvents were dried accor-
ding to the standard procedures. Starting ma-
terials were purchased from Merck, Fluka, and
Enamine Ldt. Melting points were uncorrected.
The elemental analysis was carried out in the
analytical laboratory of the Institute of Organic
Chemistry, NAS of Ukraine.

The general procedure for the synthesis
of compounds 2, 3

Nitrile 1 (10.0 g, 85.4 mmol) was added portion-
wise to a suspension of NaH (5.1 g, 213.5 mmol)
in THF (100 mL) at 0-5 °C. The mixture was stirred
at 20 °C for 1 h. Then the corresponding dibro-
moalkane (85.4 mmol) was added in one portion,
and the mixture was refluxed for 5 h. After that
it was cooled down to room temperature, the
precipitate was filtered off, washed with CH,Cl,
(2x100 mL), the filtrate was concentrated in vacuo.
The residue was recrystallized from MTBE (50 mL).

(1-Dimethylphosphinoyl)cyclopropane-1-car-
bonitrile (2)

A white crystalline solid. Yield — 10.5 g (86%).
M. p. 76-78 °C. Anal. Calcd for C;H,\NOP, %:

C 50.35,H 7.04, N 9.79. Found, %: C 50.28, H 7.09,
N 9.89. 'H NMR (399.9 MHz, CDCl,), §, ppm:
1.40-1.46 (2H, m, CH,), 1.48-1.55 (2H, m, CH,),
1.67 (6H, d, %J,, = 12.9 Hz, CH,P). C NMR
(125.7 MHz, CDCl,), §, ppm: 6.70 (d, 'J., = 67 Hz,
CCN), 11.57 (d, %J, = 8 Hz, CH,), 14.84 (d, 'J
= 70 Hz, CH,P), 119.19 (d, ?J., = 4 Hz, CCN).
3P NMR (161.9 MHz, CDCl,), 6, ppm: 39.3.

(1-Dimethylphosphinoyl)cyclobutane-1-car-
bonitrile (3)

A yellowish crystalline solid. Yield —11.2 g (83%).
M. p. 67-68 °C. Anal. Calcd. for C,H,,NOP, %:
C 53.50, H 7.70, N 8.91. Found, %: C 53.35,
H 7.79, N 8.99. '"H NMR (399.9 MHz, CDCl,),
0, ppm: 1.53 (6H, d, %/, = 12,5 Hz, CH,P),
2.09-2.20 (1H, m, CH,), 2.26—-2.37 (1H, m, CH,),
2.42-2.51 (2H, m, CH,), 2.72—-2.83 (2H, m, CH,).
BC NMR (125.7 MHz, CDCl,), 6, ppm: 12.08
(d, *Jop = 70 Hz, CH,P), 17.56 (d, ®J/,, = 8 Hz,
CH,), 25.87 (d, 2J.p = 4 Hz, CH,), 33.57 (d, 'J¢p
67 = Hz, CCN), 120.80 (d, %J., = 4 Hz, CCN).
3P NMR (161.9 MHz, CDCl,), 6, ppm: 42.9.

The general procedure for the synthesis
of compounds 4, 5

A mixture of nitrile 2 or 3 (52.7 mmol) and
Ni/Ra (0.5 g) in NH,/EtOH (25 mL) was hydro-
genated at 50 atm. and 40 °C for 48 h. The cata-
lyst was removed by filtration, the filtrate was
concentrated in vacuo, and the residue was dis-
solved in MTBE (100 mL) and triturated with
HCl/dioxane solution (20 mL). The precipitate
was collected by filtration, washed with acetone
(20 mL) and dried in vacuo.

(1-(Aminomethyl)cyclopropyl)dimethylphos-
phine oxide hydrochloride (4)

Compound 4 was obtained from nitrile 2 (7.5 g,
52.7 mmol) as a white crystalline solid with the
yield of 89% (8.6 g).

M. p. 234-235 °C. Anal. Caled. for
C.H,;CINOP, %: C 39.25, H 8.23, C1 19.31, N 7.63.
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Found, %: C 39.37, H 8.16, Cl 19.22, N 7.67.
'H NMR (399.9 MHz, DMSO-d,), 6, ppm: 0.94-1.02
(4H, m, CH,), 1.46 (6H, d, 2J, = 13.0 Hz, CH,P),
2.99-3.08 (2H, m, CH,), 8.15 (3H, br. s, NH,*HCI).
13C NMR (75.8 MHz, DMSO-d)), 6, ppm: 9.62 (s,
CH,), 13.86 (d, 'J., = 70 Hz, CH.P), 15.82 (d, '/
=94 Hz, CP(O)Me,), 42.58 (d, 2J, = 5 Hz, CH,NH,).
3P NMR (161.9 MHz, DMSO-d,), 6, ppm: 50.6.

(1-(Aminomethyl)cyclobutyl)dimethylphos-
phine oxide hydrochloride (5)

Compound 5 was obtained from nitrile 3 (8.3
g, 52.7 mmol) as a white crystalline solid with
the yield of 79% (8.2 g).

M. p. 215-218 °C. Anal. Caled. for
C,H,,CINOP, %: C 42.54, H 8.67, C1 17.94, N 7.09.
Found, %: C 42.47, H 8.61, Cl 17.92, N 7.17.
'H NMR (399.9 MHz, DMSO-d,), 6, ppm: 1.53 (6H,
d, 2Jyp = 13.1 Hz, CH,P), 1.79-1.90 (1H, m, CH,),
1.99-2.32 (5H, m, CH,), 3.27 (2H, d, ®J;» = 13.1 Hz,
CH,), 8.18 (3H, br. s, NH,*HCI). **C NMR (100.6 MHz,
D,0), §, ppm: 10.58 (d, *J, = 67 Hz, CH.P), 15.03
(d, Jop = 8 Hz, CH,), 23.90 (d, J = 2 Hz, CH,),
37.62 (d, 'Jp = 67 Hz, CP(O)Me,), 43.38 (d, 2Jp =
5 Hz, CH,NH,).?'P NMR (161.9 MHz, DMSO-d,),
0, ppm: 54.9.

(1-Dimethylphosphinoyl)cyclopropane-
1-carboxylic acid (6)

Nitrile 2 (10 g, 69.9 mmol) was added to a so-
lution of KOH (3.3 g, 139.7 mmol) in H,0O (50 mL),
and the mixture was heated at 90 °C for 16 h.
Then it was concentrated in vacuo, and HCl/d1-
oxane (10 mL) was added to the residue. The sus-
pension was triturated with ethanol (20 mL), and
the precipitate was filtered off. The filtrate was
evaporated, and the residue was triturated with
acetone (2x20 mL), the precipitate was collected
by filtration to give 6 as a white crystalline solid.

Yield — 7.4 g (65%). M. p. >170 °C (decomp.).
Anal. Caled. for C;H,,0.P, %: C 44.45, H 6.84.
Found, %: C 44.56, H 6.81. 'H NMR (399.9 MHz,
DMSO-d,), 6, ppm: 1.24-1.26 (4H, m, CH,), 1.55
(6H, d, 2J4p = 13.6 Hz, CH,P), 12.89 (1H, br. s,
COOHR). *C NMR (75.8 MHz, DMSO-d,), 6, ppm:
12.52 (s, CH,), 15.67 (d, 'J, = 74 Hz, CH,P), 28.49
(br. s, CCOOH), 172.52 (s, COOH). 3P NMR
(161.9 MHz, DMSO-d,), 6, ppm: 39.3.

(1-Dimethylphosphinoyl)cyclobutane-
1-carboxylic acid (7)

A solution of nitrile 3 (10 g, 63.6 mmol) in
conc. HCI aqueous solution (50 mL) was heated at
90 °C for 16 h. After that the mixture was cooled
down to room temperature, it was concentrated
to dryness in vacuo and triturated with acetone
(100 mL). The precipitate was filtered off, the
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filtrate was concentrated in vacuo to dryness.
The residue was triturated with MeCN (50 mL),
and the precipitate was collected by filtration to
give acid 7 as a white crystalline solid.

Yield — 8.1 g (72%). M. p. 234-235 °C. Anal.
Caled. for C,H,,0,P, %: C 47.73, H 7.44. Found, %:
C47.87,H 7.42. '"H NMR (399.9 MHz, DMSO-d,),
o, ppm: 1.39 (6H, d, %J; = 13.0 Hz, CH,P),
1.84-1.95 (2H, m, CH,), 2.39-2.50 (4H, m, CH,),
12.82 (1H, br. s, COOH). *C NMR (125.7 MHz,
DMSO-d,)6 6, ppm: 12.65 (d, *J, = 68 Hz, CH,P),
16.19 (d, *J, = 7 Hz, CH,), 25.70 (d, %J, = 4 Hz,
CH,), 48.25 (d, 'J., = 58 Hz, CCOOH), 174.48
(d, 2Jp = 3 Hz, COOH). *P NMR (161.9 MHz,
DMSO-d,), §, ppm: 43.9.

The general procedure for the synthesis
of compounds 10 and 11

Diphenylphosphoryl azide (10 g, 36.7 mmol,
7.8 mL) was added to a solution of the corre-
sponding acid 6/7 (34.9 mmol) and Et,N (3.9 g,
38.5 mmol, 5.4 mL) in toluene (200 mL) at 90 °C.
The resulting mixture was heated at this tem-
perature until the gas release stopped, then tert-
butanol (13 g, 175.0 mmol, 16 mL) was added in
one portion, and the mixture was heated for ad-
ditional 3 h. The solvent was evaporated, diox-
ane (50 mL) was added to the residue, followed
by KOH (7 g, 175.0 mmol), and the suspension
was stirred at room temperature for 2 h. The pre-
cipitate was filtered off, the filtrate was tritura-
ted with HCl/dioxane (10 mL) for 2 hrs. The pre-
cipitate was collected by filtration, washed with
acetone (2x50 mL) and dried in vacuo.

(1-Aminocyclopropyl)dimethylphosphine oxide
hydrochloride (10)

Compound 10 was obtained from acid 6 (5.0 g,
34.9 mmol) as a white crystalline solid.

Yield — 4.7 g (79%). M. p. >198 °C (decomp.).
Anal. Caled. for CH,,CINOP, %: C 35.41, H 7.73,
Cl1 20.91, N 8.26. Found, %: C 35.57, H 7.78, Cl
20.83, N 8.31. 'H NMR (399.9 MHz, DMSO-d,),
0, ppm: 1.10-1.19 (2H, m, CH,), 1.38 (2H, d, *Jp =
12.9 Hz, CH,), 1.59 (6H, d, 2J,;, = 13.3 Hz, CH,P),
8.97 (3H, br. s, NH,*HCI). *C NMR (75.8 MHz,
D,0), 6, ppm: 9.61 (s, CH,), 13.33 (d, 'J ., = 72 Hz,
CH,P), 30.18 (d, 'J,, = 104 Hz, CP(O)Me,).
3P NMR (161.9 MHz, DMSO-d,), 6, ppm: 40.1.

(1-Aminocyclobutyl)dimethylphosphine oxide
hydrochloride (11)

Compound 11 was obtained from acid 7 (5.0 g,
34.9 mmol) as a white crystalline solid.

Yield — 5.3 g (83%). M. p. >193 °C (decomp.).
Anal. Calcd. for C;H,,CINOP, %: C 39.25, H 8.23,
Cl 19.31, N 7.63. Found, %: C 39.39, H 8.28, Cl
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19.33, N 7.61. '"H NMR (399.9 MHz, DMSO-d;), NH,*HCI). *C NMR (75.8 MHz, DMSO-d,), §, ppm:

5,

ppm: 1.59 (6H, d, %/, = 13.1 Hz, CH,P), 12.08(d, 'J =68 Hz, CH,P), 14.35 (s, CH,), 26.55

1.73-1.87 1H, m, CH,), 2.00-2.10 (1H, m, CH,), (s, CH,), 53.16 (d, 'J, = 70 Hz, CNH,). P NMR
2.34-2.49 (4H, m, CH,), 9.23 (3H, d, ?J;, = 7.1 Hz, (161.9 MHz, DMSO-d,), 6, ppm: 45.5.
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Nature-Inspired Tetrahydropentalene Building Blocks:
Scalable Synthesis for Medicinal Chemistry Needs

Abstract

Inspired by the bioactivity of natural compounds with a bicyclo[3.3.0]octane core, the study focuses on developing tetrahy-
dropentalene-2,5-dione (2,5-THP-dione) derivatives as potential building blocks for the use in medicinal chemistry. Using the
commercially available 2,5-THP-dione, a number of alkylated derivatives and a monofunctional ketone were synthesized.
Using optimized protocols for synthesis, target compounds were obtained with high yields on a multigram scale. These com-
pounds are promising derivatives for further chemical derivatization and therapeutic use, and thus highlight the value of
2,5-THP-dione in creating complex molecular structures for drug discovery, as well as the importance of tetrahydropentalene
derivatives as valuable building blocks in synthetic chemistry.

Keywords: tetrahydropentalene; building blocks; medicinal chemistry; multigram synthesis

0. K. CmupHoB'?, O. €. NaweHKo*?
1 TOB HBIM «EHamiH», 8yn. BiHcmoHa Yepyuunns, 78, m. Kuis, 02094, YkpaiHa
2 KuiscbKuli HayioHanbHUl yHisepcumem imeHi Tapaca LLlesueHkKa,

8ys. Bonooumupceka, 60, m. Kuis, 01033, YKkpaiHa
3 [Hcmumym opeaaHivHoi ximii HayioHanbHoi akademil Hayk YKpaiHu,

syn. Akademika Kyxaps, 5, m. Kuis, 02660, YkpaiHa
BinanHr-6N10KK Ha OCHOBI TeTparigponeHTaneHy, iHCNipoBaHi NPMPOAOI0: MacliTaboBaHUIA CUHTE3
Ana notpeb meguUHoOI Ximii
AHoTauinA
MponoHoBaHe A0CNiAKeHHs, iHcripoBaHe Bi0aKTUBHICTIO NPUPOAHMX CMOAYK i3 BiLMKo[3.3.0]oKTaHOBUM AAPOM, 30CEPEAXKEHO
Ha po3pobuji noxiaHux TeTparigponeHTaneH-2,5-aioHy (2,5-THP-gioHy) AK NOTEHUIAHUX BiNANHT-6/10KIB A8 3aCTOCYBaAHHA
B MeAMYHIN Ximii. BUKOPMCTOBYHOUM KOMEPLIMHO AOCTyNHMIA 2,5-THP-aioH, cuHTe3yBanm paa Moro ankinoBaHMxX noxigHux, a
TAaKOXX MOHOKETO-MNoXiZHY. BUKOPUCTOBYIOYM ONTUMI30BaHi NPOTOKOAN CUHTE3Y, OAEPHKANN LiNbOBI CNONYKN 3 BUCOKUMM BU-
XO4AMM Y MYAbTUTPAMOBMUX KilbKOCTAX. CUHTE30BaHI CNONYKM € NepCneKTUBHI NOXigHI 4NA NoAaNbLIOi XiMiYHOT AepuBaTm3a-
LLii Ta TepaneBTUYHOrO 3aCTOCYBAHHA, LLO 3aCBIAYYE LiHHICTb 2,5-THP-4i0HY ANnA CTBOPEHHA CKNALAHUX MONEKYNAPHUX CTPYKTYP
y npoueci po3pobeHHs NiKiB, a TaKOX BaXK/IMBICTb NOXiAHUX TeTparigponeHTaneHy aK 6iNANHT-610KIB Y CUHTETUYHIN Ximil.
Kntouoei cnoea: TeTparigponeHTaneH; 6ingmMHr-610kmM; meguuHa ximin; 6aratorpamoBuii CUHTE3
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B Introduction

The quest to harness the potential of tetra-
hydropentalene (THP) derivatives in medicinal
chemistry is driven by the remarkable biological
activities observed for natural products featur-
ing the bicyclo[3.3.0]octane core, such as carba-
cyclin (1, Figure), and clinprost (3). These com-
pounds show prostaglandin analogs and platelet
aggregation inhibitory properties, along with others
displaying the anticancer activity like cylindra-
mide (2), and antibiotic potential like geodin A (4).
In general, they exemplify the diverse biological
actions — from antimicrobial to enzyme-inhibiting
activities — that THP structural motif offers [1].
The synthetic analogs of tetrahydropentalenes,
thus, emerge as formidable scaffolds in the drug
development, opening the opportunities for find-
ing new therapeutic agents capable of targeting
a broad spectrum of diseases.

The known synthetic biologically active bicyc-
lo[3.3.0]octane derivatives were found to be po-
tent dipeptidyl peptidase 4 (DPP-4) inhibitors for
managing type 2 diabetes [2]. Meanwhile, the
research of Mitcheltree et al. into bicyclic inhibi-
tors of human arginase for cancer immunothe-
rapy further exemplifies the potential of these
derivatives in combatting severe health condi-
tions [3].

In the realm of medicinal and synthetic che-
mistry, tetrahydropentalene derivatives stand out
not only for their significant biological activity,
but also for their versatility as intermediates.
The synthetic routes towards biologically active
tetrahydropentalene derivatives employ modern
organic chemistry methods in search of potent
THP-based compounds. The development of func-
tionalized pentalenes via carbonyl-ene reactions
and enzymatic kinetic resolution exemplifies the
creative approaches undertaken to access these
elusive compounds [4]. Additionally, the synthe-
sis of racemic 1-desoxyhypnophilin underlines
the utility of tetrahydropentalene derivatives in

constructing complex natural products [5], de-
monstrating the structural and synthetic versa-
tility of this class of compounds.

An in-depth review of the methodologies used
for synthesizing tetrahydropentalene derivatives
reveals a dynamic landscape marked by both tra-
dition and novelty [1]. Each strategy offers uni-
que advantages, such as enhanced yields and se-
lectivity, yet often contends with the need for spe-
cialized reagents and stringent conditions, reflec-
ting the evolving sophistication in the tetrahy-
dropentalene synthesis.

However, it is safe to consider readily available
tetrahydropentalene-2,5-dione (2,5-THP-dione) as
the foundational material for the synthesis of tet-
rahydropentalene-based building blocks. Besides
the fact that 2,5-THP-dione is a commercial bulk
chemical, in our previous studies on the synthesis
of bis-nor adamantane (stellane) and nor-adaman-
tane derivatives [6, 7] we managed to adjust the
literature protocol [8] for 2,5-THP-dione multi-
kilo preparation. By leveraging the readily avail-
able and chemically versatile nature of 2,5-THP-
dione, we devised a scalable synthesis approach
facilitating the production of these compounds
at multigram scales with yields ranging from
good to excellent. Our study not only confirms
the integral role of 2,5-THP-dione in fostering the
synthesis of complex molecular structures, but
also enhances the arsenal available for drug dis-
covery and synthetic chemistry. Our efforts de-
lineate a pathway for exploiting a broader spec-
trum of therapeutic and synthetic opportunities
presented by tetrahydropentalene derivatives in
the realm of medicinal chemistry and drug de-
velopment.

B Results and discussion

Armed with an ample supply of 2,5-THP-dione,
we embarked on synthesizing derivatives poised
for a significant impact in future derivatization,
carefully considering aspects, such as heavy atom

Carbacyclin

Cylindramide
H HOOC

CsHi1
! oH ©

Clinprost Geodin A

CsHy1

3 4

12 Mg2* o© O

Figure. Some notable natural compounds with tetrahydropentalene core: carbocyclin (1), cyinderamide (2), clinprost (3), geodin A (4)
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count and functional group distribution. Our se-
lection included both di- and mono-functionalized
derivatives, each chosen for its potential to en-
rich the chemical space of medicinal chemistry-
relevant molecules. This choice was driven by the
aim to harness the most valuable derivatives for
the subsequent transformation, with an eye to-
wards efficiency and scalability — the tactics that
notably diverges from the more traditional ap-
proaches documented in the literature.

The synthetic studies began with compound 5,
going through its simple reaction with 2,2-dime-
thylpropanediol-1,3 under the PTSA catalysis in
toluene to give compound 6 with a yield of 96%
on the scale of over 40 grams per operation, thus
simplifying the protocol and sidestepping the cum-
bersome separations that typically encumbered
this transformation [9] (Scheme). The transition
to compound 7 via reacting 6 with methylenetri-
phenylphosphorane “set the stage” for the syn-
thesis of a suite of alkylated THP-ketones, includ-
ing the previously unavailable methyl ketone 9
and tetrahydro-1’H-spiro[cyclopropane-1,2’-pen-
talen]-5(3’H)-one 11 [10]. Methyl ketone 9 was
synthesized through the series of transformations
included a catalytic hydrogenation step utilizing
palladium on activated charcoal under ambient
conditions and the subsequent acid-mediated de-
protection with a combined near-quantitative
yield. Taking advantage of our previously develo-
ped in-flow diazomethane generation method [11],
the transformation of compound 7 was carried
out with diazomethane in the presence of palla-
dium(II) acetate to obtain spiro-cyclopropane de-
rivative 10 with a yield of 95%. It highlights this
modern approach to the cyclopropanation of ole-
fines and exhibits simplified and safer method
for the synthesis of 10 compared to the previous-
ly described one [12]. The following acidic hyd-
rolysis of compound 10 led to compound 11 with
a yield of 88% on 22 g scale, further demonstrat-
ing the scalability and preparative potential of
our synthesis strategies.

The next step was shifted to the transforma-
tion of compound 6, which underscore the selec-
tive mono-reduction of the ketone group either
to respective alcohol or hydrocarbon, opening op-
portunities for a broader THP core derivatiza-
tion. The reduction of ketone 6 with the sodium
borohydride powder in aprotic conditions (THF
media) gave 12 grams of intermediate alcohol 12
with a yield of 79% (Scheme). The deprotection of
compound 12 resulted in ketoalcohol 13 as a sin-
gle diastereomer (see Sl file for spectral details).

The use of a standard methylation protocol made
it possible to obtain methoxyketone 14 with a yield
of 91%. Products 13 and 14 are valuable THP-
derived building blocks as both are individual dia-
stereomers with two separately derivatizable func-
tional groups. The reduction of keto-group in 6
to -CH,- was achieved using the standard Wolff—
Kishner reduction [13] protocol with hydrazine
hydrate in ethylene glycol, followed by the addi-
tion of potassium hydroxide, resulting in ketal 15,
which then was subjected to the acidic hydroly-
sis and yielded desired ketone 16 quantitatively
across two steps (Scheme). In the case of pro-
duct 16 we were able to achieve significantly ele-
vated yields on a larger scale compared to the
literature [14].

Our research successfully demonstrates the
synthesis of a series of target tetrahydropenta-
lene derivatives, including alkylated monofunc-
tional compounds 9 and 11, bifunctional deriva-
tives 13 and 14, and the monofunctional ketone
16. Each compound, valuable in its unique way,
represents a significant contribution to the field
of medicinal chemistry and synthetic organic che-
mistry. By carefully modifying existing protocols,
we have not only increased the efficiency of these
syntheses, but also achieved them on a multi-
gram scale, thereby demonstrating the scalabili-
ty of our approaches. The high yields obtained for
these compounds once again underline the effec-
tiveness of our improved methodologies. It is also
noteworthy that all the compounds synthesized
resemble cis-configuration, which is typical for
THP-derivatives, and additionally verified by
2D-NMR studies (see SI file for details) Taken
together, these results highlight the potential of
our building blocks synthesized for further deri-
vatization and research within the THP-derived
chemical space.

B Conclusions

In our study of tetrahydropentalene-2,5-dione
derivatives, inspired by the rich biological acti-
vity of natural bicyclo[3.3.0]octane compounds,
we successfully synthesized a suite of alkylated
and functional derivatives. Using commercially
available 2,5-THP-dione as a key starting material,
we streamlined the synthetic protocols, achiev-
ing scalable production with significant yields.
This approach not only facilitated the prepara-
tion of the compounds important for medicinal
chemistry, but also demonstrated the versatility
of 2,5-THP-dione as a precursor. Our findings,
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marked by methodological innovation, efficiency
and scalability, contribute significantly to the THP-
derivatives pool available for wide derivatization
and use in drug discovery projects, as well as de-
monstrate the essential role of tetrahydropenta-
lenes in advancing synthetic chemistry and high-
light their potential as valuable building blocks
in the search for new therapeutic agents.

m Experimental part

General information and materials

The solvents were purified according to the
standard procedures. All starting materials were
obtained from Enamine Ltd. Melting points were
measured on the automated melting point system.
NMR spectra were recorded on a Bruker Avance
500 spectrometer (at 500 MHz for 'H and 126 MHz
for *C nucleus) and Varian Unity Plus 400 spec-
trometers (at 400 MHz for 'H, 101 MHz for *C
nucleus). Tetramethylsilane (*H, *C) was used
as an internal standard. GCMS analyses were
performed using an Agilent 5890 Series II 5972
GCMS instrument (electron impact (EI) ioniza-
tion (70 eV)). Column chromatography was per-
formed with silica gel (200-300 mesh). The ele-
mental analysis was carried out in the Analyti-
cal Laboratory of the Institute of Organic Che-
mistry, NAS of Ukraine.

Experimental protocols

(3aR,6aS)-5,5-Dimethyltetrahydro-1H-spi-
ro[pentalene-2,2’-[1,3]dioxan]-5(3H)-one (6)

Compound 5 (30 g, 217.12 mmol), 2,2-dime-
thylpropanediol-1,3 (22.6 g, 217.12 mmol) and
p-TSA (1.87 g, 0.05 equiv) were dissolved in tolu-
ene (500 mL). The mixture obtained was heated
to 130 °C and stirred at this temperature with
a Dean-Stark water trap. In 3 h it was cooled
to room temperature and washed with Na,CO,
(200 mL, 10% agq. solution). The toluene layer was
separated, dried over anhydrous Na,SO, and con-
centrated in vacuo. A crude material was puri-
fied by flash column chromatography (FCC) using
EtOAc in hexane (0—50% gradient) as an eluent
to give compound 6 as a colorless solid.

Yield — 41.7 g (86%). M. p. 42—46 °C. Anal.
Calcd for C,;H,,,0., %: C 69.61, H 8.99. Found, %:
C 69.81, H 8.87. 'H NMR (500 MHz, DMSO-d,):
0, ppm: 0.86 (6H, s), 1.68-1.76 (2H, m), 1.95-2.03
(2H, m), 2.10-2.18 (2H, m), 2.33-2.44 (2H, m),
2.70 (2H, td, J = 8.7, 4.7 Hz), 3.36 (2H, s), 3.39 (2H,
s). 3C NMR (126 MHz, DMSO-d,), 6, ppm: 22.1,
29.6, 36.0, 40.7, 44.0, 71.0, 71.1, 109.1, 219.0.
GC-MS (EI), m/z: 224.2 [M]*".

Journal of Organic and Pharmaceutical Chemistry 2023, 21 (4)

(3aR,6aS)-5’,5’-dimethyl-5-methylenehe-
xahydro-1H-spiro[pentalene-2,2’-[1,3]dioxa-
ne] (7)

Compound 6 (41.7 g, 185.91 mmol) was dis-
solved in THF (300 mL) and added in a dropwise
manner to a suspension of freshly prepared me-
thylenetriphenylphosphorane (made from 122.7 g
of methyltriphenylphosphonium iodide (1.5 equiv)
cooled to 0 °C and 31.3 g of potassium tert-butoxi-
de (1.5 equiv)). After the addition was complete,
the resulting mixture was allowed to reach room
temperature and left to stir at the given condi-
tions overnight. Volatiles were removed in vacuo,
the residue was treated with water (300 mL) and
extracted with MTBE (3x250 mL). Combined orga-
nic extracts were dried over anhydrous Na,SO,
and concentrated in vacuo. A crude material was
passed through SiO, pad using MTBE as an elu-
ent to give a crude compound 7 as a yellow oil.

Yield — 37.4 g (91%). 'H NMR (400 MHz,
CDCl,), 6, ppm: 0.93 (8H, d, J =7 Hz), 1.41-1.53
(3H, m), 1.96-2.04 (3H, m), 2.04—2.10 (1H, m),
2.22-2.34 (2H, m), 2.41 (2H, s), 2.47-2.57 (2H,
m), 3.44 (dd, J = 16.9, 6.7 Hz, 5H), 4.79 (2H, s).

(3aR,6aS5)-5,5’,5’-trimethylhexahydro-
1H-spiro[pentalene-2,2’-[1,3]dioxane] (8)

Compound 7 (5 g, 22.3 mmol) was dissolved
in MeOH. Pd on activated charcoal (0.5 g, 10%)
was added and the mixture obtained was evacu-
ated and backfilled with hydrogen. The resulting
suspension was stirred overnight at ambient tem-
perature under H, atmosphere (balloon pressure).
After that, the catalyst was filtered off, the fil-
trate was concentrated in vacuo, and the resi-
due was used in further transformations with
no additional treatment. 'H NMR of the mate-
rial obtained was not characteristic due to the
partial deprotection of ketone and complexity of
the spectrum. The yield was calculated as quan-
titive, ~5.1 g.

(3aR,6aS)-5-methylhexahydropentalen-
2(1H)-one (9)

Compound 8 (5.1 g, the material from the pre-
vious step) was dissolved in a 1:1 mixture of THF
(100 mL) and water (100 mL). Concentrated HCI
(10 mL, 37% aq.), followed by 0.91 g of LiCl (22 mmaol)
was added. After the addition, the solution was
allowed to stir at ambient temperature overnight.
Volatiles were removed in vacuo. The residue was
washed with MTBE (3%X150 mL). Combined organic
extracts were dried over anhydrous Na,SO, and con-
centrated in vacuo. A crude material was purified
via FCC using MTBE in hexane (0—-100% gradient)
as an eluent to give compound 9 as a yellow oil.

ISSN 2308-8303 (Print) / 2518-1548 (Online)



ypHan opaaHiyHOI ma papmauesmu4Hoi ximii 2023, 21 (4)

Yield — 3.1 g (95%). Anal. Caled for C,H,,0,
%: C 78.21, H 10.21. Found, %: C 78.32, H 10.27.
'H NMR (400 MHz, CDCl,), 6§, ppm: 0.79—-1.56
(6H, m), 1.56-2.22 (6H, m), 2.40—2.56 (2H, m),
2.61-2.87 (2H, m). C NMR (101 MHz, CDCl,)
0, ppm: 19.9, 20.0, 36.3, 38.9, 39.7, 42.4, 43.0,
44.9, 45.3, 221.2. GC-MS (EI), m/z: 138.1 [M]*".

(3a’R,6a’S)-5”,5”-Dimethyltetrahydro-
1’H,3’H-dispiro[cyclopropane-1,2’-pentale-
ne-5’,2”-[1,3]dioxane] (10)

Compound 7 (37.4 g, 168.2 mmol) was dissol-
ved in a solution of diazomethane (ca. 1 M) in DCM
(250 mL). The mixture obtained was stirred with
Pd(OAc), (0.1 equiv) overnight. After a careful de-
composition of the excessive diazomethane, it was
concentrated in vacuo and passed through SiO,
pad using MTBE as an eluent to give a crude
compound 10 as a colorless oil used in the fur-
ther step with no additional purification.

Yield — 35.7 g (ca. 95%). 'H NMR (400 MHz,
CDCl,) 6, ppm: 0.29-0.52 (m, 8H), 0.94 (s, 6H),
1.27-1.30 (3H, m), 1.42—-1.46 (3H, m), 1.62—1.82
(3H, m), 1.91-1.96 (3H, m), 2.17-2.22 (3H, m),
2.35 (1H, s), 2.47-2.63 (5H, m), 2.87 (3H, br. s),
3.49-3.51 (4H, m).

(3a’R,6a’S)-tetrahydro-1’H-spiro[cyclo-
propane-1,2’-pentalen]-5’(3’H)-one (11)

Compound 10 (35.7 g, 160 mmol) was dissol-
ved in a 1:1 mixture of THF (300 mL) and water
(300 mL). Concentrated HCI (30 mL, 37% aq.),
followed by 6.7 g of LiCl (160 mmol) was added.
After the addition, the mixture was allowed to
stir at ambient temperature overnight. Volatiles
were removed in vacuo; the residue was washed
with MTBE (3x250 mL). Combined organic ex-
tracts were dried over anhydrous Na,SO, and
concentrated in vacuo. A crude material was pu-
rified via FCC using MTBE in hexane (0-100%
gradient) as an eluent to give compound 11 as a
yellow oil.

Yield — 21.1 g (88%). Anal. Calcd for C, H,,0,
%: C 79.96, H 9.39. Found, %: C 80.11, H 9.30.
'H HNMR (500 MHz, CDCl,), 6, ppm: 0.36—-0.44
(2H, m), 0.45-0.53 (2H, m), 1.41 (2H, dd, J = 13.1,
4.4 Hz), 1.91 (2H, dd, J = 13.1, 7.8 Hz), 2.10-2.21
(2H, m), 2.48 (2H, ddd, J = 19.2, 7.3, 2.2 Hz),
2.86 (2H, tt, J=8.7, 4.7 Hz). *C NMR (151 MHz,
CDCl,), 6, ppm: 11.2, 12.9, 22.1, 40.3, 42.6, 44.8,
220.9. GC-MS (EI), m/z: 150.1 [M]*".

(3aR,5r,6aS)-5’,5’-dimethylhexahydro-
1H-spiro[pentalene-2,2’-[1,3]dioxan]-5-0l (12)

Compound 6 (15 g, 66.87 mmol) was dissol-
ved in THF (300 mL), and this solution was cooled
to -20—30 °C. Then, dry NaBH, (2.54 g, 66.87 mmol)

was added in portions, maintaining the internal
temperature below -20 °C. After that, the mixtu-
re was allowed to slowly warm to room tempera-
ture and left to stir at the given conditions over-
night. Then volatiles were removed in vacuo, the
residue was treated with NH,CI (200 mL, 15% aq.
solution) and extracted with MTBE (3x250 mL).
Combined organic extracts were dried over an-
hydrous Na,SO, and concentrated in wvacuo.
Compound 12 was obtained as a white solid.

Yield — 11.86 g (79%). M. p. 61-62 °C. Anal.
Calcd for C;H,,0,, %: C 68.99, H 9.80. Found, %:
C 69.08, H 9.85. 'H NMR (400 MHz, CDCl,),
0, ppm: 0.82-1.11 (6H, m), 1.44-1.62 (2H, m),
1.86—-1.97 (3H, m), 2.03-2.31 (4H, m), 2.44-2.84
(2H, m), 3.40-3.58 (4H, m), 4.14-4.46 (1H, m).
BC NMR (101 MHz, CDCl,), 6, ppm: 21.32, 22.51,
30.07, 36.44, 37.76, 38.56, 40.80, 42.45, 42.93,
45.56, 71.59, 71.91, 72.18, 74.72, 75.58, 110.48.
GC-MS (EI), m/z: 226 [M]*".

(3aR,5r,6aS)-5-hydroxyhexahydropenta-
len-2(1H)-one (13)

Compound 12 (11.86 g, 52.47 mmol) was dis-
solved in a 1:1 mixture of THF (100 mL) and wa-
ter (100 mL) and concentrated HCI (15 mL, 37%,
aq.). After the complete dissolution, the mixture
was allowed to stir at ambient temperature over-
night. Volatiles were removed in vacuo; the resi-
due was washed with EtOAc (5X75 mL). Combi-
ned organic extracts were dried over anhydrous
Na,SO, and concentrated in vacuo. A crude ma-
terial was purified via FCC using MTBE in hexa-
ne (0-100% gradient) as an eluent to give com-
pound 13 as a white solid.

Yield — 6.12 g (83%). M. p. 50-52 °C. Anal.
Calcd for C;H,,0,, %: C 68.55, H 8.63. Found, %:
C 68.43, H 8.72. 'H NMR (400 MHz, DMSO-d,),
6, ppm: 1.38 (2H, dt, J = 13.2, 4.4 Hz), 1.96 (2H,
ddd, J=13.4, 8.2, 5.6 Hz), 2.07 (2H, dd, J = 18.9,
3.4 Hz), 2.38-2.42 (1H, m), 2.42-2.46 (1H, m),
2.59-2.73 (2H, m), 4.07—-4.17 (1H, m), 4.51 (1H,
d, J=3.4 Hz). *C NMR (101 MHz, DMSO-d,), 6,
ppm: 37.6, 43.0, 45.6, 73.4, 220.2. GC-MS (EI),
m/z: 140.1 [M]*".

(3aR,5r,6aS)-5-methoxyhexahydropenta-
len-2(1H)-one (14)

Compound 13 (2 g, 14.3 mmol) was dissolved
in MeCN (40 mL). Potassium carbonate (2.92 g,
21.45 mmol) and methyl iodide (3.05 g, 21.45 mmol)
were added sequentially. The mixture obtained
was stirred for 18 h at 40 °C. Then, it was cooled to
room temperature, the insoluble substances were
filtered off, and the filter cake was washed with
an additional MeCN (10 mL) portion. The filtrate
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was concentrated in vacuo, and the residue was
passed through Si0O, pad using MTBE as an eluent.
The filtrate was concentrated in vacuo to give
compound 14 as a colorless oil.

Yield —2.01 g (91%). Anal. Calcd for C,H,,0,,
%: C 70.10, H 9.15. Found, %: C 70.17, H 9.22.
'H NMR (400 MHz, CDCL,), 6, ppm: 1.65 (2H, dt,
J = 13.8, 4.0 Hz), 2.02-2.15 (2H, m), 2.21 (2H,
dd, J=19.3, 3.7 Hz), 2.43-2.55 (2H, m), 2.71-2.81
(2H, m), 3.24 (3H, s), 3.83-3.93 (1H, m). *C NMR
(101 MHz, CDCl,), 6, ppm: 37.74, 39.19, 45.25, 56.39,
83.61, 220.46. GC-MS (EI), m/z: 154.1 [M]*".

(3aR,6aS8)-5’,5’-dimethylhexahydro-1H-
spiro[pentalene-2,2’-[1,3]dioxane] (15)

Compound 6 (10 g, 44.54 mmol) was dissolved
in ethylene glycol (40 mL) and treated with 4 equiv
of hydrazine hydrate (8.9 g). This mixture was
stirred for 2 h at 90 °C and then treated with
KOH (9.98 g, 178.16 mmol, 4.0 equiv). The mix-
ture obtained was heated to 150 °C and stirred
at the given conditions for 1 h (strong N, evolu-
tion was observed). Then, it was cooled to room
temperature and diluted with water (100 mL).
The aqueous mixture was extracted with MTBE
(3%x100 mL). Combined organic extracts were dried
over anhydrous Na,SO, and concentrated in vacuo
to give a crude product (the mixture contained
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the desired product, ethylene glycol and trace of
the deprotected product). This mixture was then
used with no additional treatment directly at the
next step, the yield was calculated as close to
quantitative.

(3aR,6aS)-hexahydropentalen-2(1H)-
one (16)

A mixture containing compound 15 from the
previous step was dissolved in a 1:1 solution of
THF (100 mL) and water (100 mL) and concen-
trated HC1 (15 mL, 37% aq.). After the complete
dissolution of 15, the mixture obtained was al-
lowed to stir at ambient temperature overnight.
Volatiles were removed in vacuo, and the residue
was washed with Et,O (3X100 mL). Combined or-
ganic extracts were dried over anhydrous Na,SO,
and concentrated in vacuo. A crude material was
purified via FCC using MTBE in hexane (0—100%
gradient) as an eluent to give compound 16 quan-
titatively as a colorless oil.

Anal. Caled for C;H,,0, %: C 77.38, H 9.74.
Found, %: C 77.27, H 9.70. '"H NMR (400 MHz,
CDCl,), 6, ppm: 1.33-1.46 (2H, m), 1.55-1.82
(2H, m), 1.85-2.06 (4H, m), 2.41-2.54 (2H, m),
2.58-2.76 (2H, m). *C NMR (101 MHz, CDCl,),
0, ppm: 25.5, 33.4, 39.6, 44.7, 221.2. GC-MS (EI),
m/z: 124.1 [M]*".
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Abstract

The component composition and the quantitative content of compounds distilled with water vapor in the thalli of Cetraria
islandica (L.) Ach. harvested in Ukraine were determined using the method of gas chromatography with mass spectrometric
detection (GC/MS). 24 compounds distilled with water vapor were identified with the prevalence of fatty acids and their de-
rivatives (57.86 + 2.00% of the total compounds), terpenoids and their derivatives (23.57 + 0.97 % of the total compounds)
and acyclic saturated hydrocarbons (10.99 + 0.45 % of the total compounds). The highest percentage was observed for octa-
decadienoic (linoleic) acid (20.08 + 0.67 % of the total compounds), hexadecanoic (palmitic) acid (19.21 + 0.77 % of the total
compounds) and 9,17-octadecadienal (18.57 + 0.56% of the total compounds). The presence of 4 monoterpenoids and 6
sesquiterpenoids in the raw material studied was determined for the first time.

Keywords: Cetraria islandica; thalli; compounds distilled with water vapor; GC/MS
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HauioHansHul papmayesmuyHuli yHisepcumem MiHicmepcmea oxopoHu 300p08’si YKkpaiHu,

syn. lMywkKiHcoKa, 53, m. Xapkis, 61002, YKpaiHa

[ocnipeHHA cnonyk, AUCTUNbOBAHMX 3 BOAAHOK Napolo, WO HaaBHi y Cetraria islandica (L.) Ach.
CNaHi, 3aroToB/1eHOi B YKpaiHi

AHoTauin

3a AO0NOMOrol MeToy ra3oBoi xpomatorpadii 3 mac-CnekTpomeTpUIHUM agetekTyBaHHAM (MX/MC) BU3HAYEHO KOMMOHEHT-
HUI CKNaf Ta KiNbKICHUIA BMICT AMCTUIbOBAHUX 3 BOASHOI Napolo CMNOAYK, WO HaABHi y cnaHi Cetraria islandica (L.) Ach.,
3arotoB/eHoi B YKpaiHi. laeHTndikoBaHo 24 cnonyku, ANCTUAbOBaHI 3 BOAAHOI NApOI0, cepes AKMX NepesBaykanm XUpHi K1c-
NoTM Ta ixHi noxiaHi (57,86 £ 2,00 % Big, cymu cnonyk), TepneHoian Ta ixHi noxigHi (23,57 £ 0,97 % Bif cymu Cnonyk), aumkniv-
Hi HacuyeHi ByrnesogHi (10,99 + 0,45 % Big, cymun cnonyk). HaliBULWNIA BiACOTKOBMIA BMICT BUSABIEHO A/1A OKTaZeKadieHOBOI
(niHonesoi) kKncnotn (20,08 + 0,67 % Bif Cymu CNONYK), reKcaAeKaHoBOI (NanbMiTMHOBOI) Kucnotu (19,21 + 0,77 % Big cymm
cnonyk) Ta 9,17-oKkTaseKagieHosoro anbvaeriay (18,57 + 0,56 % Big cymu cnonyk). Ynepie Ana AOCNIAKYBAHOT CUPOBUHM
BUABJIEHO HAABHICTb 4 MOHOTEPNEHOIAIB Ta 6 cecKkBiTepneHoigis.
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B Introduction perfume industry in many cultures, mainly in
Europe, South Asia and North America [1-3].
It 1s known from the literature that lichen raw The widespread use of lichens for medical pur-

material has been an important component of tra-  poses and in different industries is due to the pre-
ditional medicine, has long been used as a food sence of various groups of biologically active sub-
product for humans and livestock, a source of gstances (BAS) in their composition, such as poly-
spices, dyes and fragrances in the cosmetic and  gaccharides, lichen acids, amino acids, proteins,
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fatty acids, vitamins, which have been the study
subject of many scientific works [1, 4—6].

The group of compounds distilled with water
vapor is not the main group of compounds that
cause the pharmacological effect of the lichen raw
material, but it is worth paying attention to it for
deepening the knowledge about the qualitative
composition and the quantitative content of the
BAS groups of the medicinal raw material. Some
representatives of this group of compounds, such
as aliphatic acids and aromatic compounds, are
synthesized in lichens in the same way as lichen
substances — specific secondary metabolites, some
of them are unique to lichens and rarely occur in
higher plants or fungi [1]. According to some data,
the number of secondary metabolites found in li-
chens exceeds 1000 and includes aliphatic and aro-
matic acids, depsides, depsidones, dibenzofurans
[3, 7]. Their presence causes antibacterial, antifun-
gal, antiviral, antiproliferative, antioxidant, and
other types of pharmacological activity [2, 3, 7, 8].

It has been demonstrated that essential oils
obtained from lichens of the genus Evernia (Par-
meliaceae) and Ramalina (Ramalinaceae), which
include, in particular, such substances as f5-pinene,
a-pinene, camphene, limonene, myrcene, a-phelland-
rene, p-cymene, have antimicrobial and antifun-
gal effects [7, 9].

One of the most known representatives of the
Parmeliaceae family, Cetraria islandica (L.) Ach.
has been used in folk medicine in Central and
Northern Europe for centuries [10]. In pharma-
cognostic texts and handbooks of folk medicine,
there are examples of the use of this lichen as an
ingredient for the dishes of traditional cuisine
and food supplements in case of the gastrointesti-
nal tract disorders and for the treatment of res-
piratory diseases [2, 11].

Nowadays thalli of C. islandica are the phar-
macopoeial medicinal raw material in many coun-
tries; they are applied to manufacture drugs with
the proven efficiency used in the treatment of the
respiratory system inflammatory processes, cont-
ribute to the regulation of respiratory organs, have
antibacterial, anti-inflammatory, antitussive, sof-
tening and antioxidant effects [8, 12, 13].

Using gas chromatography with mass spectro-
metric detection it was possible to detect 23 com-
pounds in the raw material of C. islandica, 16 of
them were identified. Their composition included
fatty acids, aldehydes, phenols, and their ethers,
olefins, and lichen acids [14].

Since we have found only fragmentary data
on the component composition of compounds

distilled with water vapor in the thalli of C. islan-
dica in the literature available to us, the study
of this group of BAS as a part of a comprehen-
sive phytochemical study of the raw material of
C. islandica harvested in Ukraine is expedient,
relevant and has practical importance for the de-
velopment of modern effective medicinal products.

The aim of this work was to study the compo-
nent composition and determine the quantitati-
ve content of compounds distilled with water va-
por in the raw material of C. islandica harvested
in Ukraine to deepen knowledge about the qua-
litative composition and quantitative content of
BAS in the domestic raw material and for fur-
ther obtaining new substances and medicinal
products based on it.

B Materials and methods

Plant raw material

For the study, thalli of C. islandica harvest-
ed in late summer/early autumn 2019 in the ter-
ritory of the Rakhiv district of the Zakarpattia
region were used. The raw material was dried
in the open air under a cover to an air-dry con-
dition and stored in paper bags in a dry place
protected from direct sunlight.

Equipment and conditions of chromato-
graphic separation

The determination of the component compo-
sition of compounds distilled with water vapor in
the raw material was carried out by the method
of gas chromatography with mass spectrometric
detection (GC/MS) [15, 16].

The chromatographic separation was perfor-
med on an Agilent 6890N gas chromatograph with
a 5973 inert mass detector (Agilent Technologies,
USA). A HP-5ms capillary column (length — 30 m,
inner diameter —0.25 mm, diameter of the sorbent
grain — 0.25 pm) was used. The separation was
carried out in the gradient mode. The initial tem-
perature of 50 °C was maintained for 5 min, then
increased to 220 °C with the rate of 4 °C per mi-
nute, then with the rate of 10 °C to 300 °C was main-
tained for 10 min. The flow rate of the carrier gas
(helium) through the column was 1.0 mL min.
The temperature of the evaporator was 300 °C,
the sample was injected in a split mode with the
rate of 1:50, and the injection volume was 2 pL.
The detection was carried out in the SCAN mode
in the range of 38—400 m/z [17, 18].

Preparation of the raw material sample

The raw material previously crushed with a
laboratory mill LGM-1 (Olis, Ukraine) was ground
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to a powdery state in a glass mortar. After that,
300 mL of water was added to 5.00 g (accurate
weight) of the raw material and refluxed at a tem-
perature of 100 °C for 3 h. The distilled water was
extracted with heptane. The extract was evapo-
rated to 100—200 pL in a stream of nitrogen [19].

Identification and quantification

The identification of compounds distilled with
water vapor in the samples studied was perform-
ed using the NIST 02 mass spectrum library.
The match percentage of the compounds detect-
ed with the compounds from the NIST 02 mass
spectrum library was 80-99% [20, 21].

The quantitative content (%) of the total com-
pounds was calculated by comparing the peak
area of the components with the sum of the ar-
eas of all peaks on the chromatogram [15, 17].

B Results and discussion

The GC/MS chromatogram obtained for com-
pounds distilled with water vapor is shown in
Figure. The results of the determination of the
component composition and the quantitative con-
tent of compounds distilled with water vapor in the
raw material of C. islandica, as well as their chro-
matographic parameters, are given in Table.

Journal of Organic and Pharmaceutical Chemistry 2023, 21 (4)

As a result of the study, 24 compounds dis-
tilled with water vapor were identified in the thalli
of C. islandica harvested in Ukraine, including
terpenoids and their derivatives, acyclic satura-
ted hydrocarbons, dienes, fatty acids, esters.

Some of the compounds identified (2,2,4,4,6,6-
hexamethyl-1,3,5,2,4,6-trioxatrisilinane, diisobu-
tyl phthalate, 5-methyl-2-phenylindolizine) pro-
bably could have entered the samples studied from
the outside during harvesting or transportation.

A significant part of the substances identified
were terpenoids represented by 10 compounds and
made up 23.57 = 0.97% of the total quantitative
content of compounds distilled with water vapor.
Among them, 3 monocyclic monoterpenoids (cis-
menthone, trans-menthone, menthol), bicyclic mo-
noterpenoid trans-carane and 6 sesquiterpenoids
(caryophyllene, f-cubebene, y-muurolene, 6-amor-
phene, sesquiterpene ketone mayurone, hexa-
hydrofarnesyl acetone) were found.

Among the compounds detected, the highest
quantitative content was observed for polyunsa-
turated -6 fatty octadecadienoic (linoleic) acid —
20.08 £ 0.67% of the total compounds, saturated
n-hexadecanoic (palmitic) acid — 19.21 £ 0.77%
of the total compounds and 9,17-octadecadienal
—18.57 £ 0.56% of the total compounds.
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Figure. The GC/MS chromatogram of compounds distilled with water vapor in the thalli of C. islandica harvested in Ukraine
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Table. The component composition and the quantitative content of compounds distilled with water vapor in the thalli
of C. islandica (n = 5)

Retention time,

min The structure of the compound The name of the compound Content, %
1 2 3 4
Me
13.83 Me/ij\ cis-menthone 1.59+0.04
0] Me
Me
14.20 Me) trans-menthone 1.03 +0.05
@) Me

Me
14.51 Me/KO menthol 11.95 + 0.49
HO" “Me
H
X Me
18.80 trans-carane 1.27 £0.06
- ~  Me
Me <

H

H
22.70 caryophyllene 1.73+0.08
24.63 B-cubebene 0.38 £0.02
25.65 y-muurolene 1.27 £0.06
25.95 (+)-6-amorphene 2.99+0.12

Me
H
Me™ Me

26.55 Me/\/WMe hentriacontane 0.69 +0.03

27.87 mayurone 0.79 £ 0.02
o~ =
H

28.67
O\/O\?O

30.19 W 1,13-tetradecadiene 1.24+0.06
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Table (continued)

1 2 3 4
Me
31.26 WM 10-methylnonadecane 0.47 £0.02
Me 3 3 Me
32.41 Mew Me triacontane 0.68 +0.03
Me Me 0]
34.80 6,10,14-trimethylpentadecan-2-one 0.57+0.03
Me , Me
CO,iBu
35.37 @[ diisobutyl phthalate 0.97 £ 0.04
CO,iBu
0]
37.81 W/\)J\ palmitic acid 19.21+£0.77
Me 5 OH
41.68 MeNWCOgH linoleic acid 20.08 +0.67
41.80 = 3 — 5 -0 9,17-octadecadienal 18.57 +0.56
47.81 Me 9 Me pentacosane 2.38+0.12
48.73 Me/\/N;\/ Me eicosane 3.99+0.15
\ o/
—Sh Si— 2,2,4,4,6,6-hexamethyl-1,3,5,2,4,6-
49.13 o. 0 A 2.28+0.11
“gi” trioxatrisilinane
/ \
Me
49.25 / N™ 5-methyl-2-phenylindolizine 2.13+0.8
Ph .
Me
49.52 MeMMe 3-methylheneicosane 2.78 £0.10
8

Six acyclic saturated hydrocarbons (10.99 +
0.45% of the total compounds) were found in the
raw material, namely hentriacontane, 10-methyl-
nonadecane, triacontane, pentacosane, eicosa-
ne, 3-methyl-heneicosane, among them eicosane
(3.99 £ 0.15% of the total compounds) dominated.

Such groups of BAS as fatty acid derivatives,
aldehydes and dienes, which were detected as a
result of our study, were also found in the results
of the previous studies of the raw material of
C. islandica conducted by the GC/MS method [14].
However, these researchers did not mention the
presence of terpenoids and their derivatives in
the raw material studied. Therefore, there is no
data on the presence of cis-menthone, trans-mentho-
ne, menthol, trans-carane, caryophyllene, -cube-

bene, y-murolene, 6-amorphene, mayurone, hexa-
hydrofarnesyl acetone; these data are provided
for the first time.

According to literature data, phenols and their
ethers, aldehydes, and lichen acids dominated
among the compounds identified in the raw ma-
terial, while according to the results of our study,
fatty acids and their derivatives prevailed in
percentage.

The presence of terpenoids and their deriva-
tives, aldehydes in the raw material studied sug-
gests that these compounds play a certain role
in the anti-inflammatory, antiseptic, and expecto-
rant pharmacological activity, which should be
taken into account when developing new substan-
ces and medicinal products based on them.
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B Conclusions

The component composition of compounds dis-
tilled with water vapor in the raw material of C. is-
landica harvested in Ukraine has been studied
by the GC/MS method. 24 compounds distilled
with water vapor have been identified; among
them fatty acids and their derivatives (57.86 +
2.00% of the total compounds), terpenoids and
their derivatives (23.57 £ 0.97% of the total com-
pounds) and acyclic saturated hydrocarbons

(10.99 £ 0.45% of the total compounds) predo-
minate. For the first time, the presence of 4 mono-
terpenoids and 6 sesquiterpenoids has been de-
termined in the raw material studied. The re-
sults obtained regarding the compounds distil-
led with water vapor in the raw material of C. is-
landica harvested in Ukraine indicate the need
for further research, considering the batches of
the raw material and places of harvesting, pos-
sibly in comparison with the raw material har-
vested outside the country.
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